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Foreword

The world of science is a world of ever-widening horizons. New dis-
coveries and new concepts continually extend the breadth and depth of
scientific knowledge and insight. In experimental science, new tools
become available and new uses are found for well-used tools which can
readily be adapted to meet advances in technical requirements and
applications.

Low-energy particle accelerators have produced a great part of our
current knowledge of nuclear physics, are producing new fundamental
knowledge at the present time, and can be expected to continue to do so.
In this report we address ourselves to the recently developed applications
of these accelerators to problems in three distinctly different areas:
nuclear astrophysics, atomic physics, and solid-state physics. In doing
so, we respond to the request by the Committee on Nuclear Science of
the National Research Council, made early in November 1967, to
examine the extended use of low-energy accelerators in the field of
nuclear astrophysics. After discussions with Professor D. A. Bromley,
Chairman of the Committee on Nuclear Science, and with several repre-
sentatives of government agencies interested in the problem, it was de-
cided to include new applications of the accelerators in atomic and
solid-state physics as well as in nuclear astrophysics. We wish to empha-
size that this extension of the techniques and apparatus of low-energy
nuclear physics in no way implies a decrease in the importance of those
facilities to nuclear structure work itself.

At an early stage, it was decided to limit consideration to accelerators
with maximum singly charged particle energies of 6 MeV. This meant,
for example, the exclusion of medium- and high-energy physics from
nuclear astrophysics but yielded a clear-cut delineation of the major
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problem area. Even with this limitation, it was ascertained that there
exist at least 112 low-energy accelerators in universities and colleges in
the United States, 53 in government laboratories, and 64 in industrial
laboratories. Of these, approximately 80 percent are electrostatic ac-
celerators. In universities and colleges, it was determined that in round
numbers there are at least 320 faculty members and research associates
and 250 graduate students engaged in research with low-energy facilities.
It was estimated that a comparable number of individuals are similarly
engaged in government and industrial laboratories. It was thus felt that
this report will be of specific interest to a substantial number of physicists
and chemists and to the institutions in which they work, as well as of gen-
eral interest to the scientific community at large.

It is realized that a redirection in the use of an accelerator or any other
type of instrument must be primarily motivated by a change in the goals
and aspirations of the user. New fields and new concepts must be ex-
plored, and new techniques must be learned. Special devotion and dedi-
cation are required in a major reorientation of effort. This poses a clear-
cut challenge, and it is in full knowledge of this challenge and its
consequences that this report must be read. The rewards measured in
terms of real and significant contributions to frontier fields speak for
themselves.

Basic to this report is the firm belief that great discoveries in science
can be made with small means In spelling this out in practical terms,
some discussion of instrumentation costs has been incorporated where
relevant. References have been given to specific manufacturers or to
specific publications that exemplify particular instruments or techniques.
These references are not intended to be complete, and the choice of
referenced manufacturers and publications does not represent the result
of a careful, comparative evaluation; in most cases these are simply
examples which happen to be conveniently accessible or familiar to the
authors of this report. The references to industrial organizations are
included, because these organizations undoubtedly constitute a primary
resource of knowledge and sophistication concerning the instruments
under discussion and their uses, existing and potential. The specific
organizations referenced are not always necessarily the single best, or
even the only, sources of sound experience and information. Un-
doubtedly, there are many of equal competence not named simply
because of the constitution of the Panel and its experience.

This foreword does not attempt a general introduction to the report.
Each major part of the text—I. Nuclear Astrophysics, II. Atomic Phys-
ics, and ITI. Solid-State Physics—includes introductory material outlining
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the scope and contents of that part. These three introductory sections
might well be read first before a complete reading of the report.

The Panel that authored this report decided to operate in a “no non-
sense” fashion. At its first and only meeting in late April 1968, intro-
ductory presentations in the three disciplinary areas were made, and the
nature and scope of the report decided upon. Specific assignments were
made to individual panel members for both preparation of text and
coordination of activities in the three main areas. It was agreed that
drafts would be sent to all panel members working in the specific area
involved, as fast as prepared, and that communication between panel
members would be maintained at a high level. Deadlines were set and
met which required that the report be prepared during the summer of
1968 and finalized by early fall.

Although the report is the considered consensus of the entire Panel, it
is well to note those who undertook primary responsibility for the actual
writing of specific parts or sections of the report: thermonuclear reac-
tions, Donald D. Clayton; practical considerations in experimental nu-
clear astrophysics, Peter D. Parker; beam-foil spectroscopy, Stanley
Bashkin; atomic lifetime measurements, Ward Whaling; penetration, en-
ergy loss, and application of channeling, John A. Davies; ion implanta-
tion, James W. Mayer and Walter L. Brown; interactions of nuclear
moments, David Fossan; materials analysis, Eligius A. Wolicki. Those
unsung worked no less hard!

At the organization meeting of the Panel, the following representatives
of government agencies were present: Paul F. Donovan, National Science
Foundation; George A. Kolstad, Atomic Energy Commission; Doran W.
Padgett, Office of Naval Research; William S. Rodney, National Science
Foundation; George L. Rogosa, Atomic Energy Commission. The
Panel gratefully acknowledges the initial guidance and wise counsel pro-
vided by these gentlemen. We also acknowledge a careful reading of the
manuscript by William S. Rodney and his helpful and constructive
suggestions.

Charles K. Reed, Executive Secretary of the Committee on Nuclear
Science, served in a similar capacity for the Panel. He surveyed ac-
celerator facilities and personnel for the Panel, he coordinated many of
the activities of the Panel during its working period, and he undertook
supervision of the final editing and publication of the report. To him the
Panel is immensely grateful. As a final acknowledgment we express our
appreciation for funding by the National Science Foundation.

In this time of increasing demands for other purposes on the govern-
ment purse, scientific budgets are shrinking and the prospects of obtaining
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major new equipment are dim. We must weather the storm and find inno-
vative uses for what we have. In making do for now, but at the same
time widening the horizons of science in spite of budgetary limitations,
we will have done what we can to assure a more generous support of our
aims and efforts for science and society in the future.

William A. Fowler, Chairman
Stanley Bashkin
David Bodansky
Walter L. Brown
Donald D. Clayton
John A. Davies
David Fossan
James W. Mayer
Peter D. Parker
William E. Stephens
Ward Whaling
Eligius A. Wolicki
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The application of nuclear physics to problems in astrophysics consists of
ascertaining which nuclear reactions are of importance and of measuring
the relevant nuclear data—primarily cross sections. General astrophys-
ical theory can delineate the potential importance of specific reactions,
but painstaking laboratory experiments are required to establish quanti-
tatively their significance within the astrophysical scheme. A potential
investigator in laboratory nuclear astrophysics should confront squarely
the nature of the problem he is to encounter. The desired cross sections
are among the smallest measured in the low-energy nuclear laboratory.
Long integration times and careful attention to background counts are
common necessities. From a purely nuclear point of view, moreover, the
reactions studied are often of comparatively little interest. The intel-
lectual stimulation is more to be found in wresting from nature a hard-
won number that she herself has presumably used and in evaluating its
astrophysical consequences. An investigator not sharing this interest will
be little amused by his task. The nuclear physicist interested in astro-
physics, on the other hand, will find many advantages to this type of
research: it is an excellent vehicle for entering an exciting field of re-
search on a learn-as-you-go basis; it requires an assimilation of basic
laboratory technique with the associated benefit of student training; and
it can be relatively inexpensive for those having access to a low-energy
accelerator. The clarification of these advantages is a major objective of
this report.

The discussion of nuclear astrophysics will be presented in three
chapters. In Chapter 1, the general problem of thermonuclear reaction
rates, what they are and how they are determined, will be described and
illustrated by examples. The examples will be chosen from the existing
literature of laboratory nuclear astrophysics and accordingly represent
problems that are, for the most part, solved. There is no simple recipe
for determining thermonuclear reaction rates, so our hope is that the

3
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classic examples will illustrate both the spirit of the research problems
and some already established means of overcoming technical obstacles.
In Chapter 2, we survey the basic apparatus of the nuclear astrophysics
experiment. Inasmuch as the equipment and experimental arrangements
are very similar to those of the usual studies of nuclear reactions, we have
attempted to point out many features that are especially useful in studies
of astrophysical interest. In these chapters we have attempted to be
understood by all prospective readers and thus make no apologies to the
experienced researcher for describing subjects already familiar to him.
In Chapter 3, we present a list of reactions of importance in nuclear
astrophysics, along with a selected bibliography of papers relevant to each
reaction or its astrophysical application.

We have not attempted a critical assessment of the relative importance
of the reactions listed in Chapter 3 or a list of priorities for the reader. -
This information is either clearly stated in the papers referred to or is suffi-
ciently unclear that our present opinions may be outdated in two years’
time. Nuclear astrophysics shares the property of all expanding fields of
science that the numerical results obtained in the laboratory modify the
evaluation of the studies needed next. By the same token, we have not
attempted an exhaustive review of the present adequacy of nuclear
knowledge for each of the major thermonuclear epochs to be encountered
in the course of stellar evolution. Such an evaluation would not only have
been unduly lengthy but would be quickly dated. Several laboratories
have already followed the lead of the California Institute of Technology
in this field, and so some of today’s urgent needs may have been answered
by the time a new researcher is ready to produce results. The number of
useful and exciting studies seems nearly inexhaustible, however, and the
few laboratories working in this area can only scratch the surface. We
believe that it is the independent study of the prospective investigator that
must determine his ability to use the specific equipment at his disposal to
increase the available information on a given thermonuclear reaction.

From the above introductory remarks it will be clear that we do not
intend to give a detailed discussion of the various thermonuclear epochs
of stellar evolution. In Table 1, which will be referred to from time to
time, these epochs are listed for charged-particle reactions primarily to
serve as background for the typical reactions described in the table. To
this list should be added two neutron capture processes, one on a slow
time scale called the s-process and one on a rapid time scale called the
r-process. The astrophysical literature abounds with references to these
epochs and processes, and a comprehensive analysis of the major nuclear
burning stages in stellar evolution also exists in a recently published
textbook.!
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CHAPTER 1

Thermonuclear Reactions

Nuclear astrophysics requires measurements over the full range of
energies available to the experimental nuclear physicist. For example,
accurate measurements of nuclear cross sections at high energy are
needed to provide spallation yields from the interactions of cosmic rays
and of flare-accelerated particles in stellar atmospheres, in the interstellar
medium, in the surfaces of planets and satellites, and in meteorites.? These
and other high-energy aspects of nuclear astrophysics will be omitted
from this discussion, since we are concerned here with investigations
employing low-energy accelerators having energies of not more than
~6 MeV for singly charged particles.

It is in the evaluation of thermonuclear reactxon rates that low-energy
accelerators play a major role. The object of the experimental and theo-
retical research on these rates can best be appreciated by first considering
the physical setting for thermonuclear reactions. It is assumed that the
distribution functions in velocity space are thermalized and that for
almost all circumstances of practical interest the nuclei are completely
ionized and constitute an ideal nonrelativistic Maxwellian gas. In a gas
composed of distinct species of ions, each of which is described by a
Mazxwell-Boltzmann population of particle states, the velocity distribu-
tion in the center-of-mass system of colliding particles is also Maxwellian.
The probability that the relative velocity between any pair of particles has
the magnitude v in the interval dv is given by

3
go(V,T)dv:(%)i exp( 2kT)4”v dv, 1)

where T is the temperature and M is the reduced mass of the pair;
M=MM,/(M,+M.). The relative velocity distribution is normalized

5
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such that L ® ¢(v,T)dv=1. The reaction rate per unit volume is then*
HT)=N:N, [ o(v)ve(v,T)av, (2)

where N is the number density of the species and ¢(v) is the cross section
for the reaction between species 1 and 2 when their relative velocity is
equal to v. This product is often written

r(T) =N.Nyov), 3)

where the bracketed quantity (ov) represents the average over the velocity
distribution ¢(v,T) of the product of cross section times relative velocity.

The problem is that of determining sufficient information in the nuclear
laboratory for the calculation of (ov). Because of the average over the
thermal spectrum, the cross section must be known as a function of
energy—albeit over a rather limited energy region. For neutron reac-
tions, the important energy region is the peak in the thermal-energy dis-
tribution, but reactions between charged particles are restricted by Cou-
lomb repulsion to pairs having center-of-mass energies far out on the
high-energy tail of the thermal distribution. The four following sections
illustrate the essential aspects of several types of problems.

NONRESONANT CHARGED-PARTICLE REACTIONS

In addition to the effects of intrinsic nuclear properties, reactions between
two charged particles are determined at low energy by two highly energy-
dependent factors. The factor =4? involving the square of the reduced
de Broglie wavelength introduces a2 1/E dependence on energy. Because
thermal energies are far below the Coulomb barrier, the barrier pene-
trability introduces a factor exp(—2#Z,Z,e?/%v) into low-energy cross
sections. Both factors are very energy-dependent as E=Mv?/2—0, so it
is convenient to factor them explicitly from the cross section by writing

M) exp(—20z.2.e2/). (@)
This definition of S(E) is useful in that if the intrinsic nuclear factors are
slowly varying over the thermal energy region, S(E) itself may be nearly
equal to a constant over that same energy region. Thermonuclear re-
actions for which S(E) is nearly constant over the important energy
region are conventionally designated as “nonresonant,” although the

ao(E)=

* We ignore the quite straightforward modifications which are necessary if
particles 1 and 2 are identical. For example, in this case, the right-hand sides of
Egs. (2) and (3) should be multiplied by 2, and later on the right-hand side of
Eq. (10) should be multiplied by 2.
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value of S(E) may be determined by the wings of distant compound
nuclear resonances. The provisional assumption of constant S(E) allows
determination of the energies that are expected to contribute most to the
reaction rate. From Eq. (2), the reaction rate per pair of particles is

LI A E E

(GV)Z(%) /; S(E) exp(——ﬁ—vbi—)z—T, (5)
where the factor b coming from the barrier penetrability has the con-
venient numerical value b=31.28 Z,Z,A4* keVi=0.989 Z,Z,A? MeVi,
and A=A4,4./(A,+A.) is the reduced atomic mass. The exponential
factor within the integrand vanishes at high energy because the number of
thermal pairs of high energy vanishes, and it vanishes at low energy due
to the Coulomb barrier. The maximum in the integrand is easily seen to
occur at

Eoz(ka)i =1.220(Z,*Z,*AT?)* keV (6)

"2 ) =0.122(Z,Z.2AT,?)! MeV’

where T, is the temperature in millions of degrees Kelvin and T, is in
billions of degrees Kelvin. Thermal energy is only k7T =0.0862T, keV,
so the Coulomb barrier forces reactions to occur near energy E,, which is
much greater than kT. If, as is justifiable® for slowly varying S(E), the
sharply peaked integrand is approximated by a Gaussian
ex (——E———b—)~ C exp— E_E°)2
"kt~ VE)T P \a2 )
the full width of the effective energy distribution at 1/e times maximum
is given by

&)

4 , =0.749(Z,*Z,’AT,’)* keV (8)

A:v_g(EokT) =0.237(Z,2Z.2AT,")* MeV’

and the energy band over which the cross section is important is
E,—ASEZSE,+A. 9)

The basic features of the energy dependence are illustrated in Figure 1.

The major problem in nuclear astrophysics results from the fact that
the favored energy band near E, is generally at energies too low for direct
measurement of the cross section, so that indirect determinations of the
value of the cross section are required. The standard solution to this
problem is to measure S and dS/dE at the lowest energies possible and
then to determine by independent arguments whether that value of §
can be extrapolated downward in energy to E, by using dS/dE. The
procedure would seem to be a very good one if the mechanism for the
reaction at energy E, is the same as it is at the measured energies and if
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Ficure 1. The dominant energy-dependent factors in the thermonuclear reactions
between charged particles. The necessity of penetrating the Coulomb barrier intro-
duces the Gamow-Gurney-Condon barrier factor exp(—bE1), which vanishes so
strongly at very low energy that the reactions are forced to occur in the high-energy
tail of the Maxwell-Boltzmann energy distribution. The product of these factors
results in a peak near an energy designated by E,, which is generally much larger
than kT. If the nuclear interaction in question is only weakly dependent upon the
energy, the reaction rate will be proportional to the value of that product. If, on
the other hand, a nuclear resonance at energy E:z is sufficiently near E,, the reaction
rate into the main peak of that resonance may, in spite of the small number of
particles having that energy, exceed the reaction rate in the peak at Eo. In nuclear
astrophysics, reactions are called nonresonant or resonant according to whether the
reaction rate is dominated by the off-resonance reactions in the peak at E, or by
the reactions in the main peak of the resonance at Eke.

dS/dE can be determined as accurately as can S. It frequently happens
that a good theoretical model of the reaction is necessary in order to
determine the behavior of S(E) at energies lower than the lowest energy
at which it can be accurately measured.

The basic idea can be seen most clearly in the relatively simple case
of the reaction* ?C(p,y)®*N, for which E,=3.93T keV and A=
1.34T,t keV. Near the center of an upper-main-sequence star, therefore,
where T,~25, the favored reaction energies are E~34 +20 keV. Figure
2 displays the measured* cross section for this reaction as a function of
laboratory proton energy. The cross section was measurable down to
energies near 100 keV, but an extrapolation downward to 34 keV or

* We use the standard reaction notation with projectile and observed particle
incorporated within the parentheses with the notation p ='H, d ="°D, t="T,
v =He, a = ‘He. Target and residual nuclei are placed outside the parentheses.
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FiGURE 2. The measured cross section for the reaction *C(p,y)*N as a function
of laboratory proton energy. A five-parameter theoretical curve has been fitted to
the measured points.* Without the theoretical understanding of this reaction, an
extrapolation to E, — 0.025 MeV, which is the interesting energy for this reaction
in astrophysics, appears treacherous.

so appears treacherous, because the measured cross section is changing
by an order of magnitude each 25 keV near 100 keV and is getting
steeper as the energy decreases. That this behavior is largely due to the
penetration factor can be clearly seen in Figure 3, where the cross-
section factor S(E) has been plotted. It is a much more gently varying
quantity which is observed to decrease by only about 10 percent in 25
keV near 100 keV. A reliable estimate of the cross section near E, can
be obtained by extrapolating S(E) as long as the reaction mechanism
does not change over this small energy region. In this particular case,
the extrapolation can be made even more plausible by understanding the
nature of the reaction. The curve through the points of Figure 3 is the
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Range of stellar energies

S(E), keV bam
&

¥C(p.y) N

1 " 1 i . i
200 300 400
Laboratory proton energy (keV)

FiGure 3. The cross-section factor S(E) for the radiative capture of protons by

“C. The differing data points represent measurements by different investigators.*

The smooth curve shown is much more readily extrapolated than the one in
Figure 2, especially if the reaction mechanism is imperfectly understood so that
a simple graphical extrapolation is required. (From D. D. Clayton, Principles of
Stellar Evolution and Nucleosynthesis, McGraw-Hill Book Company, Inc., New
York, 1968. Used by permission.)

result* of fitting to the data a four-parameter formula for a Breit-Wigner
single-level resonance interfering with a weak continuum component
which introduces one additional free parameter. The good fit indicates
that between 100 and 600 keV the reaction proceeds via the formation
of a compound nucleus by the s-wave capture of a proton primarily into
the broad s-wave state near E(lab) =460 keV. The extrapolation down-
ward to E, seems in this case secure provided the s-wave strength of
that level has not decreased to near the value of the average distributed
s-wave strength, with which it interferes in the s-wave compound nuclear
formation, and provided that no other nuclear mechanism becomes com-
petitive near E,. In the latter regard, it was especially important to
determine that there exist no narrow **N states near E,=A that could
have provided narrow but important resonances in **C+p. Possible
states had to be eliminated by studies of other reactions since ?C+p
could not itself be measured to sufficiently low energy.

An example of a similar case is shown in Figure 4, in which the reac-
tion *N(r,a)*N was performed specifically to locate any states near
7.6 MeV in N which could have served as narrow resonances in the
reaction *C(p,y)*N. The quantitative effect of such narrow resonances
will be considered further in the next section. In this case, a suggested
level at an excitation near 7.6 MeV in **N could have caused such a large

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 4. Energy level diagram of “N, which serves as the compound nucleus
for the reaction *C(p,Y)*N. Historically it was necessary to perform the reaction
BN(r,a)*N to see whether the N nucleus possessed undetected states near the
mass-energy equivalent of *C 4 p, which would provide resonances near the effec-
tive stellar energy for the radiative capture reaction. The existence of such states
had erroneously been suggested by inelastic scattering experiments and by the
reaction *C(d,n)*N, as shown on the left. Decisive laboratory experiments,
capable of settling the existence or nonexistence of nuclear energy levels, play
an essential role in the determination of thermonuclear reaction rates.

cross section for the *C(p,y)**N reaction® that only very small concen-
trations of 3C could survive during the CN cycle in a hot proton bath.
In stars, ratios as large as **C:2C=1:4 have been observed,® and this
value is precisely the one to be expected during the CN cycle if both
2C(p,y) and **C(p,y) are nonresonant. Had the resonance in *C(p,y)
existed, the source of such a large **C abundance would be a major
mystery. Fortunately, the existence of the level was not confirmed.®

The reaction *He(r,2p) *He is a good example of a reaction mechanism
changing for a nonresonant reason. The cross-section factor measured™®
by several experiments is shown in Figure 5. Above 1 MeV it is found
that S(E) decreases slowly as the energy is decreased, but an extrapola-
tion of those results to E,~25 keV would have been incorrect. The re-
cent experiments show that, below 1 MeV, S(E) begins to increase
with decreasing energy and that, at the same time, the intermediate
state Li+ p, which moderates the reaction above 1 MeV, becomes less
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FIGURE 5. Cross-section factor for the reaction *He(r,2p)‘He as measured by
several experiments *%; confident knowledge of the stellar reaction rate near 20
keV requires a good theoretical understanding of the upward rise of S(E) indi-
cated by the recent measurements.

important.” It appears likely that a transition occurs near 1 MeV between
two different three-body direct reaction mechanisms, and a confident
extrapolation to E, cannot be made without an understanding of that
transition. May and Clayton® have suggested that the low-energy
mechanism is the direct tunneling of a neutron from one *He to another
and have estimated the low-energy dependence upon energy as a guide
for the extrapolation. The situation is still somewhat unclear, but not so
much so as a few years ago when the uncertainty in this cross section was
the major nuclear uncertainty in the estimation of the solar-*B-neutrino
flux.z°

For heavier particles and high temperatures, it frequently happens that
there are many resonances arising from energy levels in all relevant
energy regions of the compound nucleus. The concept of the most
effective stellar energy, E,+ A, is useful in these cases as well, because
it shows which resonances are a priori most important. In Table 1,
several characteristic energies are listed for some specific reactions of
importance in the natural sequence of thermonuclear epochs in stars.!!
These reactions will be discussed in subsequent material as examples of
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relatively well-studied cases of importance during these various epochs.
For example, the reaction *He(r,2p)*He is important in the proton—
proton chains of hydrogen burning, which occurs near T, =15 in the cen-
ter of the sun. In these circumstances E,=21 keV and A=12 keV, but
the lowest energy for which the cross section has been measured ac-
curately is about 150 keV, center-of-mass, or 300 keV, laboratory bom-
barding energy. It will be noted that in the later stages of stellar evolu-
tion, when the temperature is high, the value of E, becomes large enough
for some reactions that the cross section can be measured directly. It can
also be noticed that some reactions are of importance in more than one
stage of thermonuclear evolution. The physics required to understand
the cross section for ?C(a,y)'°0O, for example, is much different in
helium burning than it is in carbon burning and silicon burning. It is for
just such reasons as this that some knowledge of astrophysics is helpful
in ascertaining the detailed nuclear problems that must be solved to
obtain a relevant reaction rate.!

RESONANT REACTIONS AND ASSOCIATED STUDIES OF
NUCLEAR ENERGY LEVELS

Figure 4 illustrated a search via the *N(r,a)**N reaction for N states
having excitation near 7.60 MeV, where they could serve as stellar
resonances in the *C(p,y)*N reaction and yet be undetectable in the
laboratory by the direct study of that reaction. Such resonances will
usually be very narrow unless they involve a neutron channel with
E> ~10 keV or a high-energy charged-particle channel with E compara-
ble to or greater than the Coulomb barrier height. For a narrow reso-
nance of spin J, the small partial widths I';, and T,, in the single-level
resonant cross section 1 4+2 — 344,

_ 2], +1 2 T'1ols,
@i @LiD ™ EoE)t (/3 (10)

will be essentially constant over the resonance width I'=23T}; which is
in turn frequently smaller than k7. Then the factors v¢(v,T) in Eq.
(2) can be evaluated at the resonance energy E, so that!?

(V)ees= [V (,T) 15-5, L * o(v)dv

21l' 9- 2]r+ 1 F12P34 Er)
2 2 .
=7 (MkT) 2+ QL+ T °XP( )r) (D
This equation applies to any narrow resonance involving neutrons or
charged particles. Although the contribution of the resonance to {ov)
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may not be measurable directly it is seen to be calculable if E,, J,, and the
widths are known. It frequently happens that only a single width need
be determined—specifically when there are only two channels and when
one of the two widths is much smaller than the other. For example, in
a low-energy (p,y) reaction it frequently happens that those are the only
two channels open and that because of the Coulomb barrier I', KTy = T,
where to avoid cumbersome notation we designate the partial widths such
as Tyaq, and Tieny by T, and T, respectively. In that case, a reaction
occurs each time a proton forms the resonant state, and the rate depends
only on the proton width; viz., I';T.,/T' = I, The barrier effects on
T', are calculable so that the major data needed to calculate the effects of
resonances are frequently the resonance energy E, and spin J, and an
estimate of the reduced proton width. If, on the other hand, the reso-
nance energy is not so low it frequently happens that I';,>»T,. In that
case, the reaction rate due to the resonance requires the determination
of J, and I,. Measurement of the appropriate quantities frequently
demands nuclear studies that bear only subtle connections to the reaction
of interest. Some examples follow.

The formation of **C in a helium gas occurs by way of an (a,y) reac-
tion on unstable *Be, which exists in the gas in small concentrations by
virtue of the equilibrium ‘He+*He = ®Be. The establishment of the
process by study of the reverse sequence 2C*(7.65 MeV) — *Be+
*He — 3*He is described by Cook et al.** The energy-level diagram is
shown in Figure 6. Because the 7.65-MeV state decays overwhelmingly
by alpha emission, the rate of formation of 2C is independent of
I.(7.65). Infact,

r(3a = “C) «T,(7.65) exp(—Q/kT),

where I',(7.65) is the radiative decay width of the state and Q is the
energy difference between the mass of 2C*(7.65) and the mass of
three alpha particles. The radiative width has not been directly measur-
able, and Seeger and Kavanagh'* describe the way in which the measure-
ment of several ratios of widths can be combined with the measurement
by inelastic electron scattering of the absolute monopole matrix element
for decay to the ground state to obtain I,. This story provides a fascinat-
ing example of the way in which nuclear astrophysics must draw upon
many facets of nuclear knowledge.

This reaction also provides an example of the care with which en-
ergetics must be treated in nuclear astrophysics. Because the 3a reac-
tion occurs in stars near 10® K, or kT =8.62 keV, an uncertainty of 10
keV in Q amounts to an uncertainty of a factor 3 in the reaction rate.
The favorite ways of measuring the mass of *C*(7.65), namely by
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FIGURE 6. The energy level diagram of **C. The fusion of alpha particles into *C
in a dense helium gas proceeds through the reverse steps of the decay of the 7.65-
MeV state into three alpha particles. Calculation of the rate of fusion requires
the radiative width 1", of the 7.65-MeV state and an accurate measure of the mass
of that state minus the mass of three alpha particles. The mass of the state, as
measured by the three reactions displayed on the right, is still not known with the
desired accuracy.

2B(e)*C*(a)®Be, by *B(r,p)**C*, and by *N(d,a)*C*, lead to
values of Q that differ by as much as 10 keV,® so additional high-resolu-
tion studies of these reactions, especially the first, would be valuable if
the investigator is confident that he can locate the state to a few keV.
There exist, moreover, many reactions for which accurate energetics
are required—whenever a resonance dominates an important reaction
rate and whenever two nuclear species come into statistical equilibrium
with the compound nucleus.

Another example of the importance of low-lying resonances to stellar
reaction rates can be found in the reaction *N(p,y)*°O, the slowest and
thus the rate-determining reaction in Bethe’s carbon—nitrogen cycle. A
comparison with the states in the mirror nucleus, *N, as shown in Figure
7, suggests that all the 0O states in the energy region near *N+p are
now known. A precise measurement of the excitation energy of states
near the mass of N+ p was needed to clarify their astrophysical im-
portance. That need is obvious enough for states above *N+p, but the
exact location is important even if the state is located in the negative-
energy domain, because such a state may, due to its natural width, pro-
vide a resonant wing in the positive-energy domain; alternatively, if the
radiative capture is direct, the binding energy of the proton determines
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FIGURE 7. Energy level diagrams of **O, the compound and final nucleus for the
reaction *N(p,v)™®0, and of its mirror nucleus, *N. Comparison of these energy-
level diagrams suggests that all states in this energy region have now been detected.

the extranuclear size of the state, which is an important quantity for that
process.’®* Recent high-resolution studies,'*8 such as the one in Figure 8,
have shown that the state in **O closest to the mass-energy equivalent of
N+ p is actually 17 to 22 keV below it. In addition, Hensley* was
also able to show that the state has J*=7/2+, in which case it can be
formed as a compound nucleus only by the capture of d-wave protons by
N. The strong centrifugal suppression at low positive energies there-
fore makes that process of negligible importance for the CN cycle. [The
12C(a,y)**0 reaction, to be discussed below, is an example of a negative
energy state contributing to (ov).]

The precise location and properties of this potential resonance for
HN(p,y) 10 is of great astronomical importance. If it had been placed
at such an energy and had such properties that it contributed more
strongly to the thermal cross section than does the nonresonant con-
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FIGURE 8. Energy spectrum of the alpha particles from *O(r,a)*0* at 12.0-MeV
laboratory bombarding energy and 50° laboratory angle with the incident beam.*”
The high-energy resolution was obtained by analyzing the emerging alpha particles
with a 61-cm-radius, double-focusing magnetic spectrometer.

tinuum measured at bombarding energies higher than the stellar energy
E,, it would then have been difficult to understand a star in which nitrogen
is observed'® to be more abundant than carbon. If *N(p,y) had been
much faster, 2C(p,y) would have been the rate-determining reaction in
the CN cycle and the resulting hundredfold increase in the rate would,
moreover, have increased its importance in energy generation within the
sun to the point that the solar neutrinos from the CN cycle would have
exceeded the upper limit measured by Davis et al.>° Of such importance
is 30 keV or so in the nuclear laboratory!

The chains of reactions which convert hydrogen into helium!* are the
most thoroughly studied set in nuclear astrophysics.?!:?* However, the
field is still not closed, and a number of problems remain open. Of these,
undoubtedly the most serious one involves the lack of high-energy solar
neutrinos?® with observed flux <2x 10%/cm?/sec at the earth and the
predicted flux* ~ 5x10°/cm?/sec. The predicted neutrinos come pre-
dominantly from the beta decay of *B to ®Be after the *B has been formed
as part of the proton—proton chain,
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*H(p,e*v)2D
D(p,y)*He
3He(r,2p)*He *He(a,y)'Be
"Be(e,v)’Li "Be(p,y)*B
Li(p,a)‘He sB(e*v)*Be
¢Be(a)*He

The rates of essentially all the important nuclear reactions involved
directly in this problem have been measured “reliably” and independently
checked with fair to good agreement, e.g.,

3He(,2p)*He Winkler and Dwarakanath® and Bacher and Tombrello’
*He(a,y)"Be  Parker and Kavanagh®* and Nagatani et al.*®
‘Be(p,y)*B  Parker?® and Vaughn et al.*’

However, particularly in this case involving the solar neutrino problem,
further checks on these reactions would be very valuable, especially
checks incorporating different approaches or novel techniques.

In addition, more work should be done on the spectrum of the delayed
alphas from °B and its weak beta-decay branches to the highly excited
states of *Be, since the strength of these branches will influence the
expected neutrino spectrum. The *Li(d,p)®Li 770-keV resonance [to
which all the "Be(p,y)*B data are normalized] requires at least one more
precise, absolute cross-section measurement to resolve the difference
between the measurements of Kavanagh?® and Parker,>® 176+15 mb
and 211 =15 mb, respectively. Furthermore, the cross sections obtained
by Imhof et al.*® for the "Li(n,y)®Li reaction [the mirror of the
"Be(p,y)®B reaction] should also be checked, since these "Li(n,y)®Li
cross sections formed the basis of a calculation of the *Be(p,y)*B cross
sections by Tombrello,*® which yields results approximately a factor of 3
lower than the observed "Be(p,y)®B cross sections.

Other specific problems related to hydrogen burning by the CNO bi-
cycle include (a) further study of the 5.60- and 5.66-MeV levels in
**F and their influence as low-lying resonances on the *?O(p,a)**N reac-
tion as part of the CNO bi-cycle®** and (b) essentially a wide open field
in the Ne-Na cycle.32-

It is believed that the reaction 2C(q,y)*%O, which is of great impor-
tance during helium burning, occurs primarily by the formation of a
compound nuclear intermediate state that is the positive-energy tail of a
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state bound by 46 keV. The situation is illustrated in Figure 9. The
7.115-MeV state of *O with Jx=1- has a natural width I, =0.066 eV.
This width gives the state a finite amplitude in the positive energy region
where it may be formed by p-wave alpha capture by *2C. A calculation of
the reaction rate via this mechanism depends upon the reduced alpha-
particle width of the 7.115-MeV state of *0. The quantity is clearly
unmeasurable by a direct technique, so indirect evidence that can be
measured must be used. One of the clever possibilities is shown in
Figure 10, where a direct alpha-particle transfer mechanism for the re-
action 6Li(*2C,d)*O is illustrated. The deuteron spectrum obtained
with a bombarding energy of 7-MeV 2C ions is shown in Figure 11, and

SONWW \
'ZOOT /3xev
\\\\ MR
7.161 ‘

‘ZCi"HO 748 = 1-

6.92 2t

Ny <
16p

FIGURE 9. Energy level diagram of 0O near 7-MeV excitation. The reaction
BC(a,y)*0 via the formation of a J* = 1- compound nuclear state is dominated at
alpha energies near E, by the wing of the state at 7.115 MeV. This reaction has
not been directly measurable because at alpha energies of 2 MeV or so, where the
cross section is large enough to measure, the formation of the compound nucleus is
dominated by other states.
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FiGure 10. Alpha-particle transfer from °Li to ™C in the reaction °Li(*C,d)*O*.
Direct transfer is a measure of the alpha-particle width® of the 7.115-MeV state
of 0O shown in Figure 9.

the yield of the deuteron group corresponding to 7.115-MeV residual
excitation of 2C is, to the extent that the reaction is direct, proportional
to the product of the alpha-particle widths of *O (7.115 MeV) and of
sLi. The interpretation of this experiment is not unambiguous, but the
experiment itself embodies the essence of nuclear astrophysics—a pains-
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FIGURE 11. Energy spectrum of the deuterons from °Li(*C,d)*®0O* at 7.0-MeV
center-of-mass bombarding energy and 15° laboratory angle with the incident
beam. The relative yields to the 7.12-MeV and 9.84-MeV states of *O were
taken to be measures of their alpha-particle widths. I, (9.84) has been measured
directly by *C(a,7)*0, so I',(7.12) can be obtained from the ratio.®
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taking nuclear experiment performed to obtain a single number impor-
tant to the evolution of the universe. With the result inferred from this
experiment,® 6,2(7.12) =0.10+0.04, it is found 3¢ that helium burning
in stars produces comparable amounts of 1*O and *2C, similar to the ratios
found naturally. If, however, the rate of **C(a,y)**O were considerably
faster or slower compared to the 3 rate, the relative production ¢Q/**C
would be, respectively, too large or too small to fit known abundances.

After the exhaustion of helium, a star contracts until the temperature
reaches a sufficient value for *2C to interact with itself. The experimental
study of the resulting reactions is quite complicated because of the large
number of final states, as shown in the energy level diagram of Figure 12.
Possible end products are *Na+p, *Mg+n, **Ne+‘He, *O+2¢He,
and *#*Mg+y. Available low-lying states of the final nuclei are also
shown. The Coulomb barrier for 2C412C is about 7 MeV, whereas the
most effective stellar energy is £,=2.41T,% MeV. Because it has been
found that carbon will burn near T,=1 in stars, the reaction occurs over
a spread of energies from about 1 MeV to almost 4 MeV, whereas labora-
tory studies have been pushed down only to 3.23 MeV. Because protons,

E
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3.04 [ MeV A3 \\‘\\\\\\\\\\\\\
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FIGURE 12. The decay modes of the system *C 4 '*C. The masses of the ground
states are relative to °C + *C, whereas the excitation energy of the final nucleus
is relative to the ground state of that nucleus.
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neutrons, and alpha particles are all liberated by carbon reactions, it is
also necessary to study the reactions of p, n, and « with all nuclei that are
present at temperatures near 10° K. Thus, for example, the 1?)C(p,y)**N
reaction, which was shown in Table 1 to be important near E=34+20
keV in the carbon-nitrogen cycle of hydrogen burning, is also found to
be of interest during carbon burning up to almost 1 MeV for nonresonant
interactions. Because of the large number of possible secondary reac-
tions, it is found that during carbon burning and later thermonuclear
epochs a reaction network must be solved to understand the thermo-
nuclear products.®’

Of prime importance, however, is the experimental study of the
12C+12C reaction itself. Low-energy accelerators are quite useful for
such studies provided compact ion sources capable of producing doubly
and triply ionized '*C ions can be developed. In addition, one requires a
scattering chamber and particle detectors capable of unraveling the multi-
faceted spectrum. The total reaction cross section measured by one
such study®® is shown in Figure 13. It can be seen that S(E) is by no
means constant, but is a rapidly varying function of energy showing con-
siderable detail. The resonance-like peaks, whose actual nature is not
clearly understood, are associated with a simultaneous rise in each of the

\ S(E) FOR “c+"“C
\ TOTAL REACTION CROSS SECTION
sl \ O  CHALK RIVER (1962)
\ ® CALTECH (1968)
\ === REEVES’ EXTRAPOLATION
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FIGURE 13. Cross-section factor S(E) for reactions between “*C + “*C* The
values at the lowest energies are far below Reeves’ extrapolation with the aid of
optical-model transmission functions of data obtained at Chalk River near 6 MeV.
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proton, neutron, and alpha-particle channels. Although the exact struc-
ture of S(E) near E, remains unknown, studies like this one may well
show how S(E) should be averaged in the measured region to obtain a
realistic estimate of S(E) at lower energy. It is also clear that S(E) is
generally smaller than the value obtained by extrapolating measurements
made between 5 and 10 MeV downward to 3 MeV with the aid of optical
model transmission functions. There can be no doubt that observations
on this reaction should be made below Ecy=3 MeV or E,;,=6 MeV.
A strong source of triply ionized *2C atoms in a 2-MV accelerator would
do the trick.

Many of the features of the experimental study of carbon burning
find analogs in the study of oxygen burning. At the time of writing of this
report, experimental studies of **O+%0 are badly needed, but at least
one such experiment is already under way.

During the thermonuclear burning of ?¢Si, which is actually a compli-
cated rearrangement process®**° following photodisintegration, a host
of reactions of protons, neutrons, and alpha particles with intermediate
mass nuclei become important. Ideally one would like individual mea-
surements of the cross sections for all the various alpha-particle, nucleon,
and gamma-ray induced reactions. These reactions find many compound
nuclear resonances within the energy range E,+ A, and the properties of
these resonances are almost entirely unknown. However, it by no means
follows that direct study of them is a feasible approach. The example
*Ti(a,p)*"V listed in Table 1 is typical of this class of reaction. Its rate
is important and would be measurable near E, provided all proton groups
could be counted and provided targets of radioactive *4Ti (74:47 yr)
existed in sufficient abundance. However, even for stable targets there
are problems, because if the reaction does not lend itself to a radiochem-
ical determination of cross section, then one may encounter experimental
difficulties in attempting to count the contributions of outgoing particles
to all levels of the residual nucleus. Much more troublesome, however,
is the fact that the most abundant nuclei in silicon burning tend to lic on
the proton-rich side of the stable valley. Thus, many of the most relevant
target nuclei are unstable, and the interesting reactions are difficult to
study in accelerator experiments. More specifically, for a typical silicon
burning process,*® the most abundant product at each 4 (for 28<A4 <
60) is unstable except for 2*Si, S, 3¢Ar, 3°K, +°Ca, **Ti, *°Cr, *‘Fe, and
*Ni. For these reasons, one goal of an experimental program would be
to develop a quantitative understanding of the systematics of the cross
sections. Some reactions, on the other hand, such as 32S(p,y)**Cl, may
be directly “studyable” by conventional techniques.

The systematic behavior of average cross sections (averaged to avoid
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possible confusion from Ericson fluctuations*') can be surveyed by
considering the following questions:

(a) To what extent do the reactions proceed via compound nucleus
formation? At low energies the compound nuclear mechanism is usually
thought to be dominant. However, there is little information concerning
subbarrier reaction mechanisms and further experimental and theoretical
work (such as the measurement and analysis of angular distributions)
appears desirable before one can be confident about assuming predomi-
nantly compound nuclear reactions. Should direct reactions play a non-
trivial role, then the goal of establishing the systematics of the reaction
cross sections will be harder, because detailed properties of individual
nuclei will become important.

(b) Tentatively assuming that the reaction is mostly compound, what
is the cross section for compound nucleus formation? This essentially
involves determining the barrier penetration. The best calculations of
barrier penetration use the optical model, with parameters determined
from experiments carried out at higher energies than considered here.
Comprehensive tests of the validity of the extrapolation have not been
made, but there is evidence, at least for alpha particles, that it is not
yet possible to calculate low-energy reaction cross sections reliably. In
particular, experimental total reaction cross sections for 5- to 6-MeV
alpha particles in *Ni have been reported to lie a factor of 5 to 10 below
reasonable optical model predictions.** The choice of particular individ-
ual reactions for the necessary further study depends, in the first instance,
primarily on experimental convenience. Eventually, of course, a broad
sampling of nuclei should be covered.

(c) What are the branching ratios for the competing decay modes of
the compound nucleus, including gamma decay? Here barrier penetra-
tion (for the specific spin distribution of the compound nuclear states)
and the level structure of the residual nucleus both enter. The level
structure may be treated either by using a statistical prescription for level
densities** or by explicit knowledge of the individual levels. Where
practical, the latter course is to be preferred, especially since many of the
reactions are endoergic, and thus only a few levels can be reached in the
residual nucleus. When one believes that one can calculate branching
ratios with reasonable accuracy, this belief should be tested by selected
measurements involving competing proton, neutron, alpha-particle, and
gamma-ray yields.

In implementing the procedure described above, for the calculation of
reactions in cases of astrophysical interest, one will encounter consider-
able gaps in the existing knowledge of the level structure of many of the
nuclei on the proton-rich side of the stable valley. Some of these levels
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are accessible via (r,n) reactions. An associated benefit of determining
the level structure (at least for the very low-lying levels) accrues even to
the equilibrium model of silicon burning,** because the equilibrium
abundances depend upon the nuclear partition functions.

RECIPROCITY IN THERMONUCLEAR REACTION RATES;
PHOTONUCLEAR RATES

The quantum principles of reciprocity relate the cross section for )+
@@ + @+ 0.5 to the cross section for @ +@—>D+@ — Q12,34 by
2
@+ 1)@+ D2 - o, 1y 21,41y 2ERD)
12 34

For the specific reaction involving only the ground states of all particles,
it can rather easily be shown that because of this reciprocity principle
the thermal average (vVv),..., for a reaction is proportional to the thermal
average (V)41 fOr the inverse reaction:

_@)2(211+1)(212+1)

. (12)

My ) (27,+1)(2),+1)

Q12.34
xexp(——kT ), (13)

where M,,=MM./(M,+M.) and M,,=M.M,/(M,+M,).

The total reaction rate appropriate to the thermal environment of the
stellar interior requires an average over the thermal distribution of ex-
cited states of the initial nuclei and a sum of the cross sections over all
energetically open channels for the residual nuclei. For the projectile
nuclei, the average thermal population in excited states is given by the
Boltzmann distribution:

n(EyJy) _ (21i+1)eB/*T

(o e = vy tggpa e

n(all states) ~ G ’ (14)
where G is the nuclear partition function
G=2,(2:+1) exp(—E/kT). (15)

With the use of these quantities and the application of Eq. (12) to each
pair of distinct initial and final states it turns out simply that??

Mlv) 3 2 2
et =i (f2f ez en(-254). a6

where the reaction rate on the left is for particles ) and @ thermally
distributed among their excited states going to all energetically allowable
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final states of (0 and (), and the cross section on the right is for particles
® and (@ thermally distributed among their excited states going to all
energetically allowable final states of 3) and (@. This result has the
happy feature of allowing some thermonuclear reaction rates to be mea-
sured by study of the inverse reaction. By far the most important case is
the thermal average of photonuclear cross sections, because they are
generally more difficult to measure than are the inverse radiative capture
reactions. For this case the average A,(3) over the Planck spectrum of
the photonuclear rate for the reaction y+3-—»1+2 becomes

' M .kT\2 GG, 12,3
,\,,(3)=( 2 )273°‘p(_QkT7><“v>‘2‘37’ an

where the thermal average (ov) is evaluated at the same temperature for
which A, (3) is desired. Photonuclear rates are very important in nuclear
astrophysics, so it is fortunate that they are usually obtainable from (ov).

One must not lose sight of the fact that Eq. (17), like Eq. (16), auto-
matically sums the photodisintegration rates from all excited states of 3
provided that (ov),. s, includes reactions from the ground state and all
the thermally excited states of (1) and @ which leave nucleus () in all of
its energetically allowed excited states. The latter requirement for studies
involving the ground states at () and @ is easy, because laboratory
measurements lead, when properly designed, to the measurement of the
cross section to all excited states of the residual nucleus, @). The former
requirement involving all states of (@) and (2 deserves special considera-
tion. Laboratory targets lie exclusively in their ground states, so if the
inverse reaction involves an excited state of that target it cannot be
studied directly. As a concrete example to illuminate this point, the
photonuclear reaction *Mg(y,p)**Na* to an excited state of 2*Na cannot
be studied by the reaction **Na(p,y)?*Mg. Fortunately, this complica-
tion is seldom of practical importance in light nuclei because of the large
energy required to leave photodisintegration products in excited states.
In medium and heavy nuclei, however, where the energies of excited
states may not be large compared to kT, this complication must not be
overlooked. The contribution of the excited states to {ov) must be calcu-
lated, but laboratory measurements can sometimes guide the calculation.
Certainly J™ for the excited target state can be measured, so the partial
waves contributing to specific compound nuclear resonances can be as-
certained. In the case >*Na*(p,y)**Mg, the proton width I')’ can be
obtained by measuring resonant inelastic scattering 2*Na(p,p’)?*Na* and
comparing it with resonant elastic scattering 2*Na(p,p) **Na.

Two typical examples of prominence during silicon burning were listed
in Table 1. The reaction *O(y,a)!2C participates in the chain of alpha-
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particle photoejections which moderate the destruction of 2*Si. The most
effective photons within the Planck distribution are those which eject the
alpha particle with that same energy E, that is most effective for the in-
verse radiative capture at the same temperature. Thus this photodisinte-
gration rate is studied by the same *2C(a,y)®O reaction that was impor-
tant during helium burning and carbon burning, For photodisintegration
near T, =4, moreover, the reaction is easy to study because it proceeds
through resonances a few MeV up in the *2C +a system—resonances that
have been amenable to careful study.**

A more complicated case is the reaction ?2Si(y,p)?’Al, which is the
first reaction to occur whenever 2¢Si is heated. The study of the inverse
reaction 2’ Al(p,y)?**Si at energies near E,= 1680 keV and above is pos-
sible in the laboratory. The corresponding cross section has a great deal
of resonant structure, as shown by thin target yield curves*’ in Figure 14.
Such yields raise an interesting experimental point for radiative capture
reactions in nuclear astrophysics. What is required is the sum of radia-
tive capture to all levels of the final nucleus, so it is not sufficient to
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FIGURE 14. Relative yield of resonances observed® in the ¥Al(p,y)™Si reaction.
The contribution of each resonance to {sv) is proportional to the contribution of
that state to the rate of photodisintegration of *Si at the same temperature.
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measure the yield by the intensity of gamma radiation to a selected level.
It is not necessary, in cases like this one, to extract the gamma-ray
cascade scheme at each bombarding energy. The relevant yield is that
measured by a gamma-ray spectrometer which sums the gamma energies
in the cascade—a total-energy spectrometer. Such spectrometers have,
for example, been used at Oak Ridge National Laboratory in their studies
of radiative neutron capture.*® The combined effect of the resonances like
those in Figure 14 is obtained by the sum, weighted by the Maxwellian
distribution, of the area beneath the capture yield curve. Careful atten-
tion to target thickness allows the summation to be made automatically
over a selected energy region. The continuous nonresonant capture must
be considered as well, because it may have greater area than the res-
onances. Figure 15 shows the nonresonant capture cross section ex-
tracted from the total yield measurements of Figure 14. This contribution
too must be numerically integrated to determine its contribution to (sv).

The highest thermonuclear temperatures of interest occur when matter
at such high temperature and density that all nuclei have been broken
down into nucleons is quickly expanded and cooled. A highly varied re-
action chain occurs at temperatures 1<T,<10 by which nucleons are
reassembled into nuclei. The so-called “explosive nucleosynthesis” in
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FIGURE 15. The nonresonant cross section®® for the *Al(p,y)*Si reaction.
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“big and little bangs” involves almost all reactions between the light
nuclei and protons, neutrons, alpha particles, and gamma rays.*” Two
examples were listed in Table 1.

NEUTRON REACTIONS

The primary distinguishing feature of neutron-induced thermonuclear
reactions is the absence of a Coulomb barrier in the entrance channel.
Neutron cross sections are accordingly most important near the peak of
the thermal distribution; E,~ kT =86T, keV. In stars, the tempera-
tures for which detailed knowledge of the neutron cross sections is impor-
tant are roughly 0.2<T,<4, and in explosions from very high tempera-
ture (big and little bangs) up to 7, =10.

The most extensive applications made so far have been to the theory
of the nucleosynthesis of heavy elements by chains of radiative neutron
captures. Thermonuclear fusion of charged particles synthesizes nuclei
only up to the abundance peak near 4 =56, whereas a sequence of (n,y)
reactions can build the heaviest known elements provided that an ade-
quate thermonuclear neutron source exists. Accurate values of thermally
averaged (n,y) cross sections are important tests of our understanding
of these processes.*®

In dealing with thermally averaged neutron-capture cross sections it
has become conventional to define an average cross section (o(kT)),
which has the property that its product with the most probable thermal
velocity vy = (2kT/M)? equals (ov):

(a(kT))E(L‘:;)lzvl—Tﬁw o (V) ve(v,T)dy. (18)

This effective neutron cross section depends upon the temperature, and
it is the laboratory task to obtain sufficient data to calculate (¢) for each
temperature. For most heavy nuclei of interest, one requires knowledge
of the cross section from zero energy up to several hundred keV, with
the range 1<E, (keV)<100 of greatest interest, whereas for light-
element neutron reactions in explosive nucleosynthesis, the cross section
is of interest up to about 3 MeV of neutron energy. Note that to deter-
mine (¢) it is not necessary to have particularly high-energy resolution in
the measurement of .

The neutron cross sections may involve either resonances or a non-
resonant continuum, depending upon the nucleus involved. The cross
sections for the light elements participating in high-temperature explosive
nucleosynthesis require study of individual resonances in the hundreds
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TaBLE 2 Light-Element Neutron Resonances of Importance to Ex-
plosive Nucleosynthesis

RESONANCES RESONANCES
REACTION O (MeV) E.(cmkeV),Jr REACTION Q (MeV) E.(cmkeV),Jx

‘Li(n,y)'Li  7.253 222, % SC(n,y)C  8.176 147, 1*or2*
*Be(n,y)"Be  6.815 562,3 “N(n,7)*N  10.835 470,
733,2* 600,
“B(n,y)"B 11456 220, orj “O(n,y)"0  4.143 409,F
490. ¥ or 2 O(n,y)®0  8.046 160,2*
T 233, 3
“B(n,v)"B 3369 18, <3 ’
390,2* *0(n,7)"0 3.956 150,
“C(n,v)*C 4947 560? *Ne(n,y)*Ne 6.760 540,
Be(n,a)He 18991 ~0,2 "O(n,e)*C 1819 160,2*
150, 32 233, 3
320,3*

of keV region. In Table 2 we have listed several of the more important
of these, although we do not wish to imply that interest is limited to only
the resonances shown there. The possibility of nucleosynthesis in super-
massive stars in the early life of the Galaxy depends in part on the mea-
surement of such resonant cross sections. For atomic weights 4>20,
many resonances become important, and their identification and study is
a formidable long-range task for neutron physicists. Near the closed
neutron shells, moreover, the study of individual resonances is required
even in heavier nuclei. The measurements for one such example, *V
with N==28, are shown in Figure 16, where the points are cross-section
measurements and the arrows across the top locate the energies of known
resonances (from total cross-section measurements). Very-low-energy
resonances must be detected, because the contribution of a single narrow
resonance to the thermal average

3
res= 2n2ht ol T, E.

= e oo~ (19)
is greatest for E,< kT. Since usually I'~T, one needs both E, and T,
to evaluate the contribution of the resonance. Shown as a solid curve in
Figure 16 is the thermal average (o), for >*V(n,y) as calculated from the
measured cross section and the known resonances. For a nucleus of this
type, (c(kT)) is not well estimated by the measurement of the cross sec-
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FIGURE 16. Neutron-capture cross section of the neutron-magic nucleus =V.
The connected points represent measured values ¢(E.) and the arrows across the
top show the positions of neutron resonances known from total cross section.*®
The smoothly falling solid curve represents the value of (¢(kT)) as a function of
kT. For nuclei such as this one individual resonances dominate the cross section
and one finds that (¢(kT) ) is not well estimated by a measurement near E, — kT.

tion at a single energy near E,=kT, and the associated problems are the
hardest of those in neutron astrophysics. Judicious use must be made of
the fact that the energy spread in the neutron beam with which the mea-
surements are being made already averages the cross section over a
limited energy region. A total-energy gamma-ray spectrometer is almost
a necessity to avoid the tedious unraveling of cascade schemes.

Most of the nonmagic heavy nuclei have neutron resonance spacings
less than a few keV. Data are now available for most heavy elements,
but isotope cross sections still require extensive studies. The characteri-
zation of the (m,y) cross section of heavy nonmagic nuclei is most con-
veniently made in terms of the average behavior of resonances—s-wave
and p-wave strength functions, Porter-Thomas distributions, and the
ratio of radiative width to level spacing. When measured capture cross
sections have been fitted with four main parameters (T, D, S°, S*) the
thermal average (¢) can be calculated in terms of those same parameters.
For example the excitation curve for **'Ta(n,y) is shown in Figure 17.
Because the cross section is smoothly decreasing between 1 keV and
100 keV, it happens that (¢(kT))~o(E,=kT). Thus for nuclei of this
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FIGURre 17. The neutron-capture cross section of *™Ta. The points are measure-
ments® of o(E,), whereas the solid curve is a fit of s(E.) made with the average
resonance parameters and strength functions shown on the figure. The dashed
curve overlying the solid one shows the value of {(o(kT)) as a function of kT.
For nuclei like this one, many broad overlapping resonances dominate the cross
section and one finds that (o(kT)) is well estimated by a measurement near
E,—kT.

type the value of (o) is well estimated by a measurement of the cross sec-
tion at E,=kT. Further experimental and theoretical studies of the best
techniques for determining (o) for heavy nuclei are needed. In some cases
accuracy of a few percent in (o), or more properly in ratios of two (s)s,
is needed to test the accuracy of the astrophysical theory to its limit.
Macklin and Gibbons*® have summarized nicely the experimental status
of the theory. The questions here are of extraordinary importance, be-
cause if the theory is correct it can be used to measure the time of the
origin of the elements,>® a cosmological datum of the first rank.

The experimental problems are probably somewhat more demanding
than those of charged-particle nuclear astrophysics. The challenge is to
develop a collimated neutron beam capable of fair energy resolution be-
tween 1 keV and 100 keV for heavy-nucleus radiative capture and to
develop precise counting techniques for the smallest possible samples.
Such a program is, moreover, in direct competition with the functioning
program at Oak Ridge National Laboratory (orRNL). Competition is
undeniably healthy, but the individual researcher must estimate his
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TaBLE 3 Neutron Capture Cross Sections Needed for Clarification of

s-Process
NUCLEI REMARKS

All Fe, Co, Ni, Cu isotopes Required for Cu—-Ni synthesis.

"Ge, "Ge, "Ge, "Ge Reverse trend in oN but discrepancy in “Ge
measurements.

*Cd to *Cd Eight isotopes, five s-process. Similar to tin.

“Ba to *Ba Current estimates for o yield reverse trend in
oN.

*Q0s, *¥10s, *0s Current estimates yield high ¢N. Cosmochron-
ology: Re — *(Os.

XPb, #*Pb, *Pb, ™Pb Present error (oms = 3';) leaves cosmochron-
ology uncertain.

®Sr, "Sr Possible cosmochronology: *Rb — #Sr.

N = 50: ®8r, *Y, “Zr, *Kr Precipice near 4 — 88-90; possible s-source of
®Kr.

N = 82: ™Ba, *La, “Ce, 'Pr, Precipice near 4 — 138-142.

IGRNd
All shielded s nuclei oN, curve, element abundances.

laboratory resources carefully to ascertain whether he can compete ef-
fectively. The ORNL uses a 3-MV pulsed proton beam on a °Li target as
a neutron source, time-of-flight counting techniques to select the neutron
energy whose capture is observed, and a variety of total-energy gamma-
ray spectrometers to separate the desired counts from the background.*

We do not list here the many neutron-capture reactions needed in the
1-100 keV region, for the list is too long. Quantitatively the most sig-
nificant applications are to nucleosynthesis by chains of slow neutron
captures—the so-called “s-process.” The papers® on this process de-
lineate the capture chain of interest for 4>56 and cite several (n,y)
cross sections as being of special interest, some of which are listed in
Table 3. Every nucleus on the s-process chain can usefully be measured,
but the most important measurements are those of neutron-magic nuclei
and nuclei shielded from r-process production. Below 4 =56, measure-
ments of the (n,y) cross sections of the isotopes of Si, S, Ar, Ca, Ti, and
Cr are needed to ascertain the extent to which their neutron-rich isotopes
have resulted from a s-process on the 4 =4n seed.?®
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CHAPTER 2

Practical Considerations in
Experimental Nuclear
Astrophysics

This chapter is intended as an introduction for someone entering the field
of experimental nuclear astrophysics for the first time and attempts to
point out the important experimental problems and practical considera-
tions. It is not intended to be a complete or definitive encyclopedia on
the hardware and instrumentation related to nuclear astrophysics. This
chapter contains much information which is relevant to general nuclear
physics because nuclear astrophysics is to a large extent just nuclear
physics applied to the interesting problems of astrophysics. However,
because of the nature of these astrophysical problems there are many spe-
cial requirements and considerations in experimental nuclear astrophysics
(such as the need for total, absolute cross-section measurements at
energies far below the Coulomb barrier) which are not encountered in
ordinary nuclear physics. Throughout the following discussion (begin-
ning with the accelerator ion source and continuing through the beam-
analysis system, targets, detectors, and the like), we have tried to empha-
size the sources and solutions for those problems and considerations that
are peculiar to this field. (If it seems that we have devoted an inordinate
amount of space to the problems of gamma-ray detectors, this is because
of the importance of both resonant and nonresonant capture reactions in
nuclear astrophysics and because of the inherent difficulties in determin-
ing quantitatively the spectrum of these capture gamma rays from the
complicated response characteristics of gamma-ray detectors.)

IoN SOURCES

In addition to the traditional radio-frequency (rf) and duoplasmatron ion
sources that have been faithfully producing beams of protons, deuterons,
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*He, and *He for several decades, several new sources are now available
which make it possible to generate beams of almost every ion. It is true
that proton and alpha-particle beams are of the greatest direct importance
in experimental nuclear astrophysics, yet many relevant studies can be
made with deuteron, triton, *He, and heavy-ion beams.

The traditional ion sources are already capable of producing triton
beams, but the use of tritium gas requires that many added precautions
be taken to prevent unnecessary exposure of personnel and contamina-
tion of the laboratory. A few laboratories (e.g., Brookhaven, Lockheed
Palo Alto, Los Alamos, and Chalk River in Canada) are now operating
low-energy accelerators with triton beams, and a good description of the
instrumentation necessitated by this use of tritium gas in an ion source is
given by Chase.!

Moving up the periodic table, lithium beams would be very useful for
the study. of alpha-transfer reactions via (°Li,d) and (’Li,t) reactions,?
and the techniques for producing these beams have already been de-
veloped by Allison and Kamegai® and by Carlson.* Carlson notes that
he has been able to obtain Li** beams at energies of up to 14.5 MeV
from a CN Van de Graaff accelerator by using a stripper foil part way
down the accelerator tube. The astrophysically interesting beams of
carbon, nitrogen, and oxygen can be extracted from standard duoplas-
matron and rf ion sources by using gases such as CO, and N,O.

With the development of compact heavy-ion sources,® which include
sublimation furnaces capable of temperatures in excess of 1100°C for
handling solid materials, it is now apparently possible to produce beams
of virtually any element with intensities of several microamperes.
Originally designed for use with isotope separators, these heavy-ion
sources are now also being marketed commercially for use as ion sources
for particle accelerators. (Danfysik Model 910 marketed in the U.S.A.
by Physicon, Boston, Massachusetts, for example.) However, the power
requirements for the present design (1200 to 2400 W) are too large to
make these sources feasible for installation in the terminals of standard
Van de Graaff accelerators.

BEAM-ENERGY ANALYSIS

In almost all nuclear astrophysics experiments, once a beam of the appro-
priate ions has been extracted from the accelerator, it is very important
to determine accurately both the centroid and the width of the energy
distribution of these ions. Accurate measurements of these quantities are
necessary because of the importance of locating and measuring the posi-
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tions and properties of narrow resonances and because of the effects of
the Coulomb barrier on the cross sections for charged-particle reactions.
For example, in studying the reaction '*N(a,y)'*F a change in the
bombarding energy of 1 percent, from 1000 keV to 990 keV, would
cause a 15 percent reduction in the nonresonant direct-capture cross sec-
tion. Although time-of-flight techniques have been used, the most usual
ways for accomplishing this energy or momentum analysis of the acceler-
ated beam are by means of magnetic or electrostatic deflection.

In a magnetic analyzer, the beam travels along a circular orbit whose
radius of curvature is determined by the energy, charge, and mass of the
particles and the strength of the magnetic field. The strength of the mag-
netic field can be measured by instruments such as rotating-coil or
torque-balance fluxmeters and nuclear-magnetic-resonance probes. In
the latter case, the energy of the particles deflected along a particular

orbit is given by
QZ E -1
— kfof =
E=r(Z) (14 255) 0
i

where k is a “constant,” characteristic of the particular magnet, and in-
cludes all the geometrical factors concerned with the particular orbit in
question, including any field nonuniformities along that orbit; f is the
NMR frequency; Q is the charge of the ion; m is the rest mass of the ion;
and E is its relativistic kinetic energy. In many cases the nonrelativistic
expression, E~=kf*Q?/m, can be substituted into the relativistic correc-
tion term, (1+E/2mc?)1.

In an electrostatic analyzer,®? the beam is passed between two
“paralle]l” electrodes, each of which has a radius of curvature (r, and r,)
such that they have a constant separation, d,

r2:r1+d. (2)

An ion which passes through the center of such an electrode system, as
defined by entrance and exit slits, has an energy given by

Vr daz \1 E E \
E:QZ_d(l+24r2) (l+mc2)(1+2mc2) ’ 3

where Q is the charge of the ion; V is the potential difference between the
two electrodes; d is the separation between the two electrodes; r is the
mean radius of curvature of the electrodes, (r,r,)*; m is the rest mass of
the ion; and E is its relativistic kinetic energy. In many cases the non-
relativistic expression, E~QVr/2d, can be substituted into the two
relativistic correction terms. Since the deflection of an electrostatic
analyzer is to first order independent of the mass of the particles in the
beam, it is necessary to supplement its operation with some sort of mag-
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netic deflection in order to separate out the various mass components in
the beam with the same energy, e.g., H*, H,*, and possible heavy con-
taminants such as N,*.

Each of these instruments has its own advantages and disadvantages.
For example, while it is much easier to make absolute energy measure-
ments using a carefully constructed electrostatic analyzer, the problems of
voltage conditioning of the plates and secondary emission caused by
particles striking the plates make the electrostatic analyzer (compared
with the magnetic analyzer) slightly less convenient for general use and
considerably less desirable for handling the large beam currents which
are often necessary for nuclear astrophysics experiments because of the
small cross sections being measured. The calibration of these analyzers
need not be carried out in an absolute manner but can be accomplished
by using field or voltage measurements relative to a set of independently
determined referenced energies such as narrow resonances or neutron
thresholds.®

VACUUM REQUIREMENTS

In addition to the normal vacuum requirements for accelerator operation,
many experiments in nuclear astrophysics require special precautions to
prevent the deposition of any carbon onto the target surface from organic
compounds in the vacuum system, e.g., pump oil, O-rings, and vacuum
grease. Such a buildup not only degrades the energy of the incident beam
before it can strike the “true” target surface but also introduces an addi-
tional spread in the beam energy due to straggling. Both of these effects
are important in view of the requirements noted above for an accurate
determination of the energy distribution of the beam, and corrections for
these effects must be made in analyzing the data.

The prevention of the buildup of carbon on the target is particularly
important for studies involving (a,y) reactions since the *C component
in natural carbon will give rise to very serious background contributions
via the neutrons resulting from the *C(a,n)°O reaction. How serious a
problem the *C(a,n)'®O reaction represents clearly depends on the
particular reaction being studied, but a rough estimate of its effects can
be obtained from a comparison of the cross sections involved. Whereas
(a,y) reactions may typically have total cross sections ranging from 0.1
to 5.0 ub at alpha-particle energies from 0.5 to a few MeV, the total cross
section for the *C(q,n)'°O reaction rises from ~1 mb at 1 MeV to
typically 50 mb for alpha-particle energies above 1.8 MeV.* This is
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~10* times greater than the (a,y) cross sections one is trying to measure
so that (even though *C has only a 1.1 percent abundance in natural
carbon) atom for atom any “natural” carbon contamination will produce
~100 times more neutrons than the target material will produce gamma
rays. [For additional information on the :*C(a,n)¢O reaction at energies
below 1 MeV see Davids,® and for information at alpha-particle energies
above 5 to 6 MeV, where the various *C(a,ny)*®O reactions become
possible, see Spear et al.*!]

Some of the precautions that can be taken to minimize carbon buildup
include (a) liquid nitrogen trapping of all oil diffusion pumps or the use
of ion pumps, (b) the use of molecular-sieve traps on roughing lines to
prevent the backstreaming of oil from roughing pumps, (c) the use of an
all metal and glass system with metal gaskets, low-vapor-pressure epoxies
(e.g., “Torr Seal,” Varian Associates, Palo Alto, California) or at least
viton O-rings so that the entire system can be baked out, (d) the use of
liquid nitrogen trapping in the beam line immediately in front of the
target and in the region surrounding the target, (¢) heating the target
relative to its surroundings, (f) no vacuum grease, etc. For an example
of a system employing many of these precautions see Spear et al.’!

One way to bypass the problem of the neutron backgrounds from reac-
tions such as *C(q,n)®0 involves the use of a pulsed beam and time-of-
flight techniques to discriminate between the prompt gamma rays from
the target and the neutron induced background.!?

TARGETS

Today, a very wide variety of target nuclei are available to the experi-
mental nuclear physicist in isotopically enriched forms. Many of the
more common isotopes, such as the carbon, nitrogen, and oxygen iso-
topes, are available in enriched forms from various commercial estab-
lishments. Of the remaining isotopes, which are not available commer-
cially, virtually all of the stable, nongaseous isotopes are now available
in an enriched form from Oak Ridge National Laboratory. There are
only a few exceptions to this, such as #:Ta, where the natural abundance
is already 99.9877%. (*°Ta, the other stable tantalum isotope, is
available in enrichments of up to 5.1%.) All the noncommercial, stable,
gaseous isotopes (except some of the rarer xenon and krypton isotopes)
are available in enriched forms from Mound Laboratory, operated for
the AEC by Monsanto in Miamisburg, Ohio. Listings of the available
isotopes, together with their enrichments, chemical forms, and prices, can
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be obtained from Isotopes Sales, ORNL, Oak Ridge, Tennessee, and
Isotopes Sales, Monsanto Research Corporation, Mound Laboratory,
Miamisburg, Ohio.

[Concerning this essentially complete availability of enriched isotopes,
it should also be noted that these materials do come with price tags.
While these prices may be as low as a few dollars per gram for some of
the more common isotopes (e.g., "Li enriched from 92.5% to 99.99% is
only $1/g, and °B enriched from 19.6% to 92% is only $7/g), these
figures can also become “astronomical” as in the case of *°Ta enriched
from 0.0123% to 5.1% at $1175/mg. Most of the isotopes, of course,
lie in the middle ground and generally are available at prices of approxi-
mately a few dollars per milligram for enrichments in the range of 90 to
99% . It should also be noted that some of the very high-priced isotopes
are available through Isotopes Sales, ORNL, on a rental basis.]

The conversion of the target material into usable targets is accom-
plished by a variety of chemical techniques. This is not the place to
even attempt to compile a list of these procedures; we will note below
only some of the alternatives available. Many elements can be made
into self-supporting targets by evaporating the material onto a substrate
such as NaCl or Teepol and subsequently floating off and mounting the
target by dissolving the substrate in water. For targets where this is not
feasible, it is often possible to evaporate the material directly onto a very
thin, previously mounted carbon foil (available in thicknesses down to
10 pg/cm?® from Yissum Research Development Company, Hebrew Uni-
versity, Jerusalem, Israel). Also, the possibility of using thick targets or
targets on heavy backings should not be ignored, especially at low
energies where the Coulomb barrier will inhibit any competing reactions
in the backing. Some general surveys of target making techniques are
presented elsewhere.!>-¢

In addition to solid targets, as discussed above, it is also often possible
to use gas targets. Compared to solid targets, gas targets have many ad-
vantages, such as chemical purity, which often make them desirable not
only for noble gases but also for other gaseous elements and compounds.
(It should also be noted that one can make *solid” noble-gas targets by
ion implantation into a metallic backing. These targets may be quite
satisfactory for some applications, but they generally tend to be non-
uniform and very susceptible to gas loss due to beam-induced heating of
the metallic backing.) With regard to gas targets, two major options are
available: differential-pumping techniques or containing the gas within a
cell with ultrathin foil windows.

In the case of differentially pumped gas targets, a number of descrip-
tions have been published in the literature, e.g., Silverstein et al.® and
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Winkler and Dwarakanath.?® In the latter case, by using the first pump-
ing stage as the backing pump for the diffusion pump in the second stage
and then recirculating the output of the first stage through a repurifier
back to the gas target, it was possible to keep gas losses down to less than
1 percent per 24 h. This has obvious application to the use of rare or ex-
pensive gases (such as the *He used in this case) in differentially pumped
systems. Winkler®! has also shown that it is possible to increase by 30 to
50 percent the maximum attainable gas-target pressure in a differentially
pumped chamber by using a gas inlet in the form of a 45° cone-shaped
opening located at the high-pressure end of the beam entrance canal
and directed toward the gas target.

Whereas in the case of differentially pumped gas targets the maximum
attainable pressures are typically in the range from 15 to 25 mm Hg,
pressures as high as several atmospheres can be achieved for targets
where the gas is contained by an entrance foil through which the incident
beam must pass. As might be expected, the most critical part of such a
target is the entrance foil. At low energies the most commonly used
material for these foils is nickel; nickel foils with thicknesses as small as
2x10°in. (45 pg/cm?) are available from Chromium Corporation of
America, Waterbury, Connecticut. Of course, such a thin foil will not
withstand a 1-atm pressure differential across even a #-in.-diameter
aperture, but for thicknesses 2 20 x 10-¢ in., a 1-atm pressure differential
is easily supported across a #-in.-diameter aperture. A 20x 10-¢ in. foil
(450 pg/cm?) represents an energy loss of only 54 keV for a 1-MeV
proton; however, for heavier projectiles this energy loss increases, and
for 1 MeV *He’s the energy loss is up to 380 keV. Discussions of the
energy losses by charged particles are relevant not only to gas-target
entrance foils but also to solid targets and even to the design and choice
of detector specifications. Several useful tables and graphs of dE/dx,
stopping cross sections, and particle ranges have been compiled for
p, d, t, °*He, and ‘He by Whaling and Demirlioglu*?> and Williamson
et al.*®* An extension of this work to heavy ions has been presented by
Northcliffe.?+

In obtaining higher-pressure gas targets by the use of an entrance foil,
a price is paid not only in the form of beam-energy degradation, but also
in the form of (a) a deterioration in the beam-energy resolution due to
straggling, (b) possible background effects due to reactions taking place
in the foil, and (c) a limitation on the usable beam intensities. This
latter limitation arises because the heating of the foil, due to the energy
lost by the incident beam, weakens the foil and can cause it to rupture.
Typically this limitation is ~1.2 pA for 1-MeV protons and ~0.2 A
for 1-MeV alpha particles, and for other particles and energies this
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limit scales roughly as the inverse of the stopping cross section involved.
One technique that can be used to alleviate this problem is the evapora-
tion of a very thin layer of copper onto the nickel foil in order to increase
its thermal conductivity. (For example, the addition of 70 ug/cm? of
copper to a 450 pg/cm? nickel foil adds little in the way of energy loss
but will double the thermal conductivity of the foil.)

Some of the other materials which are commonly used for entrance
windows to gas targets include organic compounds, such as formvar and
havar (a cobalt-base steel alloy manufactured by Hamilton Watch Com-
pany, Lancaster, Pennsylvania). Formvar-type foils are useful where
a very small energy loss or straggle by the incident beam is particularly
important, but because of their very poor thermal conductivity they
are only practical for experiments involving very low beam intensities.
Havar, because of its convenience, has found wide application in “high”-
energy work, but for low-energy experiments (below 3 MeV) it is not
nearly so suitable as nickel since its minimum available thickness,
90 x 10-° in., represents a 225-keV energy loss for 1-MeV protons and
stops alpha particles at energies <1.3 MeV.

Since it is important to know the energy of the beam in the gas cell, it is
necessary to obtain an accurate measurement of the foil thickness and the
energy lost in the foil by the incident projectile. The simplest and most
direct way to accomplish this is to measure the position of a well-known
resonance with and without the foil inserted in front of the target. This
measures the energy loss in the foil directly, and by using Whaling’s
stopping cross sections®? this loss can be scaled to any other incident
energy for this same foil. Furthermore, if the calibration resonance is
narrow, this measurement can also provide information regarding the
straggling of the beam in the foil.

One of the desirable features of a gas target is the ease with which
one can obtain the target thickness directly from a measurement of the
gas temperature and gas pressure. Robertson ez al.?® have pointed out,
however, that care should be taken in determining the gas temperature
to take into account beam-heating effects in the gas which may raise the
temperature along the beam path by as much as 50°C or more. While on
the topic of target thickness determinations, some mention should also
be made about ways for measuring thicknesses for solid targets. Some
of the standard techniques for this include (a) (for targets mounted
on thick, heavy backings) the use of a magnetic spectrometer at a back
angle to measure the target profile,2¢ (b) (for thin targets) the use
of an “alpha gauge” to measure the energy loss of transmitted alpha
particles,?™?® (c) excitation function measurements across a narrow
resonance (narrower than the target thickness), (d) a comparison with
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a reliable, previously measured cross section, and (e) the comparison
of a particular reaction yield in the uncalibrated target with the yield
from that same reaction in a target whose thickness is known.

Finally, it should be added that all these endeavors need not be re-
stricted to stable isotopes. There are many interesting and important
measurements to be made with radioactive targets such as "Be, °Be,
14C, 37Ar, and “Ti, and a small laboratory with a strong radiochemistry
background might well consider that the development of such a target
could be as important a stimulus for the creation of an active research
program as the acquisition of a lot of complicated and expensive hard-
ware for use in studying more mundane nuclei.

BEAM INTEGRATION

Since many of the problems in nuclear astrophysics require information
in the form of absolute cross sections, it is necessary to have an accurate,
absolute measurement of the number of incident particles corresponding
to a given “run.” This is normally obtained by simply integrating the
incident beam current to obtain a measurement of the total charge
accumulation. As in all nuclear physics experiments, in order that the
measured beam current be accurate, precautions must be taken in the
design of a properly shielded Faraday cage and in the use of magnets and
electrostatic guard rings to ensure (a) that secondary electrons produced
in the collimating slits and in the target do not enter the Faraday cup and
(b) that secondary electrons produced in the Faraday cup do not escape.
One way of checking on the effectiveness of secondary electron suppres-
sion is to compare the forward-angle elastic scattering from a heavy
target nucleus at low energies with the calculated Rutherford cross
section. This technique, of course, requires that the absolute target thick-
ness already be known from an independent measurement, as described
earlier. Once the accuracy of the charge collection has been established,
however, this technique can then be turned around and used as an
additional method for determining target thicknesses. A quantitative
assessment of the ways in which the effects of secondary electrons can
be exaggerated when using heavy-ion beams is presented by Loebenstein
et al.*® together with one way in which these problems can be handled
successfully.

An additional problem, which arises especially at low energies, in-
volves the question of the ionization state of the incident ion. The ioniza-
tion state is initially well defined by the magnetic or electrostatic energy
analysis, but after leaving the analyzer this charge state can change
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during any collision in the target or during any collisions with residual
gas molecules in the vacuum system—another good reason to work for
as good a vacuum as possible. For example, for 4.0-MeV *¢0O ions the
equilibrium charge distribution is 3+ (11%),4+ (40%), 5+ (40%),
and 6+ (9%), while for 400-keV *He ions it is neutral (15%),
14 (65%), and 2+ (20% ). This problem can be important even for
protons for which the equilibrium charge distribution does not get to
1+ (>99%) until proton energies are above 350 keV. For alpha
particles one has to get over 2.5 MeV before the equilibrium charge
distribution becomes 2+ (>99%). A compilation of equilibrium
charge-state distributions as a function of energy has been prepared by
Zaidins.*® For cases where the charge changes occur in the target (target-
in versus target-out changes in the apparent beam intensity) the most
direct solution is simply to include the target as part of the Faraday cup
system, though this will almost certainly require some additional shielding
and secondary electron suppression. For cases where it is not possible
to make an accurate or meaningful charge integration because of charge
changing collisions before the beam enters the Faraday cup, Winkler
and Dwarakanath?® have devised a method for ignoring the charge of
the incident beam and instead simply measuring the beam power using
a balanced calorimeter. This method treats particles of all charge states
equally, and when combined with an accurate energy determination it
gives an accurate determination of the number of incident particles
corresponding to a given “run.”

CHARGED-PARTICLE DETECTORS

During the past 10 years enormous advances have been made in the
techniques and devices available for detecting and measuring the radia-
tions produced in nuclear reactions. For charged particles,® silicon
surface-barrier devices, Si(SB), are now available commercially in
thicknesses from 6 p (uniform to =0.5 x) to 2000 p, and lithium-drifted
silicon devices, Si(Li), now extend this range from 2 mm to as much as
S mm. The active surface areas for all but the thinnest of these detectors
span the range from 25 mm? to several hundred mm? and even to 1000
mm? in some cases. As far as resolution is concerned, based on the
5.47-MeV alpha particles from ?*Am, Si(SB) detectors of all thick-
nesses are now available with dead layers (gold or aluminum surface
contacts) of 30 to 40 ug/cm?® (=1 keV for 5-MeV protons and =7
keV for 5S-MeV alpha particles) and with guaranteed resolutions (when
used with suitable preamplifiers and amplifiers) in the range from 15 to
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30 keV for active areas up to 150 mm?. For larger areas, the increase
in capacitance causes a deterioration in resolution to figures approaching
40 to 50 keV. For Si(Li) detectors the resolution figures begin at 35
to 50 keV for 2-mm devices with active areas of 50 to 100 mm? and go to
100 keV for S-mm devices in this area range and even higher for larger
areas. Dead-layer specifications for Si(Li) detectors are also somewhat
higher, <1 mg/cm?, but this need not be too important since these
devices are primarily intended for the very energetic particles that cannot
be stopped in the thinner surface-barrier detectors. A discussion of the
straggling effects of these dead layers on energy resolution is given by
Fabri et al.**

The specifications for detector performance given above refer to the
operation of the detectors at room temperature. Considerable improve-
ments in the resolution can normally be obtained by cooling the de-
tectors to temperatures between 0°C and —80°C using, for example,
CO. expansion refrigerators, Freon coolant systems, or thermoelectric
coolers. Operating under actual experimental conditions, one such sys-
tem has achieved resolutions of 11.2-keV FwHM for 12-MeV protons
using a 50-mm?, 1500-x-thick Si(SB) detector.>® This reference is par-
ticularly useful as it also points out and examines a number of other pre-
cautions (such as magnetic suppression of secondary electrons from the
target) which are essential in obtaining this high resolution.

It should be noted that in general Si(SB) and Si(Li) detectors do not
compete but rather complement one another; i.e., the Si(Li) detectors,
which give poorer resolution, offer a much larger depth for stopping
high-energy particles with a single detector. Si(SB) detectors can also
be used for measuring high-energy particles by stacking several trans-
mission mounted detectors in tandem, but this results in a considerable
increase in cost—~$700 for one 3-mm-deep, 80-mm? Si(Li) detector
versus ~$2100 for an equivalent stack (two 1500-x or 1000-z plus
2000-p) of SO-mm? Si(SB) detectors. [In spite of the contributions to
peak width from each of the members of such an array, a 5-mm stack
of Si(SB) detectors would still have better resolution (=50 keV un-
cooled) than the one Si(Li) detector. Thus for a case where resolution,
not cost, is of ultimate importance this stacking technique might still be
preferable.]

Prices for each of these detectors, Si(SB) and Si(Li), will run in the
neighborhood of $1200 to $1600 for the very thin, very thick, or very
large area models, dropping to $300 to $400 for the less demanding
sizes. Regarding these high costs, in view of the present tight budget limi-
tations, it is interesting to note that at least one detector manufacturer
is talking about “detector rental plans.”
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Finally, it should be cautioned that these detectors do not last indefi-
nitely but are subject to radiation damage resulting in an appreciable
degradation in pulse shape and resolution presumably caused by carrier-
trapping centers generated at actual damage sites in the crystal lattice.
Generally, Si(Li) detectors are much more sensitive to this type of dam-
age than are Si(SB) detectors. For example, for Si(Li) detectors sig-
nificant deterioration appears to occur after exposures of ==10° fast
neutrons/cm?, whereas for Si(SB) detectors this figure is at least 100
times higher. There is still much black magic involved in the handling
of this problem, but in general the application of increased bias levels to
the detector (i.e., higher field strengths in the crystal) seems to restore
its performance at least temporarily.

NEUTRON DETECTORS

For neutron detectors, the standard “Long Counter”* still provides a
very important method for detecting fast neutrons of varying energies
because of its more or less constant efficiency as a function of neutron
energy. Because of this “constant” efficiency, when coupled to a pulsed-
beam, time-of-flight system the Long Counter can provide detailed infor-
mation about the energy spectrum in the neutron flux. Organic scintil-
lators, e.g., Pilot-B, with their fast rise times are also well suited for
accurate time-of-flight work. Slow or thermal neutrons can be detected
selectively by taking advantage of the relatively large thermal cross sec-
tions and large positive Q-values for the °Li(n,«)?H and °B(n,a)’Li
reactions by utilizing charged-particle sensitive scintillators doped with
these isotopes, e.g., NE-401.

The development of semiconductor devices has also had its impact on
neutron detectors. By sandwiching a thin °Li or 1°B layer between two
Si(SB) detectors one can obtain neutron energy spectra by taking
advantage of (a) the °*Li(n,e)*H and *B(n,a)’Li reactions, (b) the
energy response of the Si(SB) detectors to charged particles, and (c)
the nearly 4= total collection efficiency of the sandwich geometry.** Be-
cause of the large positive Q-values for these reactions, this technique
is not troubled by low-energy background events from photons and
charged particles interacting with the detectors. Individual detector
backgrounds can also be further reduced by utilizing coincidence require-
ments between the two Si(SB) sandwiching detectors.

A completely different fast neutron spectrometer is provided by making
use of the (n,p) and (n,e) reactions in the silicon of the detector
itself.2¢*” [Because of the importance of their larger volumes toward
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increasing the efficiency of such a detector, Si(Li) devices are normally
used for this work, but this has nothing to do with the nuclear properties
of the lithium.] The Q-values for all of these Si+ n reactions are negative,
the most important being the *Si(n,a,)?°Mg reaction with a Q of —2.65
MeV. Miller and Kavanagh®” have applied this technique successfully
to neutrons with energies from 6 to 17 MeV. Using liquid nitrogen-
cooled detectors they have been able to achieve neutron energy resolu-
tions as good as 125 keV and have been able to determine the energies
of various “unknown” neutron groups with a precision of 5 to 15 keV by
comparisons with the detector’s response to other neutron groups of
“known” energy.

GAMMA-RAY DETECTORS

In the field of gamma-ray spectroscopy, the work load is now shared
between Nal (T1) and Ge(Li) detectors. In spite of their poorer resolu-
tion, Nal(Tl) detectors still have an important advantage over the
Ge(Li) detectors in terms of bulk size for applications where high
efficiency is important or where high-energy gamma rays are involved.

Nal(T1) crystals are now available commercially in diameters up to
15 in. with lengths of 12 in. and longer for prices of $30,000 and
more. Typical intermediate-size detectors such as 3 in.x 3 in. (with
better than 7 percent resolution for 662-keV gamma rays) or 5 in. X
5 in. (, <74 percent resolution at 662 keV) come with price tags (includ-
ing photomultiplier tube) of about $1000 and $2400 each. For Ge(Li)
detectors, active volumes in the range 20 to 40 cc with resolutions better
than 3 keV at 662 keV have prices in the neighborhood of $5000 to
$7500, while the smaller detectors (4 to 8 cc) fall in the range from
$2000 to $4000.

Having noted the quality and sizes that are presently avaliable for
those two types of detectors, in order to make a more meaningful com-
parison of their performances it is necessary to first discuss their responses
to monoenergetic photons. Gamma rays incident on either of these
detectors will normally interact via photoelectric absorption, Compton
scattering, or (for energies above 1022 keV) pair production. The rela-
tive probabilities of these interactions depend on the energy of the
gamma ray. In the case of photoelectric absorption, the entire energy
of the gamma ray is transferred to the photoejected electron, and if that
electron stops in the crystal the resulting pulse will correspond to the
full energy of the gamma ray. For a Compton scattering event, a full-
energy pulse will result only if the Compton-scattered electron stops in
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the crystal and the scattered gamma ray also deposits the rest of its
energy in the crystal through a series of subsequent Compton scatterings
and/or a photoelectric absorption. If the energy of the gamma ray is
above the pair-production threshold (2m,c*=1022 keV), then it can
also interact in the crystal to create an electron—positron pair. If the size
of the crystal is sufficient, both members of the pair will stop in the
crystal, and the positron will annihilate with an atomic electron to form
two 511-keV gamma rays. A full-energy pulse will result from such an
event only if both members of the pair are stopped in the crystal and

. if both of the subsequent annihilation quanta also interact via Compton
scattering or photoelectric events to deposit all of their energy in the
crystal. Because of the quantized energy of the 511-keV annihilation
radiation, if one or both of these quanta escape from the crystal, the
detector output pulse will correspond to the gamma-ray energy minus
511 keV or 1022 keV, respectively.

The response functions of NaI(Tl) and Ge(Li) detectors to a mono-
chromatic gamma ray will include contributions from all these interac-
tions, with peaks corresponding to the full photon energy and (for
E,>1022 keV) to the escape of one or two of the annihilation quanta,
plus a broad continuum corresponding to interactions where the electrons
do not stop in the crystal and to Compton events in which the scattered
photon escapes. With such a complex spectrum, the advantages of
good energy resolution are obvious, especially when the spectrum con-
tains contributions from several gamma rays of differing energies. At
the present state of technology, good Nal(T1) crystals are available with
resolutions at 662 keV of < 7 percent (46 keV), whereas good Ge(Li)
detectors can be purchased commercially with resolutions of < 3 keV
at 662 keV. As the gamma-ray energy increases, the NaI(Tl) resolu-
tion goes to =~ 4 percent at 3 MeV (120 keV), while the Ge(Li) resolu-
tion has only deteriorated to 6-8 keV at 3 MeV.

For gamma rays with energies above the pair-production threshold, a
considerable simplification of the complex NaI(Tl) spectrum can be
achieved by using a three-crystal pair spectrometer consisting of one
main Nal(Tl) crystal with two additional NaI(Tl) crystals 180° apart
(or a split annulus) on either side of the main crystal. Events from the
main crystal are then stored only when there is a coincidence between
two 511-keV gamma rays in the peripheral crystals. All full-energy,
single-escape, and Compton contributions are eliminated, and one is
left with only the double-escape peaks in the main spectrum. Three-
crystal pair spectrometers are now also being built with a central Ge(Li)
detector and a surrounding split annulus of NaI(Tl).2%3¢
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Because of their magnificent resolution, precision gamma-ray energy
measurements with Ge(Li) detectors now often provide the most ac-
curate method for determining the excitation energy of gamma-emitting
nuclear levels. A convenient set of calibration lines with energies cover-
ing the range from 2.3 to 7.1 MeV have been measured by Chasman
et al.*° In such precision measurements, in converting the measured
gamma-ray energy to the nuclear-level energy, proper consideration must
be given to Doppler shift effects as well as corrections for the recoil
energy of the emitting nucleus,

Erecoil = % % 0.536781 keV. (4)

An example of the application of this technique to the precise location
of levels of astrophysical importance is given by Alburger and Warbur-
ton in a study of the 7276-keV state in °0, which is relevant to the “N
(p,y) 1%0 reaction rate in the CNO cycle.«* (Also see D. C. Hensley.*2:*?)

Another interesting technique that has been suggested to take advan-
tage of the high resolution of the Ge(Li) detectors is the measurement
of radiative-capture excitation functions using a thick target and one fixed
bombarding energy. “The measured thick target gamma-ray spectrum,
after correction for energy variations in target stopping power and
detector efficiency becomes a plot of the capture cross section vs. energy.
The effective bombarding-energy resolution is determined by the resolu-
tion of the detector, and is independent of accelerator stability and
energy spread and of target thickness uniformity.”#¢ This method
should be useful in many cases where the capture gamma-ray cascade is
simple, as in the case of the *2C(p,y)**N reaction at low energies.

Resolution, however, is not the only important consideration in choos-
ing gamma-ray detectors; the detector must also have an efficiency high
enough to make accurate measurements for reactions whose cross sec-
tions may be as low as 10-** b. In considering the determination of
absolute cross sections from a gamma-ray spectrum, one of the problems
that must be recognized is that gamma rays which were originally out-
side the solid angle subtended by the detector can be subsequently
scattered into the detector by the material in the target chamber and the
shielding material near the detector, for example, adding extra counts
to the spectrum. Because these gamma rays must lose energy in the scat-
tering process, they cannot possibly contribute counts to the full-energy
peak in the spectrum. In fact, this is the only region in the spectrum
where such scattered gamma rays cannot contribute, and for this reason,
quantitative gamma-ray experiments are normally carried out using
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measurements of the full-energy peaks. Therefore, the efficiencies which
we will discuss below will always refer to the efficiency of the full-energy
peak, unless specifically noted otherwise.

Because of their homogeneity and well-defined dimensions, very stan-
dard techniques can be used to calculate the “total” efficiency for gamma-
ray detection by Nal(Tl) crystals, including all the interactions noted
above. In general,

"°=Zl; [ [ W (e (1-eri)sin 0 do g, (5)

crystal

where W (a,8) is the normalized angular distribution of the gamma radia-
tion which can be re-expressed in terms of the coordinates of the crystal
using the method of Rose*’; ¢ is the total interaction cross section as
tabulated by Grodstein*®; p is the density of Nal, 3.667 g/cm?; and [ is
the path length in the crystal. For the usual case of a cylindrical crystal
with a source of isotropic radiation located on the crystal axis, this re-
duces to

no=1 [ (1-e-#® )sin 6 do. (6)

crystal

Many compilations of these “total” efficiencies already exist for isotropic
radiation for a variety of cylindrical crystal sizes and source-to-detector
distances.*’

By combining such a calculation with a measurement of the ratio of the
area of the full-energy peak to the area of the total spectrum, one deter-
mines the full-energy-peak efficiency of the crystal. Attempts have been
made using Monte Carlo techniques to calculate this peak-to-total ratio
but without quantitative success, so that the only way to really determine
this ratio is by experimental measurement. In making such measure-
ments, care must be taken to eliminate any nearby objects which could
cause secondary scattering into the crystal which (since it cannot con-
tribute to the full-energy peak) would decrease the peak-to-total ratio.
An analytical solution to the problem of how to extrapolate the low-
energy Compton tail, through regions where other backgrounds invari-
ably contribute, to zero energy has been presented by Zerby and Moran.*®
A number of measurements have already been made of the peak-to-total
ratios for such standard crystals as 3 in.x 3 in. and 5 in. X § in. Because
of the reasonably good uniformity which exists in the manufacture of
these detectors, these measurements should be generally applicable and
are therefore presented in Figure 18. Although very good agreement
exists between these measurements for energies above ~ 1.0 MeV, it is
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FIGURE 18. Peak-to-total ratio for NaI(Tl) detectors as a function of gamma-ray
energy. Reference a, Young et al.*®; reference b, BNL Van de Graaff Group®;
reference ¢, Heath®; reference d, Parker™; reference e, Christaller.®

clear that there is a very serious disagreement between the results of
references ¢ and e and the results of references a, b, and d concerning
the low-energy behavior of this ratio. This discrepancy is not presently
understood and should be resolved.

There is a small dependence of this ratio on the distance of the source
from the detector, with the ratio getting larger at larger distances, but this
effect is not very pronounced. Heath*” finds at most a 2 percent increase
for a change in the source-to-detector distance from 3 cm to 10 cm. The
effect is unobservable in Christaller’s data®? for a distance change by a
factor of 6, from 7.5 cm to 45 cm.

Once these peak-to-total ratios have been measured and combined with
calculations of the total efficiency to yield the “peak” efficiency, a good
check can be obtained by making measurements on a calibrated source;
just be sure that the source was accurately calibrated. In principle, such
sources could be used for the complete calibration of the crystal without
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peak-to-total measurements or total efficiency calculations. However,
such sources are not readily available for energies above 2.6 MeV, and
even if they were available, their use for such efficiency calibrations would
require measurements with each source at a number of different source-
to-crystal distances in order to determine the dependence of the efficiency
of the crystal on both energy and distance.

Techniques such as Compton suppression (using an anticoincidence
shield around the detector) or simply the collimation of the crystal
(allowing gamma rays to enter the crystal only near its axis) can be used
to improve the peak-to-total ratio in the spectrum, increasing the
“quality” of the spectrum. However, these techniques can only make a
complex spectrum easier to interpret while making the absolute efficiency
smaller and more difficult to determine. These techniques can never
increase the full-energy-peak efficiency of the detector.

In general, all this discussion can be applied equally as well to Ge(Li)
detectors. In practice, however, because of their frequently irregular or
poorly defined shapes (as in the case of ingot-shaped devices or coaxially
drifted devices where the drifting depth is not accurately defined) a direct
calculation of the “total” efficiency is not usually satisfactory. At least
until somewhat better uniformity exists in their manufacture, efficiency
measurements must be made directly for each Ge(Li) detector using
sources in the empirical technique described earlier. Such measure-
ments are almost always made only in terms of the full-energy peak,
since it is so well separated from the rest of the spectrum. A few series
of measurements of this sort are available for absolute efficiencies®**
and for relative efficiencies’*>” and should be worthwhile for com-
parison.

In general, these measurements indicate that, relative to a 3 in. X 3 in.
Nal(T1) detector located at the same distance, for 1-MeV gamma rays
the efficiency of a 1-cc Ge(Li) detector is only 1x 102 (1000 times
smaller), for an 8-cc Ge(Li) it is 1 X102, and for a 35-cc Ge(Li) itis
3% 10-%; for 3-MeV gammas these figures have all decreased by roughly a
factor of 2. In a comparison of this sort, however, consideration must
also be given to the difference in resolution between these types of
detectors, since fewer counts are necessary for the higher-resolution
instrument to show a peak above the background continuum. This effect
is essentially proportional to the ratio of the resolutions of the detectors,
and this ratio is typically of the order of 15 to 20 in favor of the Ge(Li)
detector. Therefore, it may be more reasonable to compare “effective”
efficiencies (including the resolution factor) in which case at 1 MeV one
obtains for 1-cc Ge(Li)—>2 x 10~ for 8-cc Ge(Li)—»0.2, and for 35-cc
Ge(Li)—0.5 relative to a 3 in.x3 in. NaI(Tl). For larger NaI(Tl)
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crystals this ratio gets considerably smaller, e.g., 35-cc Ge(Li) /5 in. X5
in. Nal(Tl) - 0.2, etc.

When either of these types of detectors is used in a real experimental
situation, corrections must be made to the ideal efficiencies in
order to take into account the absorption by any material which is be-
tween the source and the detector. This absorption can be calculated as
e°?l where o is the absorption cross section for the material (cm?/g)
as tabulated by Grodstein'* and by Plechaty and Terrall®®; p is the
density of the material; and [ is the path length in the material. Strictly
speaking, the angular dependence of this factor should be taken into
account by rewriting it as (for composite absorbers) e %:#:4@% and
including it in the efficiency integral. However, in many cases where the
absorption is small (<10 percent), one is quite justified in using the
approximation that

=o€ F0ePsk, @)

especially when some appropriately average value for I; is chosen.

In the real world one seldom deals with spectra containing the re-
sponse function of only a single monochromatic gamma ray, and there-
fore the experimenter must normally face the problem of unscrambling
complex spectra in order to extract the contributions of individual lines.
Such an extraction requires a knowledge of the response functions of
the detector for each of these gamma rays. These response functions
need not be measured directly for every energy but can be obtained via
interpolation from a set of response functions measured in the identical
geometry (including shielding) with either a set of radioactive sources
or a set of convenient, isolated, clean nuclear resonances. Such a set
of resonances might include:

E,=0.432 MeV 1B (p,a, ) "Be E,=1.533 MeV
E,=1274 MeV 19F (a,p, ) 2Ne E.=2360 MeV
E,=1.633 MeV 25Na (p,a; ) 2Ne E,=1.254 MeV
E,=1.980 MeV 150(p,p,) *0 E,=2.768 MeV
E,=2367 MeV 12C(p,y) *N E,=0.459 MeV
E,=351 MeV 12C(p,y) N E,=1.698 MeV
E,=4.439 MeV 15N (pyay ) 2C E,=0.898 MeV

(In all these cases, as in all experimental gamma-ray measurements,
the accurate subtraction of background from the raw data is important.
This background will normally include the ambient room background,
the background associated with the operation of the accelerator, and the
background due to other nuclear reactions taking place in the target. In
the case of narrow resonances, backgrounds can be measured by running
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just above or just below the resonant energy. Where this is not possible
because the resonance is either not narrow or not well isolated from
other resonances, the background can be measured at the resonant
energy by substituting a chemically similar target in which, however, the
particular element or isotope of interest is absent.)

Once these response functions have been measured, for the purposes
of comparison and interpolation, it seems most advantageous to nor-
malize the full-energy-peak heights and plot the response curves as a
function of (E—E,) so that all the pronounced features such as the
Compton edge and the single-escape and double-escape peaks are
aligned. In this way, the interpolations are much more smoothly varying
as a function of E, than if the response curves were simply plotted as
a function of E. With this smooth, monotonic variation the interpolation
can be readily carried out point by point as a function of (E—E,) to
generate the response curves at intermediate energies. Once the in-
dividual response functions have been obtained, response functions due
to the coincidence summing of cascading gamma rays can be generated as

E
N‘V:*%(E):sz,(E‘)'Ny,(E_E‘)‘ (8)
H.=0

Generating the appropriate response functions is clearly the sort of
tedious work that computers can handle very quickly and easily. Now
having obtained all the appropriate response functions, the next step
is to combine them all by varying the relative intensities of each in a
simultaneous, point-by-point, least-squares fit to the interesting portion
of the experimental spectrum as described by Salmon.** For example,
for a case with four response functions (A, B, C, and D) at the #th point
or channel in the experimental spectrum (K) we can write

K;=aA;+BBi+yCi+8Di+¢, (9)

where q, B, y, and 8 are the relative intensities of the four response func-
tions. One then minimizes the sum of the squares of the errors

R= Zqz
i
=Z(K¢—GA¢—,BB¢—‘/C¢—8D{)2 (10)
3
by differentiating R with respect to a, 8, y, and 3, setting the equations
each equal to zero, and then inverting the resulting matrix.

Parker and Kavanagh®¢® present an example of the steps involved in
such analysis (including the generation and interpolation of response
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functions and the least-squares fitting of these to the experimental spec-
trum) in Figures 19 and 20.

Similar work has been done in the compilation of response func-
tions for Ge(Li) detectors.®-2 However, because of the high resolution
of Ge(Li) detectors and because the structures in their response func-
tions are so widely separated, the normal procedure with these detectors
seems to be to ignore the Compton continua and concentrate only on the
peaks in measuring the energies and intensities of the transitions. For
this purpose, peak-finding and peak-fitting programs have been de-
veloped which, given a raw spectrum, will locate all the single peaks and
doublets, subtract a linear or exponential background, and then fit the
peaks with Gaussians (double Gaussians in the case of doublets), deter-
mining their centroids, widths, and areas.%3.%

Finally, some mention should be made concerning the effects of neu-
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FIGURE 19. The line-shape response calibration of a 3 in. X 3 in. NaI(Tl) crystal
as measured experimentally using various nuclear reactions to produce the mono-
energetic gamma rays. The gamma-ray energy is indicated at the low-energy end
of each function. From such a calibration, it is possible to interpolate the line-
shape response at any intermediate energy.
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FIGURE 20. Graphical representation of the data reduction and analysis for the
case of the *He(a,y)'Be reaction at E... — 1248 keV. (a) The dots represent the
raw Nal(Tl) spectrum obtained using *He as the target gas, while the crosses
represent the raw spectrum obtained under identical conditions using ‘He in the
target chamber. (b) The dots represent the net *He(a,v)’Be gamma-ray spectrum
obtained by subtracting the ‘He spectrum from the *He spectrum in (a). (c¢) The
net experimental *He(a,v)*Be spectrum is represented by the dots. Curve (1) is
the least-squares fit to the net spectrum obtained by varying the normalizations of
curves (2) and (3), where (2) is the response function for the crossover tran-
sition and (3) is the response function for the cascade transition including the
effects of coincident summing. Curve (4) is just the contribution of such summing
to the cascade response function.

trons on Nal(Tl) and Ge(Li) detectors. For Nal(Tl) crystals, the
primary effect is the (n,y) activation of the Nal to form 2¢Na and ***I.
This activation immediately produces (E, + 7 MeV) worth of gamma rays
in the crystal from the capture radiation and produces delayed activities
from the beta decay of the ***I (¢, =25 min, E=2.12 MeV) and the **Na
(t; =15 h, E=5.51 MeV). Both of these processes can represent serious
background problems for low-yield measurements because they occur in-
side the crystal and therefore are detected with high efficiency. This
is one of the reasons that so much emphasis was put on the necessity of
keeping carbon [with the *C(a,n) %O reaction] off targets being used for
(a,y) studies. For Ge(Li) detectors there are two effects, (a) contribu-
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tions to the gamma-ray spectrum due to (n,n’) inelastic scattering and
(b) radiation damage of the device itself. Chasman et al.® have iden-
tified and discussed in detail the lines arising both from inelastic neutron
scattering in the cryostat materials (Al, Cu, etc.) and from inelastic
scattering in the various Ge isotopes in the crystal. The radiation damage
effects in the Ge(Li) detectors take the same form of charge trapping at
damage sites in the crystal lattice as we noted earlier for silicon, charged-
particle detectors. Kraner et al.®® have carried out an extensive study
of these effects and find that the most pronounced changes occur in a deg-
radation of the rise-time characteristics and in a broadening of the
pulse-height resolution. These effects seem to have a threshold at an
integrated dosage of ~ 10 N/cm? below which no damage is really
evident and above which the damage rapidly increases so that, for in-
stance, at an integrated dosage of 10* N/cm? a 5-keV detector has
deteriorated to a resolution of 15 keV. These authors, however, also
cite at least one case in which a badly damaged detector was restored to
its preirradiation condition by a process of redrifting and re-etching.

ELECTRONICS

In sharp contrast to the situation as recently as 10 years ago when most
specialized laboratory electronics was homemade, today an experimenter
can satisfy virtually all his requirements using readily available com-
mercial units. Furthermore, beginning with the adoption, in 1964, of the
NIM (Nuclear Instrument Modules) standard specifications, most of
these units, which are available for a wide variety of functions from a
number of different companies, are fully compatible in terms of power
requirements, signal levels, and logic levels, so that modules from differ-
ent manufacturers can often be used interchangeably without interface
problems. Rather than present a listing of the vast range of such modules
that are available, we will simply note here that they include such diverse
items as preamplifiers, main amplifiers, single-channel analyzers, coinci-
dence circuits, digital stablizers, and particle identifiers. For a more
complete description of what is available the catalogs of such companies
as ORTEC, Canberra, Hamner, EG&G, and Lecroy should be consulted.
Beyond the signal-processing logic units and amplifiers considered
above, there comes the question of multichannel pulse-height analysis.
For most problems of the sort considered in this report, analyzers with
400 or 512 channels, of the type which have been standard for several
years, should suffice. The more recent models, featuring larger memories
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and faster pulse conversion, are generally not essential, although they do
increase the data-handling capability,. Two general exceptions to the
adequacy of the smaller analyzers are (a) a program of precision spec-
troscopy using high-resolution Ge(Li) detectors for which one of the
more contemporary 4096-channel analyzers would be highly desirable,
if not necessary, in order to take advantage of the detector’s resolution
and (b) a program of coincidence studies utilizing two-dimensional
analysis, in which case one of the modern 64 x 64 or 128 x 128 2-d
analyzers would be desirable. Some of the manufacturers from whom
these types of analyzers are presently available include Hewlett-Packard,
Intertechnique, Northern Scientific, Nuclear Data, and Victoreen.

ToTAL CROSS-SECTION MEASUREMENTS

In many cases in nuclear astrophysics experiments, the required informa-
tion involves the determination of total cross sections. For instance, in
a measurement of the rate of the **C(p,y)**N reaction as part of the CNO
cycle, it is not of any particular importance to know whether the capture
occurs directly to the *N ground state or via a cascade of gamma rays
through the excited states of *N; what is important to know is how
many Ng, nuclei are eventually formed. This total cross-section
information must normally be collected first from an integration over
the angular distribution of each of the reaction products and then from
a summation over the contributions of all the various, relevant decay
channels. In cases where only a very few decay channels are involved,
these integration and summation techniques are feasible but cumbersome.
However, for cases, such as the *’Al(p,y)?Si reaction discussed in
Chapter 1, where the number of decay channels is more than just a very
few, this method becomes so cumbersome as to be no longer practical,
and other means must be found.

One technique, which can be feasible whenever the residual nucleus is
unstable, involves simply using the specific, residual radioactivity (to-
gether with the usual lifetime and efficiency corrections) as a measure of
the total cross section, as in the case of the “Be(p,y)*B reaction®’-%®
or the *N(a,y)'*F reaction.®* For measuring very small cross sections
this technique has additional advantages in terms of measuring the de-
layed activity at times or places removed from the intense, prompt,
beam-induced radiations and oftentimes in better geometry or with better
shielding than would have been practical at the target chamber location.

A second technique which has been used for measuring total gamma-
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ray cross sections involves the use of a Moxon-Rae detector.”™ These
detectors consist of a thick, low-z (e.g., graphite) gamma-to-electron
converter together with a thin (=0.020-in.) plastic scintillator for detect-
ing the electrons, and on the basis of this these detectors have an effi-
ciency which is a linear function of the gamma-ray energy. The efficiency
for “detecting” a gamma-ray cascade is simply the sum of the efficiencies
for detecting each of the members of the cascade (provided your
geometry is good enough to eliminate the problem of summing due to
the coincident detection of two or more members of the cascade). There-
fore, the Moxon-Rae detector, whose efficiency is a linear function of
gamma-ray energy, has the same efficiency for detecting each of the
different cascades from a particular initial state, regardless of the number
of gamma rays involved or their individual energies, i.e., since

Ecoscade= E’y‘ = E,Y ° and Ny < Eq‘
3

-'-ﬂclundeZZ"}i:’lo- (11)

The thin plastic scintillators used in these detectors have the further
advantages that their small volume makes them insensitive to direct
gamma-ray or neutron detection and that their fast response times
(=2 nsec) enable them to be used for (n,y) experiments with pulsed-
beam and time-of-flight techniques to separate the (n,y) events from the
intense prompt radiation produced by the primary beam in the target
being used to generate the neutrons.

Other alternatives for obtaining total cross-section information include
the use of large, well-type detectors to surround the target as completely
as possible, thereby integrating over any angular distribution effects, or
the sum-geometry technique of Lyons et al.,’> which utilizes two large
Nal (T1) crystals to surround the target and, with their outputs summed,
to act like a large, well-type crystal. In analyzing the spectra (including
a large summing contribution) obtained in this way, Lyons et al.”? have
found empirically that for a discriminator setting of =~0.33 XE,,, the
efficiencies for detecting cascades involving one, two, or three gamma
rays are very nearly the same, =5 percent, allowing one to ignore the
problem of branching ratios as well as the problem of angular distribu-
tions for such detectors.

In experimental nuclear astrophysics, the problems associated with
determining absolute, total cross sections are almost always compounded
by the fact that these cross sections must be measured at energies far be-
low the Coulomb barrier where the interesting yields become vanishingly
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small. These low yields make the reduction or elimination of back-
grounds one of the most serious problems in experimental nuclear astro-
physics, especially for gamma-ray experiments where the large volume of
the detectors make them much more sensitive to ambient background
radiations such as cosmic rays, *K, $Zn, ThC”, and the radiation as-
sociated with the operation of the accelerator.

The brute-force way of handling this problem involves the use of
massive shielding around the detector, but in this case one must be aware
of possible spectrum changes caused by the scattering of radiation into
the detector by this shielding as discussed earlier for gamma-ray experi-
ments. Other fairly obvious procedures include the use of high-intensity
beams, the detection of delayed activities as discussed earlier in this sec-
tion, and the placing of the detector as close as possible to the target.
(In most cases the angular resolution gained by “good” geometry is not
relevant to the astrophysical interest in the reaction.) In this “poor”
geometry, however, added care must be taken to define accurately and
maintain the position of the beam on the target relative to the detector
since a small absolute change in this position can represent an important
relative change at such close distances and thus result in a substantial
change in the detector efficiency.

Additional precautions relevant to background reduction should in-
clude target purity and the cleanliness of the vacuum system as related,
for example, to carbon contamination and the *C(q,n)*¢0 reaction dis-
cussed earlier. For low-yield experiments attention must also be given
to the problems of ion-source cleanliness. A good electrostatic or mag-
netic-beam analyzer will normally remove any contaminating component
from the beam before it reaches the target; however, the additional back-
ground produced by the elimination of this contaminant beam (for in-
stance, deuterons) on a set of defining slits or apertures can be devastat-
ing to a low-yield reaction such as (a,y). For this reason, before starting
such an experiment it may often be necessary to run the ion source for a
day or more simply to cook out any residual gases from the previous
operations.

Finally, once the background level has been reduced as much as
practical, for low-yield experiments it is just as important to obtain
accurate measurements of the various components of the remaining back-
ground as it is to obtain measurements of the radiations from the reac-
tion of interest. As noted earlier, the techniques for these background
measurements include the use of data obtained at energies very slightly
removed from narrow resonances and the use of “dummy” targets which
are chemically similar to the “real” targets but in which the element or
isotope of interest is absent or at least significantly reduced.
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CHAPTER 3

Table of Reactions and
Bibliography

In this chapter, we provide a selected list of reactions of interest to
nuclear astrophysics. These are presented as a guide to charged-particle
reactions for which thermonuclear cross sections have a known practical
application. The list is long because nature has provided a large number
of astronomical settings of interest. Most other reactions do not seem
at present to have specific thermonuclear interest. Reactions between
N and *He, for example, are not listed because there seems to be no
important thermal environment wherein both nuclei have significant
abundances at temperatures where they can interact. Needless to say, the
assemblers of this table are not omniscient, so the table must not be
regarded as definitive or complete. Future research will no doubt point
to applications not envisioned today.

Adjacent to each reaction is the particular known application and the
temperature near which the value of (sv) is of interest for that application.
Selected references to the reaction and its application are listed by num-
ber. The references are of two types:

1. General information concerning the context of the astronomical
interest,

2. Laboratory studies of that reaction which have been made with the
astrophysical problem in mind.

Not all experimental studies of each reaction are listed, because the
bibliographies of the later studies usually cite the earlier ones. It is as-
sumed that the reader will, as a matter of course, consult the compilations
of nuclear data listed in reference 15 of Chapter 1. The nuclear studies
are listed adjacent to the astrophysical reaction on which they bear,

66
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rather than adjacent to the auxiliary reactions exploited to obtain
relevant information. For example, the reference to **C(°®Li,d) O occurs
at 1?C(a,y) 0.

The table lists primarily charged-particle reactions of importance in
the epochs of thermal fusion in stars. These are the most clearly under-
stood and most urgently needed applications. There are two lists that
have been omitted completely, however, and one that is only partial. We
have not listed most of the neutron-induced (primarily radiative capture)
reactions because of the length of that list; however, several (n,y) and
(n,p) reactions of importance to the network of carbon burning have
been included because of their special significance. Some of the (n,p)
reactions on radioactive targets may be studied by their inverse reactions.
The references cited in Chapter 1 under Neutron Reactions (page 30)
must be studied to extract the neutron cross sections needed for the
synthesis of the heavy elements. In addition to the heavy-element syn-
thesis, the neutron reactions with all stable light nuclei are of importance
in explosive synthesis in big and little bangs. We also have not listed
the charged-particle reactions of interest to explosive nucleosynthesis for
targets Z > 6. They include all exothermic reactions with protons, neu-
trons, and alpha particles, but the question of the relative importance
of these reactions is not entirely clear. The potential investigator should
study reference 47 of Chapter 1. Another host of reactions occur during
silicon burning, but the importance of many of them is reduced by the
tendency toward equilibration with the inverse reaction. Accordingly,
we have selected several reactions whose absolute rates during silicon
burning appear in a preliminary survey to be of special interest.

We suggest that laboratory work could usefully be undertaken on most
of the reactions listed below. By simultaneously studying the astrophys-
ical situation, many modestly equipped laboratories could, we believe,
contribute to this exciting field of research.

REACTIONS RELEVANT FOR NUCLEAR ASTROPHYSICS

REACTION APPLICATION (TEMPERATURE) REFERENCE

'H(p,B8*v)?D hydrogen burning (1< T¢<20) 1,2,3

2D(p,y)°He surface convection (0.1<Te<5) 1,2,4,23,25
explosive nucl. (T,<5) 8

:D(d,p)*T explosive nucl. (T,<10) 8

T (p,y)*He explosive nucl. (T,<10) 8

3T (a,y)'Li explosive nucl. (T,<10) 8,24
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REACTION APPLICATION (TEMPERATURE) REFERENCE
*He(p,B8*v)*He hydrogen burning (1 <Ts<20) 2
SHe(d,p)*He early hydrogen burning 2
(probably unimportant)
*He(r,y)*Be explosive nucleosynthesis (T,<5) 8
hydrogen burning 27
*He(r,2p)‘He hydrogen burning, v astron. 1,2,4,5,6,9
(5<Ts<20)
3He(a,y)’Be hydrogen burning, v astron. 1,2,4,25,26
(5<T.<20)
explosive nucl. (T,<10) 8
*He(d,y)*®Li explosive nucl. 8
‘He(a,a)*He helium burning 28,29
¢Li(p,y)"Be explosive nucl. 8
¢Li(p,a)®He surface convection (T,<2), 10
explosive nucl. (T,<5) 7,8
*Li(a,y)*°B explosive nucl. (T,<4) 8
Li(p,a)*He hydrogen burning (5 <T,<20) 1,2,7
surface convection (T¢<2) 10
explosive nucl. (T,<5) 8
"Li(a,y)*'B explosive nucl. (T;<3) 8
"Be(p,y)B hydrogen burning, v astron. 1,2,4,7,12
(5<T:<20)
explosive nucl. (T;<10) 8
Be(a,y)11C explosive nucl. (T,<2) 8
8Be(a)tHe helium burning 28,29
sBe(a,y)1?C helium burning, 3¢(0.1<T,<10) 7,11
*Be(p,y)*°B explosive nucl. (T,<10) 8
*Be(p,a)°tLi explosive nucl. (T,<10), 8,10
surface convection
*Be(p,d)*Be explosive nucl. (T,<10) 8
*Be(a,n)2C explosive nucl. (T,<10) 8,35
'Be(p,y)*'B explosive nucl. 8
1°Be(p,a)’Li explosive nucl. 8
°Be(a,n)*C explosive nucl. 8
Be(p,y)C explosive (5<T,<10) 8
*B(p,a)’Be explosive (T, <5), surface 8,10
convection
1B(a,n)*N explosive 8
1B (a,p)1*C explosive 8
1B (p,y)1:C explosive (T,< 10), surface 8,10
convection
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REACTION APPLICATION (TEMPERATURE) REFERENCE
1B (p,a)®Be explosive (7, < 10), surface 8,10

convection
11B(q,n) N explosive (T, < 10), surface 8

convection
1B (a,p)HC explosive (T,<10), surface 8

convection

(Note: From this point onward the reactions of interest for explosive
nucleosynthesis are omitted from this list. Reference 8 involves almost
every exothermic reaction involving light nuclei and p,n,a.)

2C(p,y) N CNO (T,<100) 1,7,13,30
carbon burning (0.6<T,<5) 14
13C(n,y)**C carbon burning 14
BN (p,y)*O CNO (T,>100) 7,13
B3C(p,y)*N CNO (T4<100) 1,7,13,31
carbon burning (0.6 <T,<5) 14
UN(p,y)**O CNO (Ts<100) 1,7,13,15,32
1N (p,y) O CNO 1,7,13,33
15N (p,a)1*C CNO 1,7,13
10(p,y)*'F CNO 1,7,13,34
carbon and oxygen burning (T,<5) 14
10 (n,y) "0 carbon burning (1<T,<5) 14
170O(p,a) N CNO, carbon and oxygen burning 1,7,13,14
2C(a,y) %O helium burning (1<T:<5) 1,7,16,42
carbon burning (0.6 <T,<5) 7,14,42
silicon burning (3<T,<6) 7,17,42
13C(¢,n)1%0 helium burning (0.7<Ts<3),n’s 1,7,18,35
carbon burning (0.6 <T,<5) 14,35
thermal instability and mixing 21,22
12N (q,p)**O carbon burning (1<7,<5) 14
12N (n,p)1*C carbon burning (1<7T;<5) 14
14N (a,y) *F helium burning (0.7<T5<2) 7,19,37
carbon burning (T,<5) 14
280 (a,y)**Ne helium burning (1<Ts<5) 1,7,16
carbon and oxygen burning 14
(1<T<5)
silicon burning (3<T,<6) 17
1¥0(n,y) 'O carbon and oxygen burning 14
(1<T,<5)
170O(a,n)?°Ne helium burning, n’s 1,7,18
carbon and oxygen burning 14
(1<T:<5)
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REACTION APPLICATION (TEMPERATURE) REFERENCE
2Ne(a,y)**Mg helium burning (1<7T5<5) 1,7,16
carbon and oxygen burning 14
(1<T,<5)
silicon burning (3 <7, <6) 17
120(p,a) °N helium burning with mixing 21
(0.6<Ts<2)
carbon burning 14
180 (a,y) **Ne helium burning (1<Ts<3) 1,7,18,19
180 (q,n)*Ne helium burmning (75>2), n’s 18,19
18F (n,p)*20 carbon burning (1<T,<5) 14
21Ne(q,n)*Mg helium burning, n’s (1<7Tx<3) 1,7,18
carbon and oxygen burning (T,<5) 14
22Ne(e,n) Mg helium burning, n’s (7, <3) 1,7,18,19,20
carbon and oxygen burning (7, <5) 14
22Ne(a,y)2°Mg helium burning (1<T3<3) 18
carbon and oxygen burning 14
20Ne(p,y)?'Na NeNa cycle (20<T,<100) 36
carbon and oxygen burning (T,<5) 14
Na(n,p)*Ne carbon and oxygen burning (7,<5) 14
#“Ne(p,y)?*Na NeNa cycle (20<T,<100) 36
carbon and oxygen burning (T, <5) 14
22Na(n,p)?*Ne carbon and oxygen burning (7, <5) 14
22Ne(p,y)**Na NeNa cycle (20<T,<100) 36
carbon and oxygen burning (7,<5) 14
3Na(p,a)?*Ne and | NeNa cycle (20<T,<100) 36,38
#Na(p,y) Mg } carbon and oxygen burning (7T,<5) 14,38
silicon burning (T,<6) 17,38,39
2*Na(n,y)**Mg carbon burning (T,<5) 14
23Na(a,p)2*Mg carbon burning (7,<5) 14
2Na(p,n)*Mg carbon burning (T,<5) 14
23Mg(n,p)*Na carbon burning (T,<5) 14
Mg (a,y)*Si carbon and oxygen burning 14
(1<T,<5)
silicon burning (3 <7T;<6) 17,39,40
#Mg(n,y)*Mg carbon and oxygen burning 14
(1<Ts<5)
s-process (0.1<T,<2) 4]
*Mg(p,y)*Al carbon and oxygen burning 14
(1<Ts<5)
Mg(p,y)2¢Al carbon and oxygen burning 14
(1<T,<5)
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REACTION APPLICATION (TEMPERATURE) REFERENCE
25Mg(a,n)?Si carbon and oxygen burning 14
(1<T:<5)
Mg(n,y) 2*Mg carbon and oxygen burning 14
(1<T,<5)
s-process (0.1<T,<2) 41
26Mg(p,y)*’Al carbon and oxygen burning 14
(1<T,<5)
#Al(n,p)**Mg carbon and oxygen burning 14
(1<T,<5)
28Al(n,p)2*Mg carbon and oxygen burning 14
(1<T:<5)
27 Al(p,y) ?Si carbon and oxygen burning 14
(1<T,<5)
silicon burning (3<T,<6) 17,39,43
12C(12C,a)20Ne
12C(12C,p)**Na } carbon burning (0.6<T,<7) 14,44,45
12C(12C,n) 23Mg
16 12 24
mgglzg’;)) 21121g explosive carbon burning 14,44,46
160(12C:n)27si (2<T9<7)
180(160’a) 288
120 (1¢0,p)*P } oxygen burning (2<T,<7) 43
16Q(160,n )*'S
150(*0,*Be)**Mg  oxygen burning (2<T,<7) 43,47
288i(a,y)%*S oxygen burning (1<7,<5) 43
silicon burning (2< T, <6) 17,39
288i(p,y) *°P oxygen burning (1<7T,<5) 43
silicon burning (2<7T,<6) 17,39
298i(q,n)28 oxygen burning (1<T;<5) 43
22Si(p,y)*°P oxygen burning (1<7T,<5) 43
398i(a,y)**S .
30Si(a.n)¥S oxygen burning (1<T,<5) 43
308i(p,y) 3P oxygen burning (1<T,<5) 43
31P(p,a)?*Si oxygen burning (1<T,<5) 43
31P(p,y)*S } silicon burning (2<T;<6) 17,39
31P(a,p)**S oxygen burning (1<7T,<5) 43
silicon burning (2<T,<6) 17,39
32P(p,n)?*8 oxygen burning (1<T,<5) 43
31S(n,p)*'P oxygen burning (1<T,<5) 43
328 (a,y) %A oxygen burning (1<T,<5) 43
silicon burning (2<T,<6) 17,39
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REACTION APPLICATION (TEMPERATURE) REFERENCE
28 (p,y)*C1 oxygen burning (1<T,<5) 43
silicon burning (2<T,<6) 17,39
328 (n,y)**S oxygen burning (1<7T,<5) 43
s-process (0.1<T,<3) 41
3§ (p,y)¢Cl oxygen burning (1<T;<5) 43
83§ (n,y) **S oxygen burning (1<T,<5) 43
s-process (0.1<T,<3) 41
HS(p,y)**Cl oxygen burning (1<7T,<5) 43
5Cl(p,y)®°A oxygen burning (1<T;<5) 43
silicon burning (2<7T,<6) 17,39
36A (a,y)*Ca oxygen burning (1<T,<5) 43
silicon burning (2 <T,<6) 17,39
“Ca(a,y)*Ti silicon burning (2<T,<6) 17,39
“Ti(a,p)*'V silicon burning (2<T,<6) 39,48
#Ti(n,y)**Ti silicon burning (2<T,<6) 39,48
42Ca(a,p)*Sc silicon burning (2<7T,<6) 39,48
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It has not been established whether these reactions are ever important. Al-
though they cannot be significant in stars in hydrostatic equilibrium, they may
be of significance when the carbon is largely exhausted in a superheated gas
following explosive ignition. Despite this uncertainty, experimental informa-
tion is desirable.

Because of the Coulomb barrier in the final channel this reaction is probably
unimportant. There exists the possibility, however, that the °Be transfer may
occur at larger interaction radii than does the compound nucleus formation
between 0O + *0, in which case this reaction could assume importance.

The special importance of these reactions is described in Section VII of
reference 17.
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One need hardly emphasize to physicists the central role that atomic
spectroscopy has played in the development of modern physics. How-
ever, it seems that the very success with which precise spectroscopic data
have been acquired and interpreted has tended to obscure two important
facts. Little is known about the structures of multiply ionized particles
or about the mean lives of excited electronic levels in atoms and ions.

The present discussion of beam-foil spectroscopy (BFs) deals with a
relatively new technique which makes possible a concerted attack on the
foregoing features of atomic constitution. Simple both in conception and
execution, this technique enables the small laboratory to make substantial
contributions to areas of physics which, though of basic importance, were
previously beyond the capabilities of even the most sophisticated experi-
menters. In addition, still other kinds of research, having no direct con-
nection with either of the above problems, have evolved with the help of
the beam-foil method. One example is the observation of Stark-induced
interference in the quasi-degenerate states of hydrogenic systems. Many
other fascinating BFS topics remain to be exploited.

Our discussion has been prepared in two chapters. The first (Chapter
4) presents an overview of beam-foil spectroscopy and attempts to give
practical advice on conducting a variety of experiments. In order to
stress the instrumental simplicity of some of the work, there is included
guidance on how to succeed in BFs without really analyzing.

The second (Chapter 5) concentrates on the vital subject of lifetime
measurements. It is perhaps this phase of BFS, more than any other,
which has attracted the attention of a number of laboratories. Among
other things, the lifetime data promote the close collaboration of experi-
mental and theoretical atomic physicists, astrophysicists, and plasma
specialists. Indeed, the interdisciplinary nature of BFs is one of its most
intriguing aspects; we hope that this report will lead other laboratories to
include BFs research in their activities.

77
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CHAPTER 4

Beam-Foil Spectroscopy

Beam-foil spectroscopy (BFs) has proved to be a simple, but powerful,
method for the study of the level structures of monatomic ions. In this
method,* particles of some element of interest are accelerated, mag-
netically analyzed, and admitted into an evacuated target chamber
(Figure 21). The target is a foil of carbon or beryllium with a thickness
of 500 to 1000 A. The particles pass through the foil, undergo interac-
tions therein, and emerge radiating light (Figure 22). The light comes
from the particle beams and not from the foil. Spectroscopic analysis of
that light is the principal subject of BFS. An example is shown in
Figure 23.

An important emerging field, BFs brings the techniques of nuclear
physics to bear on problems of central importance in atomic physics and
provides important guides®?* to recent calculations on the role of con-
figuration interaction in level decay times. Physicists concerned with
applications will find BFs particularly useful in astrophysics, plasma re-
search, and certain aspects of solid-state physics. To the academic
physicists, BFs has the appeal that students learn both nuclear and atomic

FIGURE 21. Schematic arrangement of BFs experiment.
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FIGURE 22. A beam of nitrogen, with an energy of 2 MeV, moves from left to
right. On passing through a carbon foil (thickness ~10 ug/cm?), the nitrogen
ions radiate light.

physics as well as instrumentation. Since the experiments can often be
carried out by a single person, the student receives individual training in
the traditional sense.

At a time when research budgets are being severely reduced, it is
important that available facilities be used productively at minimum cost.
While operating costs per man are relatively independent of the nature of
an on-site laboratory research project, capital costs do vary widely. A
total capital expenditure of about $75,000 is needed for the establishment
of a well-instrumented BFs laboratory; if an accelerator is already avail-

T
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FIGUrRe 23. Intensity-wavelength distribution from a 0.5-MeV nitrogen beam.
The beam is moving upwards and is spectroscopically analyzed with a stigmatic
grating spectrograph with a reciprocal dispersion of 35 A/mm (in second order).
The long streaks of various lengths are the lines of interest. The short lines are
from a comparison lamp (Fe~Ne).
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able, the investment can be substantially reduced. This estimate assumes
that the accelerator is a 2-MV electrostatic accelerator. However, much
good work can be done with 100-keV machines, which require an even
smaller initial outlay. Other equipment needed for BFs will be described
later. Figure 24 illustrates the 2-MeV Van de Graaff Laboratory at the
University of Arizona.

SUMMARY OF EXPERIMENTS IN BEAM-FOIL SPECTROSCOPY

We begin with a summary of the kinds of experiments to which BFs is
devoted.

WAVELENGTH-INTENSITY DISTRIBUTIONS

Basic to all BFs studies is the determination of the spectra of the emitted
light.+*2 Such data show which levels have been excited. With BFs tech-

FIGURE 24. Photograph of University of Arizona 2-MeV Van de Graaff Labora-
tory. Professor W. S. Bickel is seen working on the target chamber for a Mc-
Pherson, 1-m, vacuum uv, normal-incidence spectrometer. The irregular pentag-
onal box at the right houses the Meinel /0.8 spectrograph. The beam-analyzing
magnet can be seen behind the array of beam pipes. This laboratory, in which the
accelerator is also housed, is rectangular, 30 ft wide X 50 ft long.
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FIGURE 25. Data for the determination of the mean lives of the 2p**D° level in
O III and the 2p**D level in O IV. Note the short wavelengths of the detected

radiations (from reference 20).

niques spectral lines have been generated which have never before been
reported in the literature. These lines indicate the existence of hitherto
unsuspected energy levels in monatomic systems.

MEAN LIVES

The place at which the excitations occur is well-defined, since the foil is
thin. If a spectral line is isolated, either with a spectrograph or an inter-
ference filter, its intensity indicates the number of particles in a particular
excited state. As the excited particles move downstream, the intensity of
each line declines. Because the particle speeds are constant, the variation
of intensity with distance is the same as the variation of intensity with
time, and the former thus measures the time-dependence of the popula-
tion of the decaying state. Simply stated, this means that measurements
on the intensity of a spectral line versus distance can be directly inter-
preted in terms of the mean life of the parent state. Moreover, these
measurements can be made for levels in highly ionized emitters and even
where the associated radiations lie in the extreme ultraviolet; thus infor-
mation can be obtained which few other methods can supply.’>-** A
typical result is shown in Figure 25.
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CHARGE DISTRIBUTIONS

Generally speaking, the particles are accelerated as singly charged ions.
However, they emerge from the foil with a spread of charges, the exact
proportions in each charge state depending on the energy and nuclear
charge of the incident beam. It is, of course, important to ascertain to
which charge state an observed spectral line should be assigned. This
can easily be done*?® by passing the beam through a transverse electric
field, which separates the paths followed by particles in different charge
states. The spectrum of the individual components can then be studied.
An example of such splitting is shown in Figure 26.

It is sometimes of interest to know the charge distributions even with-
out reference to spectroscopy. The electrostatic deflection method is an
excellent way of determining those distributions. One result appears in
Figure 27. Charge-state (and stopping-power) measurements are dis-
cussed also in Chapter 6.

SOLID-STATE EFFECTS

It seems likely that the light generated in a beam of given element and
energy will show some dependence on the nature of the foil. If the ioniza-
tion-excitation distributions depend on a collision between the incident
particle and an electron in the foil, the degree to which the electron is
bound may affect the results of the collision. Although the ion energy is

FIGURE 26. A nitrogen beam, with an energy of 1 MeV, passes from left to right
through a transverse electric field of 70 kV/cm. The light radiated from N* and
N?* ions is readily identified. Note that each of these sources is absolutely free from
any chemical or other contamination (from reference 25).
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Ficurg 27. Charge distribution observed when O* ions, with an energy of 1.0
MeV, passed through a carbon foil. An electrostatic deflecting system similar to
that of Figure 26 was used, but the field was much smaller. The voltage applied
to the deflecting plates was 10 kV.

large in the laboratory system, the energy in the center of mass of a sys-
tem consisting of the ion and an electron is rather small:

=———F. (1)

Thus a 1-MeV oxygen ion corresponds to only 34 €V, so that electron-
binding effects are apt to be substantial. The investigator might look for
such effects by comparing foils made of metals and insulators (say, Be
and B).

In addition, there could well be significant differences between amor-
phous and crystalline foils. For crystalline targets, channeling effects may
appear in the light. Very few experiments along these lines have been
done, and a wide-open field awaits the interested physicist.

GENERAL EQUIPMENT

In discussing how a BFs experiment is set up, it is convenient to begin
with the ion source and follow the particles from there into the target
chamber. It is assumed that the operation of the accelerator needs no
discussion except for some features of the ion source.

THE ION SOURCE

A conventional electrostatic accelerator contains an rf ion source in
which virtually any gas can be ionized, and from which ions can be
extracted. The University of Arizona laboratory has accelerated H, D,
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®He, *‘He, C (as CH, and CO,), N, O, F (as SF;), Ne, Si (as SiH,),
S (as SK,), Ar, Kr, and Xe. Beams of 0.5 nA or greater are obtained
from the foregoing gases. In addition, the University of Arizona labora-
tory has accelerated Al and Fe by using Ar in a source but making the
extraction canal of the metals mentioned. Here the extracted beams are
~10-2 yA. Others have accelerated B and Cl (as BCl;). (Nongaseous
elements—Li, Na, K, Fe—have been extracted from other types of ion
sources.) Thus a great variety of elements is available even though only
the most common type of ion source is at hand. If the element to be
studied can be used in gaseous form, perhaps as one component of a
chemical molecule, the acceleration is easy to achieve.

BEAM ANALYSIS

The first real difficulty occurs when the beam comes out of the acceler-
ator. The beam usually contains numerous elements in diverse chemical
forms. Even hydrogen may appear as H*, HH*, and HHH*; oxygen is
often present as a contaminant, both as O* and O,*. When CO, is ac-
celerated, C+, O*, CO*, O,*, and CO,* may be obtained at the very least.
Sometimes, other combinations like H,O* or NO* occur in sizable
amounts.

It is obviously helpful to be able to select from the beam that particular
part which is of interest in a proposed experiment. The Arizona group
makes the selection with a magnetic analyzer. While such devices are
common enough in accelerator laboratories, the use of heavy molecules
demands a magnet of more than ordinary bending power. With the
Arizona (horizontal) 2-MV Van de Graaff, the magnet has exit ports at
0°, =6.5°, +15°, and +25°. At 25°, the mass-energy product* is 20,
which means that the maximum energy that can be given to an **O beam
at that angle is 1.25 MeV. On the other hand, the University of Arizona’s
(vertical) 6-MV Van de Graaff has been equipped with a magnet with a
mass-energy product of 600 at 90°. Thus, the accelerator can be used
at full energy for particles up to mass 100. The point is that the analyzing
magnet should be powerful even if the accelerator has relatively low
energy. For a 2-MV machine, a magnet with a mass-energy product of
50 or more at 30° is recommended. Of course, a smaller magnet can
still be very useful, as has been demonstrated.

For a good magnet, the magnet current can be used as a reliable indi-

* The mass-energy product is ME/Z*, where M is the particle mass (in atomic
units), E is the particle energy (in MeV), and Z is the particle charge. Thus
MEP = 20 means singly charged neon (mass 20) can be deflected at energies up
to 1 MeV.
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cator of the mass being deflected, but it is more satisfactory to measure
the field itself. A proton moment gaussmeter is satisfactory for this pur-
pose, but it is expensive (about $5000). The Arizona group has used a
Rawson-Lush rotating-coil gaussmeter which costs about $1000. This
instrument has the handicap that it cannot be on all the time because a
rocker arm wears out and replacing it is a nuisance. Arizona also has a
Varian temperature-compensated, Hall-effect gaussmeter which costs
about $2500. It has the advantage over a proton moment gaussmeter of
working at very small fields as well as at large fields and it is said to be
goodto =0.1%.

PARTICLE ENERGIES

The choice of particle energy is affected by several considerations. For
example, the higher the energy, the higher the average charge of the foil-
transmitted particles. Roughly speaking, the energy levels of highly
ionized particles are more widely spaced than in particles of small net
charge. Thus an increasing particle energy tends to put more of the
radiation in the short-wavelength region, perhaps even in the vacuum
ultraviolet or x-ray spectral ranges. On the other hand, some highly
stripped ions (like Fe*'*) also yield visible light, and it is often interest-
ing to look for long-wavelength emanations from very highly ionized
particles.

For low-Z elements, like H and He, operation at energies above
300 keV and 1 MeV, respectively, leads primarily to fully stripped nuclei
which have no interest to the spectroscopist. It is not uncommon to want
to run at an energy below that for which the accelerator works well. In
such cases, one can accelerate a strategically chosen molecule for the
incident particle. Thus, an rf ion source, when a bit dirty, emits about
one third of its ion output as H;* when hydrogen is being used. There-
fore, the acceleration of H,* at voltage V yields atomic hydrogen pro-
jectiles each with energy i eV. By using deuterium, the projectile
velocity can be reduced by another factor of 24.

The foregoing examples can be extended, with some experimental
complications, as follows. If CH,* is accelerated, the hydrogen energy is
1/16 eV, where V is the operating voltage. By accelerating CO,*, the
carbon and oxygen energies are 12/44 and 16/44, respectively, of the
energy of the molecule.

It might be thought that intensity data could be better acquired for low
particle speeds than for high speeds, since the particles then spend more
time in front of the spectrograph slit. In reality, however, little control
over the velocity may be possible, because the state of interest may not
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be excited if the particle velocity is far from some particular value. The
“best energy” to use in an experiment is that at which the observed inten-
sity of the line(s) of interest is 2 maximum. Therefore, the “best energy”
depends critically on the experiment under consideration, and no general
value can be specified.

TARGETS

Carbon targets can be purchased from Oak Ridge or from Yissum Re-
search Development Company, Administration Building, Hebrew Uni-
versity, Jerusalem, Israel. They can also be made by the experimenter.
The Arizona group makes its own targets in order to have the capability
of trying different materials. The method is best described by Dearna-
ley.?” Maxman?® also has a very helpful paper on target preparation.

A vacuum evaporator is needed to make a target. New microscope
slides are coated with liquid soap or detergent, dried, and then polished
with Kimwipes or soft cloths until the coating appears to have been com-
pletely removed. Pointed spectroscopic carbon rods, & or % in. in
diameter, are held in contact by a light spring. The slides are mounted
some 4-10 in. away from the juncture of the rods. At a pressure of
~10-*® Torr, current sent through the rods causes the carbon to evapo-
rate. A little experience is needed to find the best time and current
factors for the desired thicknesses.

Carbon is the preferred target material because carbon foils are easy
to make, relatively strong mechanically, and have a low enough Z to keep
the Rutherford scattering small. However, the Arizona group has used
Be and B as well. No systematic study has been made of the relative
merits of different foil materials.

After evaporation, the slide is scratched into areas approximately
% in.x % in. and dipped into water. Individual pieces of carbon float
freely away from the slide. The Arizona target holders have a 3-in.-
diameter hole in a y5-in.-thick metal plate (Al, Cu, brass, and stainless
steel all work well). A carbon piece is picked up on a holder and the
target is ready for use.

Target life is a sensitive function of the element being accelerated, the
particle energy, and the particle beam intensity. A carbon foil will with-
stand many hours of bombardment by 5 pA of 500-keV neon. In gen-
eral, foil life increases as the particle energy is raised. At 4 MeV, beams
of 1-2 pA of oxygen and neon have not destroyed the foils even after
several days of bombardment.

The cause of foil breakage is not known, but it appears that it is not
due to heating. For one thing, the pinholes and tears which develop do
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not look like they are due to a heated foil. A group at Livermore has
found that foil life is greatly increased if the foil is surrounded by a low-
pressure gas. Bashkin has argued, in unpublished work, that foil damage
arises from electrostatic forces due to the ejection of electrons from the
target. Slight statistical fluctuations in the rate of electron ejection could
prevent the instantaneous return of charge neutrality of the foil and
thereby induce rupturing. When the foil is in a gas, there is always a ready
supply of electrons present at every point of the foil surface so that the
likelihood of foil breakage is reduced. It would be helpful to have reliable
data on foil breakage.

Target foils also thicken as they are bombarded, and it is necessary
occasionally to take this change into account in analyzing the data. The
thickening comes from the deposition of carbon from the general hydro-
carbon vapor which forms a component of the residual gas in the target
chamber. The better the vacuum, the less the increase in target thickness.

TARGET CHAMBERS

Details of a typical target chamber are illustrated in Figure 28. This
chamber is used for the wavelength range above 1800 A. The windows
are of quartz. A vacuum spectrograph can easily be coupled to such a
chamber. The ambient pressure in the chamber is <10-® Torr.

The chamber may be used as shown when wavelengths are to be mea-
sured and also when lifetimes are to be determined from photographic
data. However, photoelectric recording of lifetime data requires move-
ment of either the foil or the detecting system. Both kinds of motion
have been used, the choice depending primarily on the distances which
must be traversed. When the foil is moved, it is also useful to move the

ELECTRON
SUPPRESSOR

BEAM
COLLECTOR

TARGET- WHEEL
HANOLE

FiGURE 28. A typical target chamber.
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Faraday cup to keep a constant separation of the particle collector and
the target.

As is well known by nuclear physicists, the Faraday cup must not
receive or lose electrons if there is to be a proper measure of the number
of incident particles. One way of avoiding the electron problem is to
bias a metal ring negative by ~300 V with respect to ground. The ring
is between the target and the cup (see Figure 28) and must be so located
that it cannot be struck by the beam.

SPECTROGRAPHS AND SPECTROMETERS

THE MEINEL SPECTROGRAPH The Meinel spectrograph (Figure 29) is
a modified version of a Czerny-Turner spectrograph. The main modifi-
cation is that a Schmidt camera replaces the usual second mirror. The

COLLIMATOR
MIRROR

FIGURE 29. The Meinel spectrograph.
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FIGure 30. The origin of Doppler broadening in the beam-foil source. Note that

the spectral lines will appear increasingly redder as the emitters move downstream
from the foil. This effect can be seen in the slant of the lines in Figure 23.

Aobs * Aproper

camera is very fast—the Arizona instrument has f/0.8 and a 9-in.-
diameter corrector lens. The focal length is short, which is mechanically
convenient. In addition, the fold in the incident light path puts all ele-
ments on-axis, thereby reducing the aberrations of the off-axis Czerny-
Turner arrangement.

The Meinel spectrograph is stigmatic, a most important property for
BFS. This means that whatever intensity variation is present in the source
lines is faithfully recorded on the detector plates. This, in principle,
permits accurate determinations of wavelengths, relative line intensities,
and mean lives. Moreover, information on perhaps 100 levels can be
obtained in a single exposure. Of course, the measurements are beset
by all the well-known difficulties of transforming plate densities into
intensities. However, there is a special problem which arises from the
high speed of the emitters.

In the situation illustrated in Figure 30 there is substantial, and con-
tinuously variable, line broadening because of the Doppler effect. One
consequence is that the lines recorded with the Meinel spectrograph
have widths of several angstrom units. Moreover, the on-axis system
was achieved at the expense of various central obstructions, including
the folding mirror and the plate holder. This introduces vignetting,?® and
a line which should have the shape shown in Figure 31(a) actually looks
like that of Figure 31(b).

Clearly, the line broadening can be reduced by reducing the entrance
aperture in the direction parallel to the particle beam, and the line-
doubling effect can be eliminated by putting the aperture off-axis. An
interesting fact is that these changes in geometry do not affect the photo-
graphic speed of the camera, and the line density on the plate is the same
as when the full aperture is used. This improvement in line shape does
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FIGURE 31. (a) Line shape as seen over angle 90 + ¢ to radiating beam direction.
(b) Vignetted line shape due to central obstructions in Meinel spectrograph.
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not occur without complications. Since the collimator is not completely
filled, resolution is sacrificed—fortunately, this is not enough to be
bothersome in practice. Various aspects of the vignetting problem are
treated elsewhere.®°

The Meinel spectrograph when built with uv quartz transmitting ele-
ments has a nominal wavelength range which extends upwards from
1800 A. For the Arizona instrument, the reciprocal dispersion is 35 A/
mm in second order, and the wavelength range on the plate is ~1000 A.
The large number of reflecting surfaces causes a serious loss of light for
wavelengths below 3000 A, and no data have been obtained below
2500 A with the Meinel. Wavelength calibration is achieved by focusing
the light from a standard lamp (Fe—Ne is often used) on the slit through
the same optical system as the beam light sees. A good measuring
machine is needed to get wavelengths off the plate. A densitometer is
also necessary for the determination of intensity variations either from
line to line or along the length of a line.

There are two real drawbacks to the Meinel spectrograph. Insofar as
is known, it is not commercially available but must be homebuilt, and it
is also expensive. For the Arizona instrument, the grating cost alone is
$3600. The Schmidt camera is also costly. Of course, the substitution
of glass for uv quartz would reduce the expense considerably and would
still give one a very good instrument. With glass, the short-wavelength
cutoff is around 3300 A, but many hundreds of spectral lines with wave-
lengths longer than 3300 A can be detected. There is a great deal of
work that can be done using glass optics.

THE PERKIN-ELMER SPECTROMETER Another instrument used by the
Arizona group for wavelengths above 1800 A is made by Perkin-Elmer
Corporation (model No. 210-B) and has the immediate advantage over
the Meinel of being available for purchase. Moreover, it employs photo-
electric, rather than photographic, recording. By using available gratings,
it is possible to work up into a wavelength region about 1 p, although
difficult order-sorting and detection problems must be faced. A
1440 line/mm grating permitting work primarily in first, second, and
third orders is a good choice. With a photomultiplier like an EMR
541F, the detectable wavelengths lie between 2000 and 4000 A, while
a 1P21 permits extension of the range from 4000 to 8000 A. Also, the
1P21 cuts out any second- or higher-order lines so that the observed
lines are all in first order. This simplifies the order-sorting problem.
Although the collimator is an off-axis paraboloid, the aberrations are
small.

Various photomultipliers can be used depending on the wavelength
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range to be studied. It is well worthwhile to obtain tubes which have low
noise because the signals are rather weak.

With this instrument, as with all the photoelectric devices to be de-
scribed, the entrance slit is illuminated with light from a short slice of
the beam. Motorized rotation of grating provides a wavelength scan
which can be calibrated by comparison with a standard source. A typical
result is given in Figure 32. These data were obtained with ~1 pA of
Ne at 4 MeV. The effective resolution can be gauged from Figure 32.
The spectrometer, which is small in size and weight, has been mounted
on a track, and lifetime data have been obtained®! with it.

SEYA-NAMIOKA SPECTROMETER This device (Figure 33) was obtained
from McPherson Instrument Company at a cost of about $15,000. It
has a 0.5-m focal-length grating. It is a vacuum instrument and allows
one to work between 300 A and ~5000 A. A handicap is bad astig-
matism. The device was set up so that the entrance slit viewed a short
slice of the beam. With photoelectric recording, it was natural to make
intensity measurements, and, in fact, lifetime work was done with that
spectrometer.!:1%

NORMAL INCIDENCE SPECTROGRAPH In the interest of somewhat higher
speed and resolution, the Arizona group replaced the Seya-Namioka
with a 1.0-m normal-incidence spectrograph which was bought from
McPherson for about $26,500. It is used in much the same way as the
S-N was, but it cuts out sharply at 500 A on the short-wavelength side.

NEON  SPECTAUM
Ne® 4.0 Mev

Upser Troce Posk Pusition Accwecy 221
Rosostion 8k

Lower Troce o0k Position Accwracy $1%
Reseietion 4%

INTENSITY —e
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- (Spectret Nt Witk L
-
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2 3 R
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FiGure 32. Neon lines as obtained from a 2-MeV neon beam analyzed with the
Perkin-Elmer spectrograph. The figure incorrectly gives the energy as 4 MeV.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21292

New Uses for Low-Energy Accelerators

BEAM-FOIL SPECTROSCOPY 93

FiGure 33. A Seya-Namioka vacuum spectrograph.

The aberrations are considerably smaller with this instrument than with
the S-N.

Either of the last two instruments discussed above can be recom-
mended as good vacuum instruments for BFS, especially for lifetime
work.

GRAZING INCIDENCE SPECTROGRAPH With such a unit, it is possible to
work with radiations as short as 100 A. The wavelength range between
100 and 1200 A is most interesting, in part because of possible relevance
to the radiations in the solar corona and in part because of the new calcu-
lations of oscillator strengths for transitions of short wavelength. How-
ever, the instrumentation required is probably the most expensive of all.
The units built at the Air Force Cambridge Research Laboratory,* 17182
are estimated to cost approximately $40,000. There is at least one com-
mercial system, offered by McPherson, for approximately $30,000, but
the Arizona group has not had any experience with it.

OTHER SPECTRAL INSTRUMENTS Sometimes, as in the case of the
spectra from hydrogen and helium, a spectral line can be isolated with an
interference filter and the light detected with a simple photomultiplier.
Special tubes exist which are suitable for the detection of Lyman-a
(1216 A in H and dropping as Z-2 for other hydrogenic ions). Many
important experiments can be carried out with such minimal equipment.
For research on the interference of the fine-structure levels of hydrogenic
systems, a low-energy accelerator (~100 keV) and a simple detecting
arrangement are ideal.

The soft x-ray region can be examined with an x-ray spectrometer.
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AUXILIARY APPARATUS The comparison of yields from different targets,
for different bombardment times, or for changes in particle energy, re-
quires some kind of beam monitor. The basic unit of reference is,
naturally, the number of particles passing through the foil, but subsidiary
reference units may be used in certain circumstances. A discussion of
the several common monitoring techniques may be found elsewhere.?
The following briefly describes the kinds of instruments needed for
monitoring.

Since the beam is charged, the number of particles can be found by
counting the total charge collected in the Faraday cup. This is done with
a current integrator circuit, of which there are many varieties. The Ari-
zona laboratory uses Elcor Model A309B current integrators. They cost
approximately $1800 and are subject to annoying drifts and calibration
errors. In proper condition, they are good to +1%.

There is a minor problem in measuring the absolute number of inci-
dent particles because of the charge distribution that develops when the
particles go through the target. The charge distribution depends on the
three familiar BFS parameters: the clement being accelerated, the
particle energy, and the nature of the foil. Hence, the charge distribution
should actually be determined for every run that is made. This appears
to be an awkward demand. A simple response can be made, as follows:

Let the beam current when the foil is out be I, and the beam current
when the foil is in be 7, The number of particles entering the target
chamber in time ¢ is then,

=Qo_17¢
No=Ze=- L Ldt, (2)
where e is the electronic charge. Then, as long as the incident particle
current is reasonably steady,

I, r¢
Qozxﬂ Ldt 3)

and N, is known. [, I;, and L ! I dt should be measured for every run.

It is often satisfactory to monitor the light output itself. This may be
accomplished with a photomultiplier which detects the integrated light
intensity or with a filter—photomultiplier arrangement which accepts a
narrow wavelength band. In either case, power supplies, amplifiers, and
a digital recording unit are essential. A current integrator may be used
as the recorder.

The foregoing treatment of photoelectric instruments has assumed that
the tube current is of interest. However, pulse-counting is an alternative
detection method which is often preferable. This is particularly so when
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the light level is low, for in this situation the current integrator may
introduce significant noise which is avoided with photon counting. The
procedures to be followed for photon counting in such a case are detailed
elsewhere.*?

It was mentioned earlier that photographic recording necessitates use
of a measuring machine and a densitometer. The Arizona group has
access to a modified Hilger-Watts-Engis microdensitometer (courtesy
Steward Observatory of the University of Arizona) and a Grant profile
comparator (courtesy Kitt Peak National Observatory). Each of these
is expensive (approximately $20,000 and $40,000, respectively). Col-
laboration among laboratories might be a fruitful way of reducing the
investment any one group has to make.

RESULTS AND FURTHER RESEARCH

WAVELENGTH-INTENSITY DISTRIBUTIONS

The data taken on nitrogen,® using the Meinel spectrograph, are shown
in Figure 34. The figure is a densitometer tracing across the base of the
photographic plate, the lines on which are shown in Figure 23. Com-
parison of the observed wavelengths with those in the literature permitted
identification of a number of transition arrays. These appear along the
line labeled A. At B are levels the decays of which were not detected,
while at C are probable contaminants which were seen when N,* (mass
28) was accelerated, the problem being that CO, also of mass 28, could
have been present in the incident beam. (The contaminant lines vanished
when the incident beam was N+, with mass 14.) Three interesting fea-
tures may be mentioned.

First, two of the prominent lines, designated by their wavelengths,
cannot be reconciled with any known lines in any stage of ionization of
nitrogen. In fact, no known level pairs can be connected by the new
lines even if selection rules are disregarded. The wavelength uncertainty
is conservatively estimated to be =1 A, but the new lines are at least 3 A
away from any known lines.

The occurrence of previously unknown lines is a surprisingly common
result of BFs. In nitrogen, the Arizona group has seen a dozen such lines.
Sodium?® has exhibited over 80 (of ~90 total lines seen), iron!? has
given ~150 (out of ~200), and other elements (oxygen,® neon,®* sul-
fur,** for example), have also shown new lines. It is of obvious impor-
tance to catalog as many of these lines as possible and to calculate the
level structures that are responsible for them.
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FIGURE 34. Densitometer tracing across the base of the lines shown in Figure 23. '

The possible application of the new lines to the understanding of
quasars should not be overlooked. Quasars are characterized by the
appearance of spectral lines (in either emission or absorption) which
cannot be directly recognized as the result of known transitions in any
elements. However, the assumption that the quasars are receding from
us at high speed causes a large red shift to be introduced into each
spectral line. It is asserted®® that a proper choice of red shift permits the
association of the observed lines with well-known ones. Indeed, this
association is used to deduce the speed of recession.

The beam-foil technique also gives hitherto unseen spectral lines, and
it does not seem beyond all possibility that the quasar lines, like those in
the beam-foil source, are due not to excessive red shifts but to unfamiliar
excitation and/or de-excitation mechanisms in the astronomical object.
In order to assess the possible connection between the beam-foil and
quasar lines, it would be necessary to extend present knowledge of the
new beam-foil lines. It must be kept in mind that some red shift is certain
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to be present in the quasars so that a systematic effort to match the
quasar and beam-foil lines would require using the red shift as a free
parameter.

Second, the lines show a wide range of relative intensities. Since those
intensities are related to the relative populations of the decaying levels
and to the relative Einstein A-coefficients, it is possible to examine such
matters as the level distributions produced in the beam-foil interaction
and the validity of the one-electron approximation in describing level
properties. Clearly, these points should be investigated as a function of
the incident particle energy.

Third, there is a marked dependence,®!? not indicated in Figure 34,
of the relative line intensities on particle energy. In comparing yields at
one energy with those at another, account must be taken of the change in
time for which the particles are viewed by the spectrograph. Only a few
experiments of this nature have been published. Wavelength experi-
ments have so far been carried out for restricted wavelength ranges for
H, He, B,C, N, O, F, Ne, Na, Al §, Ar, K, Fe, Kr, and Xe. Those ex-
periments for the most part were conducted at a few bombarding ener-
gies below 2 MeV. Much work remains to be done.

Some qualitative answers may be given to the question of why the
beam-foil source should contain spectral lines not seen in other sources.
One important feature of the beam-foil source is that the excitation oc-
curs in a time which is very short on an atomic time scale. Thus it takes
~10-* sec for the particles to pass through the foil and perhaps 10-1¢ sec
to pass by a single foil atom. Under this condition, the uncertainty prin-
ciple alone precludes the formation of well-defined energy levels. (For
At ~107¢ sec, the energy spread is ~10 eV.) Moreover, the possibility
exists for the escalation of a particle in an excited state into a still
higher level before the particle leaves the foil. These conditions simply
do not exist in other kinds of sources.

Another point is that the decay of the excited systems takes place in a
good vacuum in contrast to the situation in, say, a gaseous discharge.
Therefore, a high cross section for collisional de-excitation could cause
the “new” states to vanish nonradiatively in a discharge whereas they
must radiate in the beam-foil source.

LIFETIMES

The variation in the line lengths in Figure 23 is a direct consequence of
the finite lifetimes of the decaying levels. Indeed, Figure 23 displays
more lifetime data than all of physics produced prior to the development
of BFs. Since many of the excited levels occur in highly ionized species,
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their mean lives are of particular interest, and the authors are not aware
of any alternative technique for measuring them.

Only a few mean-life determinations have actually been reported to
date, so there is great opportunity to add to a significant area of physics
by working on mean lives. Moreover, the results are of immediate im-
portance to astrophysics,®-27 since the stellar abundances depend cru-
cially on the (generally unknown) mean lives. For astrophysics, the
interest is usually in the neutral or singly iomized species, although
studies of the solar corona involve much higher stages of ionization.

Associated with, and somewhat easier than, the mean-life experiments
are those on the branching ratios of excited states, that is to say, mea-
surements of the relative intensities of the various spectral lines which a
single level can emit. Little work has as yet been done on this problem.

Among the elements of especial interest are the rare earths. An ion
source suitable for these elements would have to be built, but the rewards
would more than compensate for that developmental effort.

CHARGE DISTRIBUTIONS

It is a curious fact that the charge distributions which have been mea-
sured directly differ substantially from those which can be inferred from
BFS. A particular discrepancy is in the proportion of neutral particles
in the foil-transmitted beam. The direct measurements show that a sub-
stantial fraction of the beam is neutral when the incident energy is low.
On the other hand, BFs data fail to reveal any neutral emitters except for
hydrogen and helium.

In this circumstance, it is desirable to repeat and extend experiments
on the directly measured charge distributions as a function of particle
energy and element. In the arrangement used to obtain Figure 27, the
particle beam was separated into its several charge components by an
electrostatic field. The components were detected with a Faraday cup
or a tungsten-wire, secondary-electron emitter. Slightly better results
could be obtained with a position-sensitive detector, although such de-
tectors do not last very long with heavy ion beams. Csl crystals
mounted on a photomultiplier also could be used. The “channeltron”
(sold by Mallard) is another possibility.

Experiments of this kind are not hard to do, and they avoid all the
complexities of spectroscopy. Nonetheless, they are of real importance
to BFs and to other phases of physics, so they deserve careful attention.
Some useful references are by Hall*® and Phillips.*® This is another area
in which low-energy accelerators would be of particular utility.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21292

New Uses for Low-Energy Accelerators

BEAM-FOIL SPECTROSCOPY 99

EXTERNAL FIELDS

The charge-distribution experiments illustrate an attractive characteristic
of BFs. Since the target chamber is at room temperature and ground
electrical potential, external fields may easily be applied to the particles.
Two different kinds of experiments have been done with such a field. In
one, interference of the fine-structure states of hydrogen and He* was
demonstrated*®** and compared with theory.*? In the other, strong fields
were applied?*2¢ (as in charge distributions) to permit spectroscopic
observations on emitters of net charge. This permits unambiguous and
correct assignment of the ionization state from which each of the spectral
lines originates. It is this latter type of experiment which is particularly
recommended.

It should be recognized that these are the only known experiments
ever carried out in which the charge of the emitter could be determined
without any question whatsoever. This information is especially valuable
in the analysis of the new spectral lines, and all those lines in nitrogen
have been charge-identified by this technique. Of the various ways in
which the split beams can be viewed, the one used in the first charge-
splitting experiment?® has the advantage that the charge analysis can be
done satisfactorily even with a low-dispersion spectrograph. If the
spectrograph looks in the plane of the split beams,?¢ it is possible to detect
the charge appropriate to emitters of very short mean life, but high
dispersion is required.

Since few charge-determination experiments have been done, this
represents another area in which virtually every element and bombard-
ing energy can be studied productively.

It should be noted that only dc fields have so far been applied to the
radiating beam. Undoubtedly, many experiments will be conducted
using varying fields in a number of frequency ranges. Somewhat related
experiments, involving the illumination of the particle beam with laser
light or electrons, will also occur to the atomic physicist.

SOLID-STATE EFFECTS

It is reasonable to expect that the nature and thickness of the exciter foil
play some role in the ionization-excitation distribution imparted to a
given incident beam. However, few studies have been made of that role.
It has been shown*® that the intensity of the light is a function of foil
thickness. It is also known that molecular and atomic hydrogen ions of
the same speed do not experience the same interaction in a foil. On the
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other hand, so simple a matter as the substitution of one element for
another as the foil has not received serious attention.

Another matter which bears study is whether surface layers of
strategically selected elements (like Li or Na) might substantially alter
—perhaps enhance—the excitation distribution, although the ionization
distribution may not be sensitive to such layers.®® It is further apparent
that the phenomenon of channeling ought to be looked at with BFs.
While it is known that the foil-transmitted beam contains numerous
electrons, the number—energy distribution has not been measured. It
should be done for a variety of target foils.

Another intriguing experiment is to examine the spectral distribution
when the foil is held at various temperatures. For example, cooling a
semiconductor to make it behave more like an insulator, or heating it to
put more electrons in the conduction band, might affect the resultant
light output. If so, the light could serve as a tool for the study of the
band structures of thin foils.

Experiments along the lines suggested in this chapter are rather un-
complicated, the principal difficulty being the assurance that the several
targets all have the same absolute thickness. Probably the best way of
checking the thickness is in terms of the energy loss suffered by alpha
particles which are sent through the foils. This would entail use of a
solid-state particle detector and a multichannel analyzer.

CariTAL CoOSTS

A rough estimate of the capital investment which a sizable BFs program
would require appears below. It will occur to the reader that a modest
initial outlay will enable him to carry out many good experiments. The
following list is in no sense the minimum; it covers the needs for a major

effort.
$ thousands

2-MV electrostatic accelerator 40
Beam-analyzing magnet 15
Spectrograph 15
Microdensitometer | Not needed for photoelectric 20
Comparator }recording of data 40
Phase-sensitive detector 2
Power supplies, photomultipliers, amplifiers, recorders, etc. 10
Current integrator 2
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Because of the variation in available apparatus from laboratory to

laboratory, it is unrealistic simply to add the foregoing numbers to get a
total.
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CHAPTER 5

Atomic Lifetime
Measurements

The beam-foil spectroscopy technique described in the preceding chapter
provides a new and powerful tool for the measurement of atomic life-
times, a problem of longstanding interest to physicists and especially
astrophysicists. The ions emerging from the foil move with constant and
nearly uniform velocity, and the lifetime of the radiating states can be
determined by simply measuring the decrease in the transition rate or
brightness downstream from the foil. Beam velocities are typically 107
to 10° cm/sec, so that lifetimes in the range 10-'° to 107 sec are acces-
sible; these are typical lifetimes for dipole optical transitions. This
method of lifetime measurement has one uniquely attractive feature: it
is the only method applicable to highly charged ions.* In the following
sections we take up the experimental method as it has been developed so
far, its instrumentation and analysis, with special attention to those tech-
niques, instruments, and references that are likely to be unfamiliar in
accelerator laboratories, and conclude with a discussion of some mea-
surements that are needed now.

EXPERIMENTAL METHOD

Consider an ion emerging with velocity v from the foil at z=0 in an
excited state y;. This state will decay in time, and in space, since z=vt:

l¢1[2«e-l/f‘=e-z/vr‘. (l)

If N; atoms emerge from the foil at z=0 in excited state y;, the number
surviving at a distance z behind the foil is N;(z) =N;(0)e**7¢, and the
transition rate from y, to any lower state y; is proportional to Ny(z). We
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neglect for the moment transitions from higher states which repopulate
y1. To measure the lifetime r; one need measure only the z dependence
of the radiation A, emitted from a segment Az of the glowing beam.
Only one decay channel or wavelength A; need be observed, and two
wavelengths that blend need not be resolved so long as they come from
the same upper state. Some sort of spectral analysis is necessary in order
to isolate one wavelength A;; in the light emitted by the beam.

INSTRUMENTATION

Three methods of spectroscopic analysis have been used in the published
lifetime measurements: spectrometers (or monochromators), narrow-
band interference filters, and spectrographs. The first two employ photo-
electric detectors which have the great advantage of a response linear in
the photon flux. The spectrograph uses a photographic plate, a nonlinear
detector difficult to use for quantitative flux measurements. On the other
hand, the spectrograph has the advantages of spatial resolution and mul-
tichannel capability, recording many transitions at one time.? The fore-
most consideration in evaluating alternative instruments is the very low
intensity of the light source, the fundamental limitation on the applic-
ability of this method of lifetime measurement.

INTERFERENCE FILTERS

Interference filters have distinct advantages for those measurements to
which they are applicable at all, i.e., wavelengths greater than 2000 A
and well separated from neighboring lines. With the optical system
pictured in Figure 35, the beam image falls on the photocathode, and
the segment Az is defined by a mask on the face of the phototube. Note
that the filter is placed in the parallel beam between the two lenses be-
cause the pass wavelength is a function of the angle of incidence. The
pass wavelength can be tuned, decreased from its nominal value by as
much as 2 percent, by tilting the filter. The acceptance angle is defined
by the collimating lens, which need not be achromatic, and can be made
quite large, limited only by the restriction that the Doppler broadening
should be no greater than the passband of the filter. References 3 and 4
describe lifetime measurements made with an interference filter as the
resolving element.

The counting rate for any detection system is proportional to the en-
trance aperture and the path length Az that can be observed, and both
of these factors impair the resolution and broaden the passband of the
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Ficure 35. Typical experimental geometry for lifetime measurements with a
filter to isolate a specific transition. The beam segment observed, Az, is defined by
the mask on the face of the photomultiplier tube. The angle of incidence, i, varies
from center to ends of Az. Aperture stop reduces scattered light from rays passing
through outer edges of collimator lens.

detector. However, the filter is less sensitive to the variation in the angle
of incidence Ai resulting from Az than is the spectrometer or spectro-
graph. For the filter the transmitted wavelength A varies with angle of
incidence® as dA/di« — (sin i) (cos i)A, whereas for the diffracting in-
struments the corresponding quantity is dA/di« (cos i)A. The factor
sin 7 at small angles of incidence means that the filter can see a larger
field of view without materially broadening the passband. This feature
is especially attractive in measurements of long-lived transitions which
are inherently weak because the decays are spread over a long path.
Although this broad field of view and its compact size make the filter
attractive for some measurements, it should be kept in mind that the
filter alone is not sufficient: some other instrument is needed to ascertain
that no other lines lie within the passband of the filter.

Narrow-passband interference filters are produced by many different
suppliers® with a broad range of combinations of the significant param-
eters: center wavelength, passband width, peak transmission, and
background or parasitic transmission. The pass wavelength varies
from 2000 A far into the infrared; passband widths vary from about 10
A FWHM to several hundred angstroms. Peak transmission is typically
30 percent for filters incorporating metal films and 80 percent or more
for the multilayer dielectric filters, which are available only for wave-
lengths of 4000 A or longer.> Most suppliers evaporate to order; some’
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also publish dated lists of surplus filters in stock which are much cheaper
than the same filter when produced on order. Prices range from $30 to
$300 for standard items.

THE SPECTROMETER

The spectrometer (or monochromator with photoelectric detector) is the
most broadly useful and widely used resolving instrument for lifetime
measurements. It can be used for wavelengths in the vacuum ultraviolet,®
far beyond the cut-off of an interference filter, and it has been used to
measure the lifetime of transitions separated by only 4 A,° lines that
cannot be resolved with present-day interference filters. The same in-
strument can be used to scan the spectrum prior to the lifetime measure-
ment in order to see which decay channels are strongest and free from
interference.

This high resolution is not attained without a corresponding reduction
in aperture and counting rate, a serious concession in view of the weak
source strength. A typical 1-m focal-length spectrometer with unity
magnification and a grating of 1000 grooves/mm has an instrumental
line-width or passband of 10 A for a 1-mm entrance slit, and this line-
width is proportional to the slit width. For reasons that will be made
clear below, the long dimension of the slit must be placed normal to the
beam direction so that the slit width defines the length of the beam seg-
ment Az that can be observed. To achieve a passband less than 10 A,
the beam segment is limited to less than 1 mm, with consequent limita-
tion on the counting rate. Furthermore, the acceptance aperture of
commercial spectrometers is smaller than can be readily realized with a
filter; f/3.6 is the fastest aperture ratio commercially available.

In scanning the spectrum with a spectrometer, a factor of 10 increase
in counting rate can often be realized by orienting the entrance slit
parallel to the beam, but this arrangement is not suitable for lifetime
measurements. The beam undergoes small-angle scattering in the foil
and diverges as it moves downstream; the light source expands and
becomes less dense downstream from the foil. It is essential that the
slit and the aperture of the spectrometer accept photons from all parts
of this enlarged source. Otherwise, one would observe a decrease
in the photon flux downstream from the foil that reflects acceptance
geometry instead of the lifetime of the decay. For this reason the slit
jaws are set parallel to the beam, and the slit width defines the beam
segment Az that is observed.

For wavelengths greater than 2000 A, a lens can be used to focus an
image of the glowing beam on the entrance slit of the spectrometer,
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as in reference 10; for measurements in the ultraviolet, the slits are
located close to the glowing beam with no lens in between as in Figure
36.8

For several reasons mentioned above, the counting rate obtained with
the spectrometer is low, and it will often be desirable to count single
photons with a photomultiplier tube cooled to reduce background.
Morton?! gives a helpful review of single-photon counting and of the
causes and cure of background pulses from photomultiplier tubes. For
the uv wavelength region, a variety of windowless photoelectric detectors
and phototubes with special windows are available commercially.*?

Both the spectrometer and the filter system require point-by-point
measurements along the beam, and some means must be provided to
allow for fluctuations of the beam current which could introduce varia-
tions from point to point that have nothing to do with atomic lifetimes.
This normalization is usually provided by a detector at a fixed location,
preferably near the foil where the beam is brightest, and the movable
detector counts for that period during which the fixed detector is
accumulating a preset number of photons. Ideally, the fixed detector
would be sensitive only to the particular wavelength counted in the
movable detector, although in most of the measurements reported so far,
the monitor has been an unfiltered photomultiplier. Alternatively, the
beam current can be integrated in a cup downstream from the foil. This
latter method assumes that the charge-state distribution and the distribu-

FOIL DRIVE
_'éj /FARADAY cup
e

f
BEAM FROM AZ : CHARGE
MAGNETIC —=---2 =----==* ] H [\ TECRATOR
ANALYZER
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FOIL: &
\
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FiGure 36. Typical experimental geometry for lifetime measurements with a
monochromator. No lenses or windows are used, and this geometry is used for
measurements in the vacuum ultraviolet. Full widths of the entrance slit con-
tribute to the passband of the monochromator. In the figure, the jaws of both
slits are normal to the plane of the paper.
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tion of excited states remain constant in spite of the changes taking place
in the foil during bombardment. Furthermore, the integration of heavy-
ion beams introduces difficulties not present with proton and alpha-
particle beams.** Beain-current normalization is therefore less direct than
monitoring the light emission at a fixed location, but it has been used
successfully in several experiments.® 24

SPECTROGRAPHS

Photographs of the glowing beam made with a spectrograph (see Figure
23, page 79) furnish striking evidence of the finite life of atomic states
and immediately suggest the use of a spectrograph for lifetime measure-
ments. The spectrograph has several advantages to recommend it:
it collects data at a rate many orders of magnitude faster than the spec-
trometer or filter, since all wavelengths and all positions along the beam
are recorded simultaneously. Furthermore, beam fluctuations cannot
affect the measurements, and the beam need not be monitored precisely
as in point-by-point measurements. Data can be accumulated over
several days if desirable. Unfortunately, these impressive advantages are
offset by the difficulty of quantitative photometry with photographic
plates. Photographic plates have low efficiency and, more serious, are
nonlinear in integrated photon flux density and nonlinear in time. Since
the photographic emulsion responds to flux per unit area incident on the
emulsion, and since the ion-beam radiation is usually very weak, the
spectrograph must have a large aperture, a short-focal-length camera,
and consequently, low dispersion. Furthermore, fast emulsions with
their inevitable coarse grain must be employed.?s The small-scale spec-
trograms and the coarse grain add materially to the imprecisions of
photographic photometry. However, for accurate measurements of wave-
lengths which are necessary if the numerous previously unobserved lines
appearing in ion-beam spectra are to be classified, conventional spec-
trographic methods using photographic plates may have the advantage.

Lifetime measurements require the photography of an extended
source, and the spectrograph must be free from astigmatism and vignet-
ting. The spectrograph is oriented so that the beam, or an image of the
beam, falls along the position of the entrance slit, and the entrance slit
is then removed. Two experiments have been reported in which life-
times have been derived from photographs: Fink er al.'®* have made
measurements on nitrogen beams with a fast Meinel spectrograph, and
Brown and his colleagues” have made measurements on a sodium
beam with a spectrograph employing an image tube in the focal plane of
the spectrograph. In neither of these experiments was the photometry
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sufficiently precise to permit correction for the cascading transitions, to
which we will return below. There is a great need for a linear detection
scheme that will permit the spectrograph to realize its tremendous data-
collecting and data-storing potential.

DATA ANALYSIS: CASCADING

The population N;(z) of the state y; not only decreases by radiative
decay but is augmented by transitions into state y, from higher states
Yo'

dN,

_dt_‘z_zAUNt'*'zAz{Nz) (2)

Fi z
where A4,; is the spontaneous transition probability from state y; to state
y5 and > Ay=1/r;. If the population N,(f) of an upper state decays
7

with lifetime r,, N.(t) =N.(0) exp(—¢/r;), then the population of the
state y; becomes

/o1, _ @ 2/vT,
e

1/75_1/1’:

Further terms will be added to this sum (a) if the upper states themselves
are repopulated by transitions from still higher levels, and (b) if the
passband of the detector includes wavelengths for additional transitions
of different lifetime. This latter possibility has been observed fre-
quently,®* but the first one has not yet been identified.

The observed decay curve I(z,Az) is proportional to the number of
photons A; emitted in the interval z to 2+ Az:

Nu(z) =N(o)e*/""+ AﬂNz(o)(

1(z42) « [ 49N, (2)dz= AyriN (o) e=/om(e 85/~ 1)

M 4% TE% S —_ eV dz/vT
+Aq;1/n_l/fz[rze“ (€07 — 1) —me /o (€ D] (4)

In general, the shape of the decay curve depends on Az, but in two com-
mon cases Az appears only as a multiplicative factor.

1. If Az is small compared to vr; and vr,, the exponentials in Az can
be expanded to yield the approximation 1(z,Az) « (Ay4/v) Az Ny(2).
This expression for small Az can be rewritten /(z,Az) o:(A,,/ZAq)

7

(Az/vr) Ni(z). The factor Az/vr; reduces the yield for long-lived states
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in a spectrum scan and must be taken into account when comparing the
relative observed yield of different transitions to extract the branching

ratio (A4,/ ZA;,) , as has been emphasized by Heroux.®
7

2. When cascading, represented by the second term in /(z,Az), is
negligible, the shape of the decay curve is independent of Az no matter
how large Az/vr is.

The decomposition of the sum of exponentials /(z,Az) to yield r;, and
in addition as many values for the ., Ni(0), and N,(0) as possible, is
the basic problem in the analysis of beam-foil lifetime measurements, and
it is clearly a formidable one. Information about the initial populations
will provide the clues to understanding the excitation mechanism, which
in turn will enable one to estimate initial populations and design experi-
ments with minimum interference from cascading transitions. Several
authors have developed computer programs for this calculation, and at
least two programs have been made available for use by others.'®®
Jordan er al® have been able to extract as many as four terms from
their measurement on He 1 with an uncertainty which they estimate
at 6 percent. Every author who has attempted this analysis stresses
the necessity for accuracy in the decay-curve measurements if the sum
is to be decomposed at all. It is this necessity for precision that would
seem to favor a counting experiment, with good statistics, over a photo-
graphic measurement of the decay curve.

Machine computation has been widely used, but simple graphic
methods are often adequate. Heroux® describes fully an example of
graphical analysis of a N v decay curve, from which he extracts two
exponential terms plus a constant background. His analysis also illus-
trates the advantages of measuring several decay curves for other
transitions from upper states which can cascade into lower states of in-
terest; a system of interrelated transitions can often be unraveled when
a single transition cannot.

Fortunately, many decay curves show only a simple single exponential
decay. This situation occurs when:

1. A.N.(0)=0: higher states are weakly populated or do not decay
into the state y;. For example, if y; is so highly excited that higher y.
decay by autoionization.

2. 7,/m«1, in which case all cascading is crowded in close to the
foil and is negligible throughout the main range of the decay curve.
Initial slope may be positive in this case.
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3. 7./m>> 1, in which case I(z,Az) can be written, assuming Az/vr
small for simplicity,
Ai] -A—Z
EA” vy

I(z,A7) = M(o)e*"’WZEAf,:Z—‘NAo)(e*/vu—e*/ﬂr«) (5)

and the second term will be negligible when r./7> 1.

When a single exponential is observed, the identification of this ; with
the upper state in the observed transitions, instead of a higher cascading
state, is usually based on appeal to theoretical estimates or on measure-
ments of the decay for the higher states.

The analysis of the decay curves requires a knowledge of the beam
velocity, which is usually determined by subtracting the estimated energy
loss in the foil from the known initial beam energy. Velocity determina-
tions by Doppler shift have not been reported. Foil thickness can be
determined by weighing a known area, and the energy loss can be com-
puted from the experimental measurements summarized by Northcliffe,>
or for ion energies less than 20 keV/AMU, the theoretical expressions of
Lindhard et al.* may be used. Northcliffe’s summary also includes in-
formation on equilibrium charge-state distributions which is useful in
choosing a beam energy for maximum yield of the particular ion desired.
Since 1(z,Az) « 1/v, it may be advantageous to use a beam energy be-
low that at which the desired ion fraction is maximum.

IoN SOURCES

Most of the beam-foil spectroscopy experiments in the literature have
made use of the conventional rf ion source, and the choice of ions studied
so far has been limited to those that can be produced from an rf ion
source with gaseous feedstock. The rf source will be familiar to most
readers of this report and will not be discussed further.

Ion sources for solid materials are less common. Lithium sources
have been described* for use in nuclear research but are not at present
available commercially. For other solid materials, the ion sources de-
veloped originally for atomic scattering are compact and well-suited to
installation in the terminal of an electrostatic accelerator. In all these
sources, the solid is heated to a temperature at which its vapor pressure
is about 1 u, and the vapor is then ionized by electron impact as in a
conventional diode source. All these sources can be used interchange-
ably for gases or solids.

Magnuson et al.?* have described a source that produces tens of micro-
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amperes of Al*, Zn*, Cu*, Ag*, and Fe* and operates at a maximum
temperature of 1600°C. Maximum power consumption is about 1 kW,
and a dielectric liquid is circulated between the high-voltage terminal and
a heat exchanger at ground potential to carry away the heat. The paper
also includes a review of other types of ion sources for solid materials.
Fite and his colleagues®* have described a smaller modification of the
Magnuson source that uses less power and is air-cooled. As used by Fite,
this source delivers only nanoamperes of current (U*, Sr*, Ba*, Te*,
Be*), but it should be able to deliver larger currents by enlarging the
extraction aperture and increasing the electron arc current. As long as
carbon foils are used to strip and excite the beam, beam currents larger
than a few microamperes are not useful, especially for high-Z ions.
The sources designed for use with isotope separators?® deliver very
large currents of practically all elements, but they are rarely small enough
to fit in the terminal of an accelerator, and they are often designed to
produce molecular rather than atomic ions. The source designed for
the Copenhagen isotope separator is compact enough to fit in an ac-
celerator and is now available commercially.?® Similar in principal to the
sources mentioned above, it is carefully designed for high efficiency and
currents approaching a milliampere. With 900 W of heater power, the
furnace reaches 1100°C. To produce beams of refractory elements,
compounds of higher vapor pressure are used, and the manufacturer
claims that 80 percent of the beam is (atom)+* with molecular feedstock.

SoME NEEDED LIFETIME MEASUREMENTS

The interest in atomic lifetimes stems from their use in analyzing the
composition of stars, the interstellar medium, and terrestrial plasmas.
The measurements that one would list as most needed depend upon the
particular application and interest. Garstang?’ has discussed astro-
physical needs that can be attacked by the beam-foil method. To quote
from his paper:

Ions which are worthy of study include almost all stages of ionization of
C, N, O, Ne, Na, Mg, Si, S, Ca, Fe, Ni. . . . If asked to pick out one group
that would be more useful than any others, I think I would say that one
should select all stages of ionization of iron, and try to determine the transition
probabilities of the lines connecting the ground configuration with the first
three or four excited configurations, and the transition probabilities for the
lines connecting these excited configurations. I think I would give second
priority to various lines of silicon, and after that to the stronger lines of
carbon, nitrogen, and oxygen. . . . Further work is badly needed on the
transition probabilities of lines involving highly excited states of important
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elements, particularly Fe 1 and other transition group elements. . . . Another
area of importance for traditional spectroscopy is in the lines of the rare

earths. . . .

Garstang also lists specific transitions that are important in judging
the validity of various approximations used in theoretical calculations.
He also notes the increasing interest in the far ultraviolet spectrum.

Bahcall?*® has compiled a list of 114 lines of particular importance
in the interpretation of quasar absorption spectra for which reliable
transition probabilities are needed. Of the 114 lines, 101 are in the
uv wavelength range between 900 and 1900 A.

Aller?®® tabulates and assesses the reliability of f-values used in the
determination of the abundance of all elements observed in the sun:
nearly half of these f-values he judges “doubtful” or “poor,” nearly
two thirds of them are estimated theoretically, since experimental
measurements are not available. Aller’s book includes a complete dis-
cussion of abundance measurements in stars and nebulae and a good
review of the availability of the atomic transition probabilities needed for
this analysis.

Glennon and Wiese®® have compiled a bibliography of the literature
on transition probabilities, both theory and experiment, that is indispen-
sible to those interested in this field. In addition to the primary literature
on particular values, they list review articles, critical summaries, and
compilations. They summarize the over-all availability of atomic transi-
tion probabilities as follows:

From the compilation it may be seen that for a few of the 92 natural elements
no material is available. For many other elements data exist only for the
neutral atom and the first stage of ionization. Furthermore, the number of
transitions treated is often quite small, and sometimes only the transition
probability for the resonance line or for forbidden transitions are available.

Wiese and his co-workers at the National Bureau of Standards are
making a critical compilation of all measured and calculated values
of atomic transition probabilities. Their review of the region Z=1-10
has been published,®* and work on higher values of Z is in progress.
Their critical comparison of different values makes use of the fact that
transition probabilities between corresponding levels in an isoelectronic
sequence follows a smooth functional dependence on Z, f(Z), just as the
term values do. They are thus able to compare measured or calculated
lifetimes for a particular transition in one ion with the corresponding
lifetime in other ions. On the basis of their survey of the first ten ele-
ments, they find that measurements of transitions between low-lying
levels would be useful from the point of view of establishing the shape
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of the function f(Z) for complex configurations. The following transi-
tions are especially important, since theoretical treatments have not as
yet been successful for these cases because of strong configuration inter-
action:

252 2p *P —2s* 3s *S transition in B 1 (2497 A), C 11 (858 A),
Nt (452 A),01v (279 A), and Ne v (174 A)
2s5% 35 2S— 25 3p 2P transition in B 1 (11661 A), C 11 (6579 A),
N1 (4099 A), O v (3066 A)
2s° 2p 2P ~—2s 2p? *P transition in B 1 (1378A), C 1 (904 A),
Nu1 (685A),01v (554 A)
2s% 2p 2P —2s 2p* 2§ transition in B 1 (1537 A), C 11 (1036 A),
Nu1 (764 A),01v (609 A)
2s% 2p* *P—25 2p? *P transition in C 1 (1329 A), N 1 (916 A), and
Om (703 A)

It should be noted that most of these wavelengths lie in the far ultra-
violet. Note also that nearly all the beams needed for these measure-
ments can be produced with an rf ion source. As Wiese extends his
analysis to higher values of Z, he will certainly be able to point out
further measurements that are critical in guiding and assisting the
theoretical calculation and resolving discrepancies.
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Overlap between the fields of nuclear physics and solid-state physics
has grown rapidly in recent years, as solid-state physicists have increas-
ingly recognized the usefulness of nuclear particles as probes of the
properties of solids and as nuclear physicists have increasingly recog-
nized the importance of solid-state effects in their targets and particle
detectors. This overlap of interest is discussed in this part of the report
on the uses of low-energy accelerators from the standpoint of the
solid-state physicist.

A division has been made into five major sections. The first (Chapter
6) deals with general questions of energy loss and penetration of par-
ticles with energies in the keV to MeV range into amorphous and
crystalline solids. This subject, perhaps surprisingly, is not closed, but
presents a number of stimulating and challenging unresolved problems.
The second section (Chapter 7) treats a very new subject, actually an
extremely important outgrowth of the material in Chapter 6: the appli-
cation of the anisotropic penetration of particles in crystalline solids
(“channeling”) to studies of crystal orientation, lattice damage, and
foreign atom location. This field is relatively simple to enter from the
experimental standpoint and is wide open to studies in the enormous
variety of crystalline solids of current solid-state interest.

The third section (Chapter 8), on ion implantation, has technological
overtones added to a diversity of solid-state problems. There are many
intriguing questions associated with the possibilities of tailoring solid-
state materials by adding atoms dynamically—implanting them—rather
than by the more conventional doping-during-growth or diffusion-doping
techniques. The problems of where the atoms go and of the rather
massive lattice damage associated with implantation are issues of major
current interest and importance.
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Next, Chapter 9, which deals with interactions of nuclear moments
with solid-state environments, involves a sophisticated area of common
scientific interest to nuclear and solid-state physicists. By ieasuring
the interaction of magnetic ficlds and electric field gradients in solids
with the magnetic dipole moments and electric quadrupole moments of
nuclei one can study either the fields or the moments. In the case of
implanted atoms, hyperfine interaction studies offer some particularly
intriguing possibilities. The experiments in this area, however, are
generally quite complex. The final section (Chapter 10), on materials
analysis, deals with one of the oldest applications of nuclear reactions to
the study of solids. However, it offers almost unlimited opportunity for
introduction of clever ideas and new approaches by which more sen-
sitivity or more specificity in the analysis of solid-state materials may be
obtained.

The material presented in this part is by no means exhaustive but
will hopefully provide a glimpse into fields ripe for the harvest by people
with access to the tools of the nuclear physicist and with insight into the

" physics of the solid state.
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CHAPTER 6

Penetration and Energy Loss

Studies of the penetration and energy-loss behavior of accelerated
atomic particles in the keV to MeV energy region provide a fruitful
field of investigation in that they span the gap between ordinary atomic
collisions (involving eV or sub-eV atoms), on the one hand, and the
much higher-energy events of nuclear physics, on the other. Such par-
ticles have sufficient kinetic energy to penetrate deeply into the inner
electronic shells of the target atoms, thereby producing much higher
levels of electronic excitation than those observed in ordinary atomic
collisions. As a result, a very broad range of excitation processes can
occur, some of which would be otherwise nonobservable. For example,
as discussed in Chapter 4, a completely new branch of atomic spectros-
copy has recently evolved (beam-foil spectroscopy) in which, by
measuring the emission spectra from a beam of highly excited ions
(obtained by passing them through a thin carbon foil) it is possible to
study the population and lifetime of many atomic energy levels. Equally
valuable information about the interaction of energetic atomic beams
with matter can be obtained by studying the emission of electrons or of
characteristic inner shell x rays as the beam traverses a solid, by measur-
ing the range or rate of energy loss of the particles in the beam, or (in
single crystals) from scattering studies.

Investigations of energy loss and penetration behavior not only are
a means of studying the basic atomic collision processes involved, but
they also provide necessary information for many of the recent solid-
state applications of small accelerators: range and energy-loss data are
required, for example, in the ion implantation and hyperfine interaction
studies described in Chapters 8 and 9.

Except for a few low-Z projectiles such as H* and He*, experimental
work in the penetration field was almost nonexistent until about a
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decade ago. The main reason for this lack of interest was the lack of
suitable heavy ion accelerators. Recent improvements in ion-source
techniques, however, now make it possible to obtain suitable beams of a
wide variety of ions at energies from a few keV up to several MeV—
using either an electrostatic accelerator or, at lower energies, an “isotope
separator” of the Scandinavian type. Already, a considerable amount

~ of data have been accumulated and indicate that penetration behavior
is far more complex than was originally anticipated, and that much
more experimental work will be required. Several completely unex-
pected effects have been observed; some of these have opened up whole
series of new and interesting experiments. Two such examples are
the channeling phenomenon, viz., the existence of a strong directional
dependence for various penetration effects in single crystals; and the
existence of a pronounced oscillatory dependence of stopping power on
the atomic number of the projectile. Both these effects still require a
great deal of further study and therefore represent promising areas for
research with small accelerators. In addition, the channeling phenom-
enon also provides a useful tool for studying certain properties of
crystalline matter; these will be discussed separately in Chapters 7 and
8.

The published literature in the penetration field is quite extensive.
References 1 and 2 are useful reviews of some of the earlier work; an
up-to-date review of the channeling studies is given in references 3 and
4. Areas of current research interest have been well covered by several
recent conferences; their proceedings®™* therefore provide a valuable
starting point.

Because of the dominance of channeling effects in single crystals, it
is convenient to divide penetration studies into two categories: (a)
amorphous targets and (b) single crystals. Much basic data is still
needed in both categories. However, with the current widespread interest
in channeling and its applications, single-crystal studies appear to offer
the more exciting area for research with small accelerators. Measure-
ments in polycrystalline targets should generally be placed in Category
(a); however, the penetration usually also exhibits a significant ‘“chan-
neled” component (cf., for example, Figure 7 in reference 8) due to a
small fraction of the crystallites in the bombarded area being aligned
with the incident beam direction.

AMORPHOUS TARGETS

STATUS OF THE PHYSICS

A comprehensive theoretical treatment of the penetration of heavy ions
in amorphous targets has been given by Lindhard et al.®*° There are
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two basic types of energy loss processes involved: nuclear (or elastic)
collisions, in which the Coulomb repulsion between the screened nuclear
charges causes energy to be transferred from the projectile to an entire
target atom, and electronic (or inelastic) collisions, in which kinetic
energy is converted into electronic excitation. The first type involves
large energy losses per collision and significant angular deflection of
the beam; the second type involves much smaller energy losses and
negligible deflection. For most purposes, these two processes can be
treated as though they were quite independent of each another, although,
of course, this is not strictly true. Figure 37 illustrates their predicted
energy dependence, expressed in terms of the “universal” energy and
distance parameters (¢ and p) introduced by Lindhard to minimize the
atomic number dependence. Nuclear stopping is more important at
low energies, reaching a maximum at ¢~0.4, but for ¢ values greater
than ~2 electronic stopping is predominant, since it continues to
increase linearly with velocity. At much higher energies than those
depicted in Figure 37, the electronic stopping also reaches a maximum
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FIGURE 37. The rate of energy loss (de/dp) due to (a) nuclear collisions; (b)
electronic interactions. The universal energy and distance parameters, ¢ and p,
introduced by Lindhard, are defined as follows:

. 32.524,

e= E(keV) X ZZAZd F ZH A + 42)
_ . 166.54,

p=R(ugem™) X (ZX+ ZH (A4: + 49

where R is the range, E is the energy, Z,, Z; are the atomic numbers, and 4., 4. are
the masses of the projectile and target atoms, respectively. For electronic stopping,
a weak dependence on atomic number remains, even after converting into p-e units.
Hence, a family of curves (one for each combination of Z; and Z;) is obtained;
the majority of cases fall within the dotted lines.
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and eventually falls off as E-*. This high-energy region is the familiar
“Bethe formula” region, which has been investigated extensively for
many years. Typical values of the energy at which this maximum in
(0e/9p) occurs and also of the transition point (e~2) between nuclear
and electronic stopping are given in Table 4.

In the predominantly nuclear-stopping region (i.e., e<2), the avail-
able experimental data agree rather well with Lindhard’s universal curve
(see, for example, reference 11) and, although more data would be
desirable, the physics seems to be rather well in hand. At higher energies,
however, where electronic stopping predominates, the picture becomes
much less satisfactory. The measured values of (9¢/0p) still agree
roughly with those predicted by theory, but in many cases'*'? they
deviate significantly from the expected E* dependence. In addition, they
exhibit a strong oscillatory dependence on Z,, the atomic number of

the incident ion, whereas the theory predicts only a weak and monoto-
nous increase. The cause of these discrepancies has not yet been estab-
lished, and evidently much more experimental work is needed. Fortu-
nately, for most of the heavy ions, this is the energy region for which
the small accelerators covered by this report are ideally suited.

EXPERIMENTAL TECHNIQUES AND AREAS FOR STUDY

There are at least four basic types of experiments: (in order of
increasing difficulty) ranges, energy-loss measurements, specific interac-
tions, and single-collision studies.

RANGES This is probably the simplest type of experiment, particularly
if the accelerator facilities are capable of handling radioactive projectiles.
A thick amorphous (or polycrystalline) target is bombarded with a beam
of monoenergetic ions, and the depth (i.e., “range”) distribution of

TABLE 4 Characteristic Energies, E, and E,, for
Some Typical Ions in Tungsten

TRANSITION ENERGY, E;, ENERGY, E:, OF MAXIMUM
CORRESPONDING TO € ~ 2 ELECTRONIC STOPPING
ION (MeV) (MeV)
‘He 0.04 0.5
*0 0.2 13
»K 0.5 100
=¥Xe 2.5 1300
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the embedded atoms is then measured. Sometimes this can be accom-
plished in situ by using a suitable proton or He* beam to determine
the depth distribution of the embedded foreign atoms, as in recent ex-
periments of Powers et al.'* The more common procedure is to remove
a series of thin, uniform layers from the surface of the bombarded
target and to measure the number of injected atoms contained in each.
If these atoms are radioactive, the number contained in each layer is of
course particularly easy to establish. Several reliable mechanical and
chemical techniques for removing sufficiently thin, uniform layers from
a large variety of targets are now available (see, for example, references
8 and 15-18). The rate of energy loss, i.e., the stopping power, dE/dx
(or de/dp), can be derived by taking the reciprocal slope of a series of
such range measurements as a function of energy.

ENERGY-LOSS MEASUREMENTS A more direct method for obtaining
the stopping power (dE/dx) is to measure the energy loss AE for a
beam as it traverses a thin amorphous film of thickness Ax. This
method has the difficulty of requiring rather thin, self-supporting films—
typically, a few hundred angstroms—but techniques for preparing
these are now fairly widely available. A reasonably precise instrument
for measuring the beam energy before and after it has traversed the film
is also required. This may be an electrostatic or magnetic analyzer.
Measurements of this type have provided the most extensive investigation
so far of the oscillatory Z,-dependence of electronic stopping power.*?
Many similar measurements are still required.

Such measurements provide not only the stopping power but also
the charge-state distribution of the emitted beam. This latter quantity
is obviously related in some way to the electronic interactions that have
occurred in the foil and at the surface of emergence and may possibly
provide further insight into the nature of the Z;-oscillations.

Stopping power measurements can also be made in gases'® by using
a differentially pumped gas cell in place of the thin film.

SPECIFIC INTERACTIONS Instead of measuring the over-all electronic
stopping power, more detailed information about the nature of specific
electronic interactions can be obtained by observing the various charac-
teristic radiations (e.g., light, x rays, or electrons) emitted by the highly
excited ions and target atoms as they subsequently de-excite. One highly
developed aspect of this is beam-foil spectroscopy, in which delayed
photon emission from the excited ions in the transmitted beam enables
the lifetimes of the atomic states involved to be measured. This is de-
scribed in detail in Chapter 4 of this report. The lifetimes for de-excita-
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tion by electron and/or x-ray emission are much shorter than those for
emission of optical photons, and the decay will in fact occur before the
particle has moved more than a few angstroms from the collision site.
Consequently, it is no longer possible to use the beam-foil technique
of observing the actual lifetimes. Nevertheless, yield measurements can
provide a great deal of useful information on the importance of specific
electronic interactions. For example, Khan?® has recently initiated a
series of x-ray yield measurements for various heavy ions penetrating
thin carbon and aluminum targets. The yields are readily observable,
even at beam energies below 1 MeV, and exhibit strong fluctuations
with atomic number of projectile and target.

SINGLE-COLLISION STUDIES The “ideal” stopping-power experiment
is one in which each particle undergoes no more than a single collision,
since in this experiment it is then possible (in principle), by means of
coincidence techniques, to measure all the pertinent parameters: e.g.,
the charge state and energy of both the projectile and the struck atom,
the scattering angle, and the various radiations emitted. Single-collision
experiments of this type have been made for 10-100 keV inert gas ions
using a gas scattering chamber equipped with two electrostatic analyzers
in coincidence.?*> They show that large inelastic losses (up to several
hundred eV) are associated with some of the more violent collisions.
Extending such measurements to a variety of projectiles and to a wider
range of energy could provide extremely valuable information on the
nature of the electronic energy losses. However, the techniques involved
are quite sophisticated, so that for a new group this is probably not the
best entry point into the field.

SINGLE-CRYSTAL TARGETS

PHYSICAL BACKGROUND

Whenever a beam of accelerated atomic particles enters a crystal within
a certain critical angle (y,) of a major axis (or plane), it then becomes
“channeled”; i.e., each time it approaches one of the aligned rows of
lattice atoms, the gradually increasing Coulomb repulsion between the
projectile and the lattice atoms is sufficient to steer it away again,
thereby preventing violent nuclear collisions from occurring. One ob-
vious consequence is that the rate of energy loss is much smaller for a
channeled particle, and hence it can penetrate more deeply than in an
amorphous target. Nuclear stopping depends much more strongly on
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the impact parameter than does electronic stopping; hence, nuclear
stopping is more strongly affected by channeling, As a result, the transi-
tion to predominantly electronic stopping (Figure 37) occurs at much
lower energies for a channeled beam than for one in an amorphous tar-
get; for example, with Xe ions in an aligned tungsten crystal, the transi-
tion occurs at ~4 keV,** whereas in “amorphous” tungsten the cor-
responding transition energy is ~2.5 MeV (Table 4). Consequently,
channeling can be utilized to suppress the nuclear stopping almost en-
tirely, thereby enabling electronic stopping to be investigated over a
much wider energy region than would otherwise be possible.

The measured values of (3¢/dp) for channeled ions are usually a
factor of 2—5 smaller than the corresponding “amorphous” values, due
to the decreased electron density that they encounter. Furthermore, the
values exhibit an even stronger oscillatory dependence on Z, than those
in amorphous targets. Recent experiments in silicon crystals®® show
that peak-to-valley Z,-oscillations of up to a factor of 10 occur for well-
channeled ions, whereas in similar amorphous targets the maximum
variation in stopping power is only 30—40 percent. The cause of these
large oscillations has not yet been established, although ion size
certainly appears to be a significant factor. Obviously, much more
experimental (and theoretical) work is desirable in this area.

A comprehensive theoretical treatment of the steering process respon-
sible for channeling has been provided by Lindhard.?®> He has derived
relatively simple expressions for the critical angle as a function of E,
Z,, Z,, and d (the lattice spacing). He has also shown that around each
aligned row or plane in the lattice there exists a forbidden region, a
tenth to a few tenths of an angstrom in width, into which a channeled
beam cannot penetrate. Consequently, the yields of processes re-
quiring closer impacts than ~0.1 A—processes such as backscattering,
inner shell x-ray production, nuclear reactions, and Coulomb excitation
—all fall essentially to zero for channeled particles (Figure 38). Such
processes are therefore particularly sensitive indicators for studying the
conditions necessary to maintain a channeled trajectory.

EXPERIMENTAL TECHNIQUES AND AREAS OF ACTIVE INTEREST

The various types of measurement may be subdivided into three cate-
gories: ranges, energy-loss measurements, and close-impact studies. In
all three cases, one of the basic problems is to obtain suitable single-
crystal targets. The Research Materials Information Center at Oak
Ridge maintains a useful card index system through which a satisfac-
tory source of supply can often be found. The more difficult problem,
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FIGURE 38. The experimental and calculated axial “dip” in Rutherford scattering
yield for 480-keV protons incident along a (100) direction in tungsten at 390°K
(taken from reference 26, Figure 10).

however, is to obtain a sufficiently clean surface on the crystal so that the
beam is not appreciably scattered from the aligned direction as it enters
the crystal. In this respect, it should be emphasized that even the thin
oxide layer (10-50 A) that is normally present on most metal surfaces
is sufficient to “dechannel” a significant fraction (several percent) of an
incident beam. Hence, careful chemical cleaning of the surface and good
vacuum conditions in the target chamber are desirable and, in some
cases, essential.,

RANGES The same techniques are used as in amorphous targets, except
that the crystal must first be carefully aligned in order to inject the
(radioactive) heavy ions along a channeling direction. This alignment
can be accomplished by standard x-ray methods; a simpler and more
precise method, however, is to use the channeling behavior of a proton
beam?’ from the same accelerator in order to make the alignment in
situ. For quantitatively significant data, an alignment of ~0.2° or
better is desirable. One area in which range studies in single crystals
are currently in great demand is in the semiconductor field, due to the
increasing importance of ion implantation (see Chapter 8). Because of
the large Z,-oscillations in stopping power that have been observed,*
theoretical estimates or even extrapolations from existing data are not
always sufficiently reliable, and it is obviously desirable to have ex-
perimental data in as many systems as possible. There is also some

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21292

New Uses for Low-Energy Accelerators

PENETRATION AND ENERGY LOSS 129

evidence?®® to suggest that for a given projectile, equally large Z,-oscilla-
tions in the stopping power may exist.

ENERGY-LOSS MEASUREMENT Transmission experiments through thin
single-crystal films are able to provide much more information about
the nature of the channeling process than can be obtained from range
measurements. By mounting the crystal on a suitable goniometer (hav-
ing two or, preferably, three independent axes of rotation), one can
observe the energy distribution, the charge-state distribution, and the
angular spread of the transmitted beam as a function of crystallographic
orientation. In addition, one of the close-impact processes described
below under Close-Impact Processes can also be measured simultane-
ously in order to provide information on, for example, the quality of
the crystal and on the rate of dechanneling. The biggest experimental
difficulty, of course, is to obtain thin enough films of crystallographic
perfection comparable with that attainable in a bulk crystal. The chan-
neling of low-Z projectiles (*H*, *H*, He*) in Si, Ge, Cu, and Au has
been investigated rather intensively by means of such transmission
studies. In fact, the existence of proton channeling was first demon-
strated in this way.>® A few recent references®*-*? have been selected
in order to provide the reader with a convenient entry into the literature.

Transmission studies with heavier projectiles are also of considerable
interest, particularly since such large Z,-oscillations have been seen in
the stopping power. However, apart from the pioneering work of Eisen?®
in silicon, transmission measurements with heavy ions are essentially
nonexistent. This is evidently another fertile field in which some of the
“small-accelerator” groups could make a real contribution.

It should perhaps be emphasized that, for channeled ions (due to the
suppression of nuclear stopping), the optimum film thickness for a trans-
mission experiment turns out to be essentially independent of atomic
number—provided the energies are below the maxima in the electronic
stopping curves (i.e., below E, in Table 4). Hence, at 1 MeV, for
example, transmission experiments of heavy ions from Li to U can all be
made using single-crystal films of approximately the same thickness.

There is another particularly exciting feature of transmission studies
that has not yet been fully exploited. Recently, the Oak Ridge group®®
found that in the case of planar channeling they observed as many as
five to six different energy-loss groups in the transmitted beam—pro-
vided the beam was not perfectly aligned with the plane and provided
the angular resolution at the detector was considerably smaller than the
critical angle for planar channeling. The available evidence suggests that
each energy group may be identified with particles having had a discrete
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number of planar “bounces”—4, 5, 6, . . . etc.—in traversing the crystal
and hence with a well-defined trajectory between the planes. If so,
then from such measurements it may eventually be possible to evaluate
interatomic potentials as a function of impact parameter. The Oak
Ridge experiments used 30-100 MeV Br and I ions from a tandem
accelerator and Au crystal films a few thousand angstroms thick, Heavy-
ion experiments at 1-2 MeV would require films about a factor of 5 thin-
ner, but this is still within the available thickness range for self-supporting
single-crystal films. Similar experiments have recently been reported for
H* and He+ in the 1 MeV region®?; again, several discrete energy-loss
groups have been seen.

CLOSE-IMPACT PROCESSES The best way of investigating the steering
mechanism responsible for channeling is to measure the yield of any
process requiring closer impacts than ~0.1 A—for example, nuclear
reactions,?” Rutherford backscattering,®+3> Coulomb excitation, inner
shell x-ray production.** As shown in Figure 38, such yields are at-
tenuated drastically whenever the beam is aligned within a certain critical
angle of a major axis or plane. The observed yield is a quantitative
measure of the unchanneled fraction of the beam. Hence measurements
of this type provide not only the critical angle (y;), but also the fraction
(xmw) of the incident beam that has become dechanneled on passing
through the crystal surface. Both these quantities can be predicted from
Lindhard’s theoretical treatment.?® Several fairly extensive studies of
this type have been made,?"3+% and in general the agreement with
theoretical predictions is rather good. For certain processes, it is possible
also to measure the interaction yield (and hence the unchanneled frac-
tion) as a function of penetration depth into the crystal. For example, in
the case of Rurtherford scattering, precise energy analysis of the scat-
tered particles enables the depth dependence of the scattering yield to
be observed. In this way, the “dechanneling” rate of an initially aligned
beam can be studied; furthermore, by extending the measurements to
elevated temperatures, the dechanneling contribution due to enhanced
lattice vibrations can also be determined. Depth and temperature studies
such as these provide particularly detailed information on channeling
behavior. Typical values of the “escape length”—i.e., of the depth
within which 50 percent of a channeled beam becomes dechanneled—
lie between 10 and 50 p for the major axial directions, and 1 and 5
for the major planes. Very few measurements of this type have yet been
made, except in Si and W crystals.?>3” Recently, Feldman et al.®® have
developed a theoretical treatment of dechanneling, which appears to fit
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the observed depth and temperature dependences in Si and W reasonably
well.

Most of the close-impact studies that have been carried out to date
have used low-Z projectiles such as protons or helium ions and any of
the large variety of nuclear reactions that they induce. However, even
with the limited energy range available to small accelerators, there are
many types of close-impact processes that can be used to monitor the
channeling behavior. Bergstrom et al.*® have used Rutherford scattering
to study the channeling of various ions from *H to *2Xe in tungsten in
the energy region 0.1-2.0 MeV. Similarly, inner shell x-ray production
can be used for heavy ions in this energy region, as has recently been
demonstrated by Khan.?

The existence of such large yield attenuations in the close-impact
processes has led to many interesting applications in other solid-state
fields; some of these are discussed in Chapters 7 and 8.
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CHAPTER 7

Application of Channeling
to Solid-State Studies

In Chapter 6, the recently discovered “channeling effect” was discussed
as one of the dominant features of the penetration behavior of atomic
beams in crystals. Although many aspects of channeling require further
study, the understanding of the steering process involved is now suffi-
ciently well established that the channeling effect can be used as a tool
for studying certain properties of crystals. Already several interesting
applications have evolved, some of which probably constitute more fruit-
ful areas for future research than that of channeling itself. Three of
these will be considered in this section: orientation of crystals, lattice
and surface disorder, and location of foreign atoms within the unit cell.

All these applications are based on the fact that interactions with
lattice atoms requiring smaller impact parameters than ~0.1 A are
completely prohibited for a channeled particle. Consequently, the
yields of close-impact processes such as nuclear reactions, backscatter-
ing, or x-ray production fall almost to zero for a beam incident in a
channeling direction (see, for example, Figure 38 in Chapter 6).
Typically, 20-100-fold attenuations in yield are achieved by careful
alignment with a major axis, indicating that as much as 95-99 percent of
the beam can become channeled. Large attenuations such as these are
important in the application of channeling to other fields

PRECISE ORIENTATION OF CRYSTALS

The channeling effect provides a simple method*-* for precise orienta-
tion of a single crystal For this purpose, wide-angle Rutherford scatter-
ing is particularly useful, because it can be applied to any crystal, pro-
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vided a proton or helium ion beam of E S50 keV is available. With care,
an accuracy of 0.02° can be achieved; and an alignment to within 0.1°
takes only 10-15 min. One interesting feature of the method is that, by
measuring the energy spectrum of the scattered protons, it is possible to
study simultaneously the channeling behavior of the beam at different
depths beneath the crystal surface. Hence, the method determines the
crystal orientation as a function of depth and thus provides information
on the mosaic spread along the beam direction. Typical depth resolution
with a solid-state detector is about 400 A; however, this can be im-
proved to ~50 A by using an electromagnetic analyzer.

An alternative, but closely related, technique for determining the
orientation (or even the structure) of a single crystal is to utilize the
“blocking” effect: i.e., the directional dependence of the emission of
atomic particles originating from lattice sites. The rows and planes of
atoms deflect (block) all particles initially directed along high symmetry
directions so that in an angular distribution outside the crystal there is a
deficit of particles in directions parallel to atomic rows and planes. Ex-
perimentally wide-angle Rutherford scattering can also be used to
observe blocking, but now the beam is brought in along a “random”
direction in order to avoid channeling. During the backscattering
process, the proton or helium ion penetrates almost to the center of the
lattice atom; it can therefore be considered as “originating” from a lattice
site. A position-sensitive detector or film is placed 20-30 c¢m from the
crystal (to provide adequate angular resolution), and a “pattern” due to
the orientation dependence of the emitted particles is observed. In fact,
reversibility arguments* and experiment® show that the critical angles
and attenuation factors for blocking and channeling are identical. Hence,
strong attenuations in emission rate are observed along all the major
axes and planes, thereby producing a crystallographic projection at the
detection surface. One particularly simple detection technique® is to use
a “track” detector, such as cellulose nitrate, instead of photographic
film. In this case, with 1-MeV helium ions, a bombardment of 1-10 uC
on the crystal is sufficient to produce a readily visible “track” pattern on
the plastic after etching (Figure 39).

LATTICE AND SURFACE DISORDER

The observation of large attenuations in yield (Figure 38, Chapter 6)
suggests that the aligned yield xmm for a close-encounter process can
be used to study the extent of lattice disorder. Any atom displaced from
its regular lattice site by more than ~0.1 A is able to interact with the
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FiGURE 39. Blocking pattern of helium ion “tracks” on a sheet of cellulose nitrate
(after etching in SN NaOH at 60°C for 2—3 min), produced by the backscattering
of 1.0-MeV He* from a {111} surface of GaAs.* The central black dot with the
bright halo is the aperture through which the incident beam entered the scattering
chamber; the apices of the prominent equilateral triangle correspond to the three
(110) axes at 34.4° from the central {(111) axis. A large number of higher-
index axes and planes are clearly visible in the blocking pattern.

channeled beam and therefore contributes to the measured value of xmin.
In this way Bggh’ has shown that proton channeling is sufficiently sensi-
tive to detect less than a monolayer of displaced lattice atoms in a
tungsten crystal. Similarly, the channeling behavior of 1-MeV helium
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ions has been used to obtain quantitative information on the amount of
lattice disorder in semiconductors following ion implantation (cf.
Chapter 8). Precise energy analysis of the backscattered beam enables
the lattice disorder to be studied as a function of depth, thereby providing
(for example) information about the degree of perfection of the surface
region compared to that of the underlying crystal.

Potentially, the most fruitful application of channeling in studying
surface imperfections has not yet been exploited. It is based on the fact
that no orientation dependence exists for the interaction with the first
plane of atoms. Consequently, for a channeled beam, even in a perfectly
clean, nonvibrating lattice, a prominent surface peak is observed in the
energy spectrum of the backscattered yield, as has been demonstrated
recently by Bggh® in the case of tungsten. On the other hand, the pres-
ence of an adsorbed impurity layer, such as oxygen, on the crystal sur-
face would affect this surface peak. If, ideally, the oxygen is adsorbed
on a lattice site, then it would effectively “shadow” the first plane of
tungsten atoms from the aligned beam, and the surface peak in the
scattered spectrum from tungsten should disappear. Hence, by measur-
ing the aligned spectra along various crystallographic directions, with
and without absorbed impurities on the surface, it should be possible to
identify the location of specific contaminants. Obviously, such informa-
tion would be a powerful supplement to low-energy electron diffraction
and to field-emission ion microscopy in the study of surface structures.

LocaTION OF FOREIGN ATOMS

One of the most useful applications of proton and helium ion channeling
to date is in determining the location of certain foreign atoms in crys-
tals.>t® If the foreign atom is on a lattice site (i.e., substitutional), it
will be unable to interact with the channeled beam, and hence a large
attenuation in its interaction yield will occur. If, on the other hand, the
foreign atom is interstitial, then along some of the major directions it will
not lie within the forbidden region (~0.1 A radius) around the atomic
rows; consequently, the channeled beam can interact normally with it,
and no attenuation in yield will be observed.

Hence, by investigating simultaneously the interaction of the beam
with both the lattice and the foreign atoms, one obtains a quantitative
measure of the distribution of foreign atoms between substitutional and
specific interstitial positions.

Of course, to apply the method, it must be feasible to detect the inter-
action of the beam with a small concentration of foreign atoms in the
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presence of the atoms of the most lattice. Fortunately, there are many
different close-encounter processes available, and in the majority of cases
a satisfactory one can be found, prov1ded the atomic concentration of
foreign atoms exceeds ~10*:

1. Whenever the foreign atom is heavier that the lattice atom, Ruther-
ford scattering can be used to distinguish between them (see, for ex-
ample, Figure 2b in reference 9).

2. If the foreign atom has an atomic number less than ~10, it can
usually be detected by means of a specific nuclear reaction, such as
(pa), (p,y), or (d,p), while Rutherford scattering can still be used to
study the interaction with the lattice (see Figure 2 of reference 11).

Figure 40 illustrates the use of channeling in determining the location
of various types of implanted heavy atoms (cf. Chapter 8) in three dif-
ferent silicon crystals, using method 1 above. In each case, for simplicity,
only that portion of the energy spectrum that corresponds to scattering
from the embedded heavy atoms has been given.

In the Au case, the interaction yield shows no orientation dependence
in that the peaks observed when the beam is channeled along the (111)
or (110) axes are indistinguishable from that for the random (i.e., un-
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FIGURE 40. Orientation dependence of the backscattered spectra from heavy

foreign ions implanted into silicon (taken from reference 12, Figure 3). Implant

conditions: ~10" ions/cm? at 40 keV, 450°C. Spectra were obtained with the

He* beam incident along: O, a (111) axis; @, a {110} axis; X, a random direction.
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FIGURE 41. Atomic configurations in the {110} plane of a diamond-type lattice
such as Si: @, substitutional sites; O, regular interstitial sites,

channeled) beam. Hence, the Au atoms must be in some sort of random
positions located well away from the atomic rows.

The interaction with Bi, on the other hand, falls almost to zero along
both the (111) and (110} axes, indicating that ~90 percent of the Bi
atoms lie at the intersection of these two atomic rows. Imspection of the
atomic configurations in a diamond-type lattice (Figure 41) shows that
the Bi atoms must therefore be on substitutional sites.

The third case, Tl, is a particularly intriguing one in that the interac-
tion is reduced by about twice as much for the beam incident in the (111)
direction as in the (110) direction. This indicates that there are about
twice as many T} atoms located along the (111) rows as along the (110)
rows. From this it can be concluded that, although some of the Til
atoms are on lattice sites, an approximately equal number are located in
the regular interstitial holes along the (111).

These examples illustrate how channeling studies along two or more
axes can be used to determine by triangulation the exact location of
foreign atoms in a crystal. Currently, the most widespread application of
this “atom location” technique is in studying the ion implantation of
semiconductors (cf. Chapter 8). However, it has also been used in con-
junction with studies of hyperfine interactions (Chapter 9), and of inert
gas diffusion in solids,*? since in both these fields it is of importance to
know exactly where the foreign atoms are located within the unit cell.
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CHAPTER 8

lon Implantation

The introduction of atoms into a solid substrate by bombardment of the
solid with ions in the keV to MeV energy range is known as ion im-
plantation. Ion implantation has broad applicability to solid-state
physics and to the fields of nuclear and atomic physics as well. For ex-
ample, nuclear magnetic moments may be determined from studies of
hyperfine interactions of atoms implanted into ferromagnetic materials.
On the other hand, these same interactions with known nuclear magnetic
moments may be used to investigate the electromagnetic fields in solids.
Some of the interesting possibilities for this interplay are discussed in
more detail in Chapter 9. The solid-state aspects of ion implantation are
particularly broad because of the range of physical properties that are
sensitive to the presence of foreign atoms in solid substrates. The
mechanical, electrical, optical, magnetic, and superconducting properties
of a solid are affected and indeed may be dominated by the properties of
implanted layers. Implantation makes it possible to obtain impurity
concentrations and distributions which are of particular interest and
which are otherwise unattainable. In semiconductors, for example,
higher impurity doping concentrations can be obtained than are available
by conventional techniques.

Small accelerators can be used with great effectiveness in the field of
ion implantation, both to produce and study the basic processes involved
and to exploit the possibilities, scientific and technological, that ion
implantation provides. Some of the most interesting areas for study
are:

1. The interaction of ions in solids (Chapter 6).
2. Hyperfine interactions (Chapter 9).

140
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3. Doping of semiconductors. This case is treated in more detail in
the section beginning on page 144.

4. Radiation damage. The damage associated with ion implantation
may well dominate the properties of an implanted layer and thus is an
important subject for study. Some aspects of this problem for the case
of silicon are discussed in the following section. Ion-implantation dam-
age is also interesting as a simulation of damage created in fast-neutron
irradiation.

5. Electrical transport in amorphous layers. Under certain conditions
less than one tenth of a monolayer of energetic ions can form an
amorphous layer in silicon and germanium. The conduction through
and along this layer can be used to deduce the transport properties of
amorphous layers.

6. Formation of thin magnetic films and thin superconducting layers.
By implantation it is possible to add atoms to an appropriate solid sub-
strate which should dominate the magnetic and superconducting proper-
ties of a thin layer near the surface. Alloys which are thermodynamically
unstable at norinal metallurgical preparation temperatures may be
created in this way. There is almost no work yet in these areas.

As current work on ion sources proceeds, new low-power sources
compatible with the terminal power available in low-energy accelerators
will make an increasing variety of ions easily accessible. However, even
now by using gaseous compounds containing an atom of interest, or by
introducing solids into an rf discharge in helium or argon, a wide variety
of beams may be produced with sufficient intensity for implantation pur-
poses. It is almost essential that a mass-separating magnet be available
to eliminate the unwanted species that often dominate the beam of inter-
est. Beyond this requirement, however, the basic instrumentation can
be extremely simple.

Because semiconductors have received a great deal of attention in
recent ion-implantation work we will use them to illustrate both the
radiation damage associated with implantation and some of the current
results for the implantation of electrically active impurities in silicon.
These examples are intended to emphasize the wide-open character of
the field, where detailed physical understanding in most situations does
not exist.

RADIATION DAMAGE—LATTICE DISORDER

An ion incident on a single crystal will lose energy in both electronic
and nuclear collision processes as it slows down and comes to rest in the
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crystal. Lindhard et al.,* have derived a comprehensive theoretical treat-
ment of the partition of energy between electronic and nuclear processes.
For the case of heavy ions of mass greater than silicon, a large part of
the ion energy will be lost in nuclear collision processes even up to sev-
eral hundred keV ion energies. These collisions are relatively violent,
involving rather large energy transfers to atoms of the lattice, displacing
them from their lattice sites. These atoms in turn displace others. The
net result is the production of a disordered region along the path of the
ion.

A quantitative determination of the number of silicon atoms displaced
more than ~0.2 A from a lattice site has been made with helium ion
backscattering measurements following implantations of 40-keV Sb ions
at room temperature.>® The lattice disorder produced by the Sb im-
plantation is shown as a function of dose in Figure 42. The linear in-
crease in damage with dose corresponds to displacement of about 3000
silicon atoms per incident ion. This result is about a factor of 2 larger
than the value calculated by Sigmund.* This discrepancy implies either
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FIGURE 42. Left part: Dose dependence of the lattice disorder following 40-keV
Sb implantations in Si at room temperature: O for incidence within 0.5° of the
{111), X for incidence along a “random” direction, 8° away from the (111). Also
shown ([J) are points for 40-keV Ga implantations. Right part: Annealing
characteristics of the lattice disorder: @ for a “saturation” Sb dose (7 X 10*/cm?),
v for a “below saturation” Sb dose (10*/cm*®). (Taken from reference 3, Fig-
ure 3.)
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that the displacement energy is not well defined in a heavily disordered
region or that some of the “displaced” atoms are nearest neighbors sur-
rounding a defect and are detected by the channeling technique because
of lattice distortions greater than 0.2 A. The actual discrepancy may be
even somewhat larger than a factor of 2, because Sigmund’s estimate
does not consider the possibility of recombination of vacancies and dis-
placed atoms that must occur at least to some extent.

As shown in Figure 42, the disorder approaches a saturation value
as the ion dose is increased to approximately 10*¢ jons/cm?. This cor-
responds to formation of an amorphous region as verified by electron
diffraction measurements.® At low doses, the disordered regions around
individual tracks are spatially separated; at high doses, they overlap and
the disorder saturates.

Much of this lattice disorder can be restored by annealing. The data
of Figure 42 indicate that the anneal temperature required to reorder the
lattice is higher for the amorphous region than for the isolated clusters.
Similar behavior has been noted in germanium. In both crystals, the
anneal characteristics exhibit two well-defined regimes®:

1. Atlow doses, where the disordered regions are well separated from
each other, reordering occurs at 180°C in Ge and at 260°C in Si.

2. At higher doses, where the disordered regions overlap sufficiently
to form an amorphous layer, reordering occurs at 380°C in Ge and at
570°C in Si. These temperatures represent the midpoint in 10-min iso-
chronal anneal curves. At very high doses (>10'*/cm? at 40 keV)
where the concentration of implanted ions approaches 1 percent of the
substrate, the reordering of the amorphous layer is not clearly defined
and residual disorder is found even after anneals at 800°C.

By use of heated substrates (T>200°C in Ge and 300°C in Si), im-
plantations can be performed to doses of 10* to 10** jons/cm? without
producing large amounts of lattice disorder. In this case, the disorder
around each track apparently anneals sufficiently rapidly so that each
incident ion penetrates into essentially disorder-free material. Figure 43
shows the lattice disorder in silicon as a function of the substrate temper-
ature for a 40-keV Sb implantation to dose levels of =2 X 10*4 ions/cm?.
In room-temperature implantations at this dose level, an amorphous
layer is formed (100 percent lattice disorder in Figure 43). As the
implantation temperature is increased above 150°C, there is a decrease
in lattice disorder. At substrate temperatures above 300°C, the lattice
disorder is below the detectable limit (=8 %X 105 displaced atoms/cm?.
The temperature dependence of the lattice disorder is roughly consistent
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with the anneal characteristics (dashed line in Figure 43) of the isolated
disordered regions.

The annealing of the displaced atoms in the isolated disordered regions
closely resembles the anneal of divacancies® in fast-neutron-irradiated
material. Much more work is required to clarify the physical nature of
these regions and the disorder they contain.

THE CASE FOR SEMICONDUCTORS AND THE SEMICONDUCTOR
CASE

There is a growing interest in the application of implantation in solid-
state device technology. Although the technique is relevant to materials
other than semiconductors, within the past five years the interest has
centered on the use of jon implantation as a process for fabrication of
semiconductor devices. Implantation techniques have been used to form
P-N junction devices in silicon, germanium, gallium arsenide, cadmium
telluride and silicon carbide.® In addition; bipolar and field-effect tran-
sistors, as well as other devices, have been fabricated. At present, it is
by no means clear to what extent this technique will be utilized in com-
mercial device processing. However, one can outline some of the reasons
for interest in these techniques.
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The successful application of transistors in electronic circuitry is based
upon the control of the thermal diffusion of minute quantities of dopant
elements into semiconductors, normally silicon. In the emitter of a bi-
polar transistor there are only approximately 10'® dopant atoms per cm?
(about six monolayers). The electrical characteristics of the devices are
determined by the concentration and distribution in depth of the dopant
species. In thermal diffusion, the concentration is given by the equi-
librium solubility at the process temperature and the distribution in depth
is given by the diffusion constant and process time.

In ion implantation, on the other hand, the number of implanted ions
is controlled by the external system rather than by the physical properties
of the substrate. This has the advantage that dopant elements can be
introduced in concentrations well above the equilibrium solubility at
thermal diffusion temperatures.»” Under certain conditions, nearly all
these atoms are located on lattice sites. This will have important appli-
cations in compound semiconductors, particularly the II-VI compounds,
where it is difficult to introduce dopants by diffusion without changing
the substrate material.

The depth to which the ions penetrate depends primarily upon the
incident energy and is typically between 100 and 10,000 A.1%1t The
crystal lattice and the beam-to-substrate orientation influence the pene-
tration depth and the distribution in depth. By careful choice of param-
eters it is possible to produce dopant distributions (and hence electrical
characteristics) that cannot be achieved by conventional diffusion
techniques. Another advantage is that geometrical control can be
achieved in a simple manner by the use of metal masks, oxide layers, or
photoresist.

ANALYSIS OF IMPLANTED LAYERS IN SILICON

In spite of the fact that implantation is a nonequilibrium process, it has
been possible to deduce some of the process characteristics. There are
many experimental techniques for evaluating implanted layers. Hall-
effect and sheet-resistivity measurements indicate the number of carriers
and their mobility.’%!* The channeling technique (using MeV He* ions
as a probe) has been used to determine the lattice location of the im-
planted dopant atoms (Chapter 7). The results of these two classes of
experiments are presented briefly below.

LATTICE LOCATION

There are a number of factors that influence the lattice location of the
implanted ion. Among these are ion dose, substrate temperature during
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implantation, subsequent heat treatment, and the ion species. The chan-
neling technique (Chapter 7) has been used to determine the lattice site
location of the implanted atoms. In the silicon lattice, it is possible to
specify the number of atoms on substitutional sites, on the regular inter-
stitial site along the (111) axis, and on nonregular lattice positions (i.e.,
positions that are not aligned with any low index direction).

1. In room-temperature implantations of Bi and Tl at 40 keV, high
substitutional components have been observed for doses less than
2 10** jons/cm?2.1* This is shown in Figure 44, which plots the percent
substitutional and lattice disorder as a function of ion dose. At doses
greater than ==10** jons/cm?, the lattice structure in the implanted layer
is completely destroyed; under such conditions the substitutional Bi and
Tl components are undefined. At present, the reason for the sharp
decrease in substitutional level at a dose of ~3 x 10*® ions/cm? is not
understood.

2. As might be anticipated from the previous discussion, the substrate
temperature during implantation has a marked influence on the number
of atoms on lattice sites. As can be seen in Figure 43, there is a rapid
increase in the substitutional content as the substrate temperature is in-
creased above 200°C. Over the temperature range between 300°C and
550°C, the substitutional levels of Sb are near 90 percent for doses less
than 10%° jons/cm? At higher doses, there is a decrease in the fraction
substitutional that can be associated with an increase in lattice disorder.

3. One of the most striking aspects of ion implantation is that the

%
100 e —]
Ve
o LATTICE
ol o / “DISORDER -
60+ 4
SUBSTITUTIONAL
40~ COMPONENT B
20 e
- -
0! el | N PO
ot 10? o* ©0®

IMPLANTATION DOSE (ions/cm®)

FiGURE 44. Dose dependence of the substitutional level (%) of unannealed Ti
(®) and Bi (Q) implants in silicon. Implant conditions: 40 keV at 25°C. The
dotted line indicates the total amount of lattice disorder in the implanted region,
expressed as the percentage of silicon atoms displaced more than 0.2 A from
their equilibrium lattice sites. (Taken from reference 14.)
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lattice location of the implanted atoms depends on the particular ion
species.®” Although the Group V elements, As, Sb, and Bi, tend to be on
substitutional lattice sites, the Group III elements, Ga, In, and TI, are
found in nearly equal numbers on both substitutional and the regular
interstitial sites for hot substrate implantations at 350°C. Other ele-
ments, such as Au or Cd, have very small components on any regular
lattice site under similar implantation conditions.’

4. Figure 45 shows the annealing behavior of a hot substrate (450°C)
Tl implantation in silicon. After implantation, about 60 percent of the
implanted atoms were found to be distributed equally between substitu-
tional and interstitial sites. During annealing in the temperature range
525-575°C, the substitutional component decreases rapidly toward
zero, and a corresponding increase is observed in the interstitial com-
ponent. This indicates that the substitutional Tl atoms have moved to
the regular interstitial sites. Upon further anneal, the interstitial com-
ponent also decreases toward zero, indicating that Tl is either precipitat-
ing within the crystal or migrating out to the surface region. This be-
havior is confirmed in low dose (=102 ions/cm?) Tl implantations at
room temperature. As shown in Figure 44, =80 percent of the implanted
atoms are substitutional after implantation. Upon anneal to 575°C,
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FIGURE 45. The lattice location of Tl ions implanted into silicon at 450°C as a
function of subsequent annealing treatment. Implant conditions: 2 )X 10™ jons/cm?
at 40 keV. The location of the embedded T1 was determined at room temperature
with 1.0-MeV helium ions. The insert shows the atomic configuration: lattice sites
(@) versus interstitial holes (Q) in a {110} plane of the Si lattice. (Taken from
reference 15.)
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these substitutional Tl atoms moved to regular interstitial sites. Under
comparable implantation conditions, Bi maintains its high substitutional
content out to 800°C anneal temperatures. This type of behavior is not
understood and represents a fruitful area for further study. The lattice
distortion associated with impurity atoms in either substitutional or inter-
stitial positions or in the damaged region created by the ion as it is intro-
duced is almost surely closely coupled with the electrical properties the
atoms exhibit.

ELECTRICAL MEASUREMENTS

Ion-implanted layers can be readily adapted for evaluation of their
electrical properties. Ions of a given dopant species are implanted into
a substrate of opposite conductivity type to produce a P-N junction when
properly annealed. The electrical isolation provided by the junction per-
mits measurement of the characteristics of the implanted layer. Hall and
sheet-resistivity measurements can be used to determine the number of
carriers per cm? and their average mobility.>'%1* Some care must be
taken when evaluating Hall measurements in implanted layers since the
effective Hall mobility is weighted by the contribution of layers with
higher mobility (i.e., the portion of the implanted layer with lower
dopant and defect concentrations) in a different manner than the con-
ductivity mobility.!*

Interpretation of the anneal behavior of implanted layers is difficult
because an increase in the number of carriers/cm? could be due to the
dissociation of defects and/or the movement of the implanted species to
substitutional sites. In spite of this difficulty, it has been possible to ob-
tain some correlation of electrical measurements in silicon with data on
lattice disorder and the lattice location of implanted atoms.??

1. The electrical characteristics of the different Group V elements
show quite similar behavior. In room-temperature implantations to dose
levels such that an amorphous layer is formed (10** to 10**/cm?), there
is a major anneal stage in the number of carriers/cm? at the temperature
where the lattice reorders. For lower-dose implantations, the measured
number of carriers/cm? is nearly equal to the number of implanted
ions/cm? for anneal temperatures between 400 and 500°C.

2. In contrast to the behavior of the Group V elements, the anneal
characteristics of the Group III elements are quite complex. Hall mea-
surements on hot substrate Tl implantations have shown that a conver-
sion from P- to N-type behavior occurs on annealing to approximately
575 to 600°C. Combined with the channeling data (see Figure 45), this
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indicates that Group III dopants on interstitial sites can act as donors.
This may be the reason that high-dose boron implantations exhibit
reverse anneal behavior in the temperature range of 550 to 650°C.*¢

FUTURE DEVELOPMENTS

The application of ion implantation to the study of solids encompasses
a wide range from development of contacts on semiconductors to investi-
gation of atomic interactions. It is clear that further work is required to
clarify the basic processes involved in implantation in semiconductors.
The results may well lead to significant advances in the fabrication of
semiconductor devices.

On the simplest level, implantation is a convenient way of introducing
controlled amounts of elements into solid substrates. This provides a
means of studying reactions not possible under the limitations set by con-
ventional thermal techniques.
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CHAPTER 9

Interactions of Nuclear
Moments with Solid-State
Environments

The interaction of nuclear magnetic dipole and electric monopole and
quadrupole moments with the electronic wave functions at the nucleus
have been extensively used to give information concerning the environ-
ment of nuclei in a wide variety of solids. Mdssbauer experiments and
experiments measuring gamma-ray (and beta-ray) angular correlations
have been of major importance in these studies in addition to experi-
ments involving nuclear magnetic resonance and the hyperfine interac-
tions visible in electron spin resonance. The majority of studies of this
kind have been made using radioactive or stable nuclear isotopes intro-
duced into solids during crystal growth or by thermal diffusion. Both the
Mossbauer effect and gamma-ray angular correlation can, however, be
studied using nuclei excited in nuclear reactions, such as Coulomb
excitation, (a,a’) inelastic scattering, and (a,p) reactions, and observed
almost immediately thereafter (on the very short time scale of nuclear
lifetimes). As a result of such a nuclear reaction, the nucleus will have
recoiled in the solid lattice generally coming to rest before, but only very
shortly before, the measurements are made.

The Mdssbauer and gamma-ray angular correlation techniques as well
as the resonance measurements can also be used to study the environ-
ment of nuclei implanted in solids using relatively high-energy (20 keV
to 2 MeV) ions from accelerators. Such nuclei may be either radioactive
or stable isotopes, and their environment may reflect, as in the case of
nuclei recoiling following a nuclear reaction, the position of a nucleus in
terms of the configuration of its near neighbors in the cascade of radia-
tion damage that the ion has itself created. This area of study is ripe for
active collaboration between solid-state and nuclear physicists. Two
aspects of it are treated briefly in the sections that follow.

151
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PERTURBED GAMMA-RAY ANGULAR CORRELATIONS

The probability for observing a gamma ray from an excited nuclear state
in general depends on the angle between the nuclear spin axis and the
direction of observation. If the nuclei emitting the gamma rays have
their nuclear spins randomly oriented in space (unoriented), there is no
preferred direction of emission, and the angular correlation is isotropic.
An anisotropic angular correlation can only be observed from excited
nuclei that are produced with some orientation of their spins. The study
of gamma angular correlations is an important method in nuclear spec-
troscopy. The spins of nuclear levels can be determined, as well as the
electromagnetic multipolarities involved in the various gamma transi-
tions. Our interest here is in perturbed angular correlations (Pac) for
gamma rays.

During the lifetime of an excited nuclear state, the nuclear spin orien-
tation may be altered because of interactions between the nuclear mag-
netic dipole moment x and extranuclear magnetic fields or between the
nuclear quadrupole moment Q and electric field gradients. The observed
angular correlation will be changed from that expected for the initial
nuclear orientation if the interactions are sufficiently strong to change the
nuclear orientation. PAC are, therefore, a measure of these interactions.

These electromagnetic interactions represent an interesting conjunc-
tion of nuclear and solid-state physics. With the aid of external fields and
an understanding of the extranuclear fields in solids, numerous measure-
ments of PAC have been performed to determine p and Q for excited
nuclear states. Likewise, the reverse is true, for if the nuclear properties
g, O, and the mean life » are known, PAC measurements become a tool
for studying extranuclear electromagnetic fields for various atomic or
solid-state environmeats.

Most of the previous PAC work has dealt with radioactive sources and
generally with sources not dynamically introduced (implanted) into a
solid. The present discussion of pac will, however, be limited to appli-
cations involving low-energy nuclear particle accelerators in a dual role.
First, the accelerated particles are used to induce nuclear reactions in a
target, populating an excited state in the residual nuclei with a definite
spin orientation. Second, the kinematics of the nuclear reaction cause
these excited nuclei to recoil into a solid-state environment that is to be
investigated. With low-energy accelerators or mass separators, the
single role of the accelerator can also be utilized, implanting radioactive
nuclei into a solid-state environment to be studied, but this case will not
be considered here.

The most recent review article on angular correlations including
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perturbations is by Frauenfelder and Steffen.! Articles by Devons and
Goldfarb? and Biedenharn® are additional extensive reviews of the gen-
eral subject of angular correlations. Heer and Hovey* have reviewed
angular correlation studies from the point of view of solid-state physics.
Proceedings from three recent conferences concerning PAC are also avail-
able.®" The area of nuclear-reaction techniques directed to spin orienta-
tion and gamma correlations is discussed by Litherland and Ferguson.®

INITIAL NUCLEAR SPIN ORIENTATION AND ITS PERTURBATION

In order to have experimental sensitivity to PAC, it is important that the
nuclear reaction produces as large an anisotropy as possible, that is, as
large a spin orientation as possible. In general, the fewer magnetic sub-
states |m| of an excited nuclear state that are populated, the stronger
the anisotropy of the gamma angular correlation. Litherland and Fergu-
son® have developed a technique which limits the magnetic substate
population for a nuclear reaction X(a,b)Y* by detecting the outgoing
particles b at either 0° or 180° relative to the incoming beam direction
of the bombarding particles a.

The (a,n) and (a,p) reactions, as examples for this technique, popu-
late only the magnetic substates |m|=4 for zero-spin targets, Sx=0,
since the alpha particle has S, =0 and the neutron and proton S,=#%. In-
elastic scattering (a,o’) on zero-spin targets limits |m|=0, while (p,p’)
limits |m|=0 and 1. This technique, of course, requires a coincidence of
the gamma rays with outgoing particles b detected on the beam axis, in
order to ensure axial symmetry. Since our interest is to recoil the
residual nuclei into different solid materials, it is better to detect the out-
going particles at 180° rather than 0° because of the larger recoil mo-
mentum of the residual nuclei. The beam energy can be adjusted some-
what to obtain the kinematic recoil that is needed to get the residual
nucleus out of the target and properly into the solid material to be
investigated.

Coulomb excitation is another reaction that can be used with this
technique. Since the reaction mechanism is electromagnetic in nature,
the angular correlations can be calculated even in cases where several
magnetic substates are populated.® Coulomb excitation with low-energy
accelerators is, however, applicable only to low-energy excited states be-
cause the Coulomb-excitation cross section decreases rapidly with ex-
citation energy. In fact, low-energy accelerators do not compete well in
this case with tandem Van de Graaffs from which 50-60-MeV oxygen
ions are easily obtainable.

A modification of this technique is to leave the outgoing particle b
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undetected and rely on the reation mechanism to limit the magnetic
substate population. Although usually the alignment and thus the
anisotropy in the angular correlations are smaller than with the 180°
geometry (and may be zero), it has the advantage that only a singles
measurement of the gamma rays is required instead of coincidences.

Another technique®° that has been used following accelerator excita-
tion of nuclei is to select an ensemble of oriented nuclei by detecting, at
some angle, cascade gamma rays populating the state of interest in coin-
cidence with the de-excitation gamma rays. Because triple coincidence
measurements are difficult, this gamma-gamma technique is usually per-
formed without detecting the outgoing particles. In this case, the align-
ment is usually not so large as in the 180° geometry, and thus the tech-
nique will not be emphasized. The advantages are that only gamma
detectors outside the reaction chamber are needed, and in some situations
thicker targets can be used.

During the lifetime of an excited nuclear state, interactions with elec-
tromagnetic ficlds may alter the initial nuclear alignment and, thus, per-
turb the angular correlation from what it would have been in a field-free
environment. In a semiclassical description, the torque from these inter-
actions causes a precession of the nuclei around some axis which changes
their spin orientation. In a quantum-mechanical description, these inter-
actions cause transitions between the magnetic substates as a function of
time which change the initial magnetic substate population. The result-
ing perturbation of the angular correlation provides information about
these interactions and in turn about the extranuclear fields which pro-
duced them.

EXPERIMENTAL TECHNIQUES IN PAC

To perform solid-state studies by measurements of PAC, it is important
to choose an excited nuclear state with properties that will show sensi-
tivity to the specific effect of interest. This choice may be limited to
isotopes of a certain atom because of an interest in a specific electron
configuration. Depending on whether the study is directed to magnetic
fields or electric field gradients, » or Q of the state should be large. It
should be remembered that states with J<1 have no quadrupole mo-
ments and states with J=0, no magnetic moments. The mean lifetime -
of the state is often important for the study of time-dependent solid-state
effects; + also determines the type of experimental technique to be used
for the Pac measurements. As discussed above, it is necessary that the
nuclear state be populated with significant spin orientation to give a
strong anisotropy in the gamma angular correlation. In addition, the
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kinematics of the nuclear reaction and the stopping power** of the target
must be consistent with recoiling the residual nucleus into the desired
solid-state environment.

There are two methods of observing Pac: time differential and time
integral. These require quite different experimental techniques. The
time-differential approach requires a measurement of the number of
gamma rays at a given angle as a function of the time delay between the
formation of the aligned state and its subsequent decay. It is basically
a time measurement with the gamma rays detected at one or perhaps
two angles. The time-integral method consists of detecting the number
of gamma rays decaying from the aligned state only as a function of
angle. This then is the experimental time integral of the PAC over the
nuclear lifetime.

For the time-differential measurements, it is necessary that the time
resolution of the experimental apparatus is small in comparison to the
perturbation times and to the mean life + of the nuclear state. With
present experimental limitations of 200-300 psec on nuclear time dif-
ference measurements, the time-differential method is only applicable for
nuclear states with r greater than about 1 nsec. (Details of nuclear tim-
ing have been recently reviewed by Schwarzschild and Warburton.??) In
the time-differential method, a timing signal which corresponds to the
formation of the aligned nuclear state is required together with a timing
signal from the gamma detector which marks the decay of a state at a
given angle. The time difference is measured in a TAC (time-to-
amplitude converter). The start time signal may be derived in several
ways. For the axially symmetric 180° geometry, the outgoing particles b
from the reaction X(a,b)Y* are usually detected in an annular solid-
state detector through which the incident beam passes. In the event that
the outgoing particles are to be undetected, a start signal can be ob-
tained by beam pulsing of the accelerator. Pulsing techniques have been
well developed for neutron time-of-flight measurements.!* For the
gamma-gamma cascade method, the start signals would come from the
first gamma ray.

The kinds of detectors and the associated electronics to be used de-
pend on the desired time resolution. For resolutions (FWHM) greater
than 10 nsec, Nal scintillators can be employed for the gamma detection
despite the 250 nsec decay time. The large photopeak efficiency of Nal
is important for energy resolution. A schematic diagram of the timing
apparatus is shown in Figure 46. Normal photomultiplier tubes and
electronics are adequate. Rise times of most silicon solid-state detectors
are sufficient in this case.

For time resolutions of less than 10 nsec, fast electronics becomes
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FIGURE 46. A schematic diagram of the timing apparatus used in time-differential
measurements where the lifetime r of the nuclear state is greater than about 10
nsec. For nuclear states with shorter lifetimes, fast electronics described in refer-
ence 14 is required.

necessary together with plastic scintillators and solid-state detectors with
1-2-nsec collection times. Plastic scintillators have improved timing
properties but have the disadvantage of almost no photopeak efficiency
and hence poor energy resolution because of their dependence on the
Compton process. The fast-slow coincidence technique has been dis-
cussed in detail.* The timing is done with the fast electronics, while slow
electronics is used to improve energy resolution,

A typical experimental geometry for time-differential measurements
is shown in Figure 47. The detectors must be positioned at distances
such that the angular resolution, as well as the time resolution, is suffi-
cient to resolve the time-dependent anisotropies of the perturbed correla-

90° DETECTOR

% 5

FIGURE 47. A typical experimental geometry for pac studies with an accelerator.
Detection of the outgoing particles at 180° in an annular solid-state detector pro-
duces, in general, strong anisotropic gamma-ray angular correlations.
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tion. The positioning of two gamma detectors 90° apart as shown in the
figure allows a convenient extraction of the precession frequency of the
nuclear alignment in a perturbing magnetic field. Data from a time-
differential measurement are shown in Figure 48.

The time-integral measurements are usually performed when the
perturbation times or lifetimes r are less than the time resolutions that
can be achieved in the time-differential method. The time-integral mea-
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FIGURE 48, Data from a time-differential measurement of pAc produced by a
static magnetic field. These results are for an excited state of *F in copper, which
was aligned by the *O(*He,p)™F reaction in the 180° geometry.® The modula-
tions on the decay curves correspond to a Larmor precession of the gamma-ray
correlation.
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surements have the disadvantage that the characteristic time dependence
of a given interaction is absent, so in the event that both electric and
magnetic interactions occur, it is difficult to separate their effects. In
general, the precision of this method is less than that of the time-differ-
ential method. The time-integral method has a powerful advantage in
that by varying » (by choice of suitably different nuclear states), tran-
sient effects down to a few psec can be observed. The experimental
geometry for time-integral measurements is similar to that in Figure 47,
except that either one gamma detector should move as a function of
angle or several gamma detectors should be positioned at various angles.
Nal detectors are usually used for the gamma rays. For static external
magnetic fields, as for example in ferromagnetic studies, the measure-
ments are often made with field up and field down rclative to the plane
defined by the gamma detectors, so that the sense of the rotation of the
angular correlation is reversed to double the observable effect. Data
from a time-integral measurement are shown in Figure 49. Measure-
ments in the 180° geometry require a coincidence between pulses from
the gamma detectors and those from the solid-state detector. The re-

COINC. COUNTS
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FIGURE 49, Data from a time-integral measurement of PAC produced by ferro-
magnetic hyperfine fields. The results were obtained with Coulomb excitation in
the 180° geometry.® The solid data points correspond to the angular correlation
with field up, while the open data points correspond to the angular correlation with
field down.
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solving time of the coincidence circuit must be larger than the lifetime of
the state to give the proper time integration. In the event that the out-
going particles are to remain undetected, the time-integral experiments
become very simple because they reduce to a singles measurement of
gamma rays as a function of angle. A single measurement allows one to
use Ge(Li) solid-state detectors for the gamma rays. The energy
resolution and the signal-to-background ratio are greatly improved for
these detectors as compared with Nal detectors. These two features give
one considerably greater choice in the nuclear states that can be used.

It is clear that the experimental measurement of PAC requires more
sophisticated experimental technique than in the solid-state applications
of accelerators discussed in earlier sections. In some situations, a rather
large amount of very fast and complex electronic gear is practically a
necessity.

SOLID-STATE PROBLEMS OF CURRENT INTEREST FOR PAC

The application of PAC to solid-state physics as indicated earlier is rather
straightforward. For a nuclear state of known properties, the observed
perturbations in various materials can be directly interpreted in terms of
the magnetic fields or electric field gradients of the solid-state environ-
ment. From a knowledge of such electromagnetic fields, one can pro-
ceed to a better understanding of the atomic structure that produces
them. There are a large number of solid-state problems to which pac
can provide information. We will indicate here a few of these.

PAC experiments with no magnetic interactions have been performed
to investigate electric field gradients of different materials for both single
crystals and polycrystals.® The case of fluorine in copper is particularly
simple. Copper has a cubic lattice so that electric field gradients should
be small at lattice sites. The relaxation of *°F alignment in Cu has been
observed!® to be very long (>750 nsec) indicating the weakness of the
perturbation effect and verifying the cubic symmetry of the *F site. The
PAC technique also allows studies of time-dependent quadrupole interac-
tions such as those arising from lattice vibratjons in solids or with liquids
of different viscosity.

PAC have recently been extensively used for the study of magnetic
fields in solids. Internal hyperfine fields have been examined for various
atoms in ferromagnetic materials. In addition to the theoretical interest
in these hyperfine fields, their precise values are important as a tool for
nuclear magnetic-moment studies. Time-integral measurements'¢ have
been made for a number of large-4 nuclei with considerable concentra-
tion on the rare-earth nuclei from 150 <A <190 where the low-lying
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collective levels have lifetimes ranging from a few psec to nsec. Most
of these measurements have been performed via Coulomb excitation
using high-energy oxygen beams from tandem accelerators. These mea-
surements revealed transient effects in Pac. In the time the recoiling
nuclei are slowing down, typically a fraction of a psec, the nuclei may
see high electric field gradients, or large magnetic fields due to certain
excited atomic states. Time-integral measurements in ferromagnetic
materials showed interactions occurring in a time less than S psec, which
were consistent with transient fields arising from the pickup of polarized
electrons.’

Recently, time-differential studies'® have attacked the same problem
of hyperfine fields at the nuclear site in ferromagnetic materials. Most
of these measurements were done with a pulsed beam and the **F(p,p’)
reaction using the 198-keV first excited state which has a lifetime of
=128 nsec. The results showed several nonequivalent Larmor preces-
sion frequencies indicating that the *°F recoil nuclei were stopping at
several nonequivalent locations having different magnetic fields. Theo-
retical calculations'® have been made regarding the ratio of recoils that
substitutionally find lattice sites, to those stopping at interstitial positions,
but there is only a limited understanding with regard to different atoms
recoiling in a given material. The above experiments'® show that a sig-
nificant fraction of *F atoms stop in interstitial positions. Mdssbauer
studies?* and several PAC experiments'® show for heavier nuclei that a
significant fraction of recoils find lattice sites. More experimental in-
formation is needed in this area. ,

The magnetic hyperfine fields produced at the nucleus due to sur-
rounding atomic electrons can be enormous for certain unpaired elec-
trons. Little experimental information is available concerning these
paramagnetic fields for random directions or with partial ordering as a
function of external magnetic fields. Goldring and Scharenberg have
observed large paramagnetic field contributions for rare-earth atoms.

. In the process of recoiling nuclei into solids, it is possible to cause
various excitations in the atomic electron shells; the excitations may be
paramagnetic.* It is known that the lifetimes of these atomic excitations
vary with the solid-state environment. In metals the lifetimes are of the
order of a psec, while in some insulators the lifetimes are as long as
seconds. These time-dependent paramagnetic effects can be studied with
time-differential PAC unless the atomic lifetimes are smaller than achiev-
able time resolutions, in which case time integral measurements for
nuclear states of small » would allow a lifetime determination of the
atomic excitation.

PAC can be applied to the study of magnetic fields in superconductors
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as, for example, penetration®> and quantized fluxoids.?* In the latter
study, time-differential PAC measurements were made as a function of
temperature using radioactive nuclei diffused into Type II supercon-
ducting niobium. The results were consistent with singly quantized
fluxoids predicted by theory, although the data were not sensitive enough
to distinguish a square or triangular lattice for the equilibrium fluxoid
configuration. In studies such as these, recoiled aligned nuclei, just as the
diffused radioactivity, become microscopic probes of the somewhat more
macroscopic magnetic phenomena.

Properties of excited electron states for free atoms can also be studied
with Pac following a nuclear reaction by recoiling the aligned residual
nuclei along with their atomic environment into a vacuum rather then into
a solid. The excited atomic states may be multiply ionized depending on
the atom and the available energy and will have different lifetimes and
different hyperfine magnetic fields. The resulting magnetic interaction at
the nucleus is thus time-dependent and random. Time-integral PAC
studies for different r can yield information on the average hyperfine
fields. A modification of such experiments is to vary the vacuum recoil
distance with a stopper like Cu which would maintain the remaining
nuclear alignment. The interaction times can then be varied for one
convenient lifetime ». Often for such interactions, the nuclear alignment
is relaxed in less than 10 psec.

Another approach to the study of hyperfine fields of free atoms has
been discussed by Goldring.?* The hyperfine fields are forced to change
direction after a given time interval by recoiling the aligned nuclei into
gas. The magnetic field at a nucleus changes in a collision, so that by
varying the gas pressure, and thereby the collision time, different Pac are
induced. For small collision times, the magnetic fields essentially aver-
age to zero, while for long intervals significant perturbations result.
Time-integral measurements of these PAC as a function of pressure yield
information on the magnitude of these hyperfine fields. In turn, the ex-
ceedingly high fields become a useful tool for measuring nuclear mag-
netic moments.

Range and range straggling for heavy recoil ions can be measured in a
straightforward manner using PAc.?* The stopping material of a given
thickness is sandwiched between a thin target and a ferromagnetic back-
ing. The forward recoil velocity for the 180° geometry can conveniently
be varied by changing the bombarding particle energy. The fraction of
recoil nuclei that reach the ferromagnetic backing will show strong Pac,
while the correlations of the nuclei that do not will be unaffected. As-
sumptions employed in stopping theory! have not all been experi-
mentally tested. OQutside of their intrinsic interest, these results are very
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important for the widely used Doppler shift-attenuation method of mea-
suring nuclear lifetimes.

In summary, PAC methods can be used as a microscopic probe of
electromagnetic fields. These methods have several advantages over
nuclear magnetic resonance techniques which, in general, are more pre-
cise. PAC measurements require a very small number of impurity atoms
and do not require the penetration of radio-frequency fields. Pac can
also be used in the study of transient effects which cannot be seen in NMR
experiments. As compared to PAC measurements with radioactive
sources, either diffused or implanted, nuclear reaction studies have the
advantage of large nuclear alignments and a greater selection in excited
states.

MOSSBAUER STUDIES

The Mo0ssbauer effect is another area like perturbed angular correlations
for which a strong interdependence exists between nuclear and solid-
state physics. Whereas PAC are an indirect manifestation of the inter-
actions between nuclear moments and the electromagnetic fields of the
environment, the Mossbauer effect directly observes the energy changes
in the magnetic substates resuiting from these interactions. These ener-
gies can be measured with small, variable Doppler shifts because of the
recoil-free gamma emission and resonant absorption of the Mossbauer
effect; they are related to the same interactions between the nuclear
magnetic-dipole moment and the extranuclear magnetic field and be-
tween the nuclear quadrupole moment and electric-field gradients that
are obtainable from pac. In addition, the Mdssbauer effect gives infor-
mation about the electron charge density surrounding the nucleus from
isomer shifts and about the lattice from the recoil-free fraction f.

A particle accelerator plays a slightly different role in the Mossbauer
studies than in PAc. The nuclear reaction excites a nuclear state and
recoils the excited residual nucleus into the solid material; however, no
particular spin orientation is required, at least for the majority of the
Méssbauer studies. One advantage of accelerator experiments is that
a larger choice of Mossbauer states can be excited than nature allows
for with radioactivity. A severe disadvantage is that the background
radiation always associated with accelerator beams makes the Mdssbauer
measurements very difficult. Alternatively, of course, a particle accelera-
tor used as a mass separator can be used to introduce radioactive Mss-
bauer nuclei into solid-state environments.

There are many good review articles and books on the Mossbauer
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effect.?® In addition, there are several review articles directly related to
Mossbauer studies with particle accelerators, namely, those by Walker
and Lee,?” Obenshain,?® and Kalvius et al.2® The first of these is aimed
only at low-energy Van de Graaff accelerators.

EXPERIMENTAL TECHNIQUES USING ACCELERATORS

The Mdssbauer effect has been observed following (d,p) and Coulomb-
excitation reactions. The great technical difficulty is to overcome the
background of bremsstrahlung and Compton-scattered gamma rays re-
sulting from the accelerated particle beam. This has been handled in
several ways. A coincidence with either an outgoing particle or a cascade
gamma ray following the reaction isolates the Mossbauer gamma ray
from background. For the *®Fe(d,p)'Fe reaction there is the con-
venient 122-keV gamma ray that decays to the 14.4-keV level. In
Coulomb-excitation Mdssbauer experiments, there is the inelastically
scattered particle which can be detected with an annular solid-state de-
tector in the 180° geometry. Such Mossbauer measurements generally
require long accelerator runs to achieve statistical accuracy at beam
levels and coincidence rates that are consistent with maximum detector
counting rates. Reduction in the background is thus quite important.

A technique®® that has been very successful in reducing background
is to recoil the excited nuclei through vacuum to a solid backing which is
beyond a shielded beam catcher. This also eliminates beam damage and
heating of the solid being studied. Beam-pulsing techniques®® have been
used with the **Fe(d,p) 5'Fe reaction where the beam is actually off dur-
ing the counting time.

The development®* of a resonant detector allows for considerable im-
provement in the signal-to-background ratio for *Fe studies. The
resonant detector is an electron measuring device which takes advantage
of the large conversion coefficient, a=9.7, of the Mdssbauer level. With
an 3"Fe enriched cathode, this detector is very sensitive to resonance
absorption because of the high probability for conversion-electron decay.
It can be made with a low efficiency for nonresonant gamma rays, thus
giving a large signal-to-background ratio.

LOW-ENERGY ACCELERATOR EXPERIMENTS

Mossbauer experiments can yield information regarding the magnetic
field, electric field gradients, and the electron charge density of the extra-
nuclear environment, as well as information about lattice excitations.
Here, only the types of Mossbauer experiments that are unique to
particle accelerators will be mentioned.
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Coulomb-excitation reactions®’-?® have expanded Mossbauer studies
to a number of levels that could not conveniently be used with radio-
active sources. Since Mdssbauer measurements are restricted to excited
states below about 150 keV, the Coulomb-excitation process has suffi-
cient cross section for exciting these levels with low-energy accelerators.
The low-lying collective levels of the deformed rare-earth region
150<A4 <190, as for example the Yb isotopes, are good candidates for
this purpose because of their large Coulomb-excitation cross sections.
These new Mossbauer levels allow the study of solid-state environments
with different nuclear properties, that is, with different magnetic and
quadrupole moments, lifetimes, and energies. Also, the atomic system
of the implanted ion can be varied. The studies may be extended to a
variety of host materials by the recoil technique, although the technique
is less flexible to use with low-energy accelerators than with tandem Van
de Graaffs.

The interesting problem of where the recoil ion stops can be investi-
gated with the Mossbauer effect following a nuclear reaction. The
electromagnetic fields are different for lattice sites and interstitial posi-
tions. It may thus be possible to measure the relative populations of
lattice sites and interstitial positions for different host materials with
several recoil ions. In addition, the time-dependence of these popula-
tions can be observed using M0ssbauer levels of different lifetimes or
using a time-differential measuring technique. A large fraction of im-
planted 3"Fe atoms following Coluomb excitation find lattice sites in iron
in a time less than the 100 nsec half-life of the 14.4-keV level.**

Electron and lattice excitations of the solid material induced by the
recoiling ion (radiation damage) can in principal be studied by the
Maossbauer effect. The flexibility of adjusting the recoil velocity and
range by changing the reaction kinematics may aid such studies.

In general, the Mdssbauer studies with accelerators yield information
that is similar to that from PAc studies. These Mossbauer measurements
are often more sensitive to the extranuclear environment but are also
more difficult to perform than the PAC measurements. If a particular
Mossbauer measurement can be made with radioactive sources, the
nuclear-reaction-induced measurements do not compete well because of
the background difficulties.
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CHAPTER 10

Research in Materials Analysis

Many interesting research opportunities exist for using smail accelera-
tors and nuclear techniques to analyze the elemental composition of
materials and to study various physical processes, particularly where
trace quantities of chemical elements must be measured. Research is
needed not only to discover new techniques and to measure and improve
the ultimate sensitivities of presently known techniques but also to deter-
mine, for specific problems, whether nuclear techniques have advantages
over other methods of analysis. The latter objective seems especially
promising in that it implies collaboration between disciplines. Other
chapters of this report attest to the fact that an interdisciplinary approach
to a problem has often proven most important not only for solving a
given problem but also for opening up entire new areas of research.

Analysis for constituent chemical elements with a small accelerator in
general consists of irradiating a given material with a beam of charged
nuclear particles or neutrons produced by the accelerator and detecting
the resulting characteristic gamma rays or charged particles. Except for
the case of small accelerators which are used for generating fast neutrons,
the accelerator beam should be magnetically analyzed so that only a
single species of nuclear particle is incident on the target. Emitted
radiations may be detected with scintillation or solid-state detectors, the
pulses from these detectors being analyzed with a multichannel pulse-
height analyzer. The spectrum of pulse heights so produced will be char-
acteristic of the nuclear reactions induced by the incident beam in the
constituent target elements.

An extensive published literature and many excellent texts exist in
the field of materials analysis. The reader may, however, find references
1-6 useful in that they emphasize areas of current research interest.

167
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It is convenient to divide the measurement techniques into two cate-
gories: activation analysis and analysis of prompt radiations. Of these
two, the analysis of prompt radiations is much less highly developed
and, therefore, a more promising area for research with small acceler-
ators. Even in activation analysis, however, much basic data are still
needed, and new applications to problems in other fields may confidently
be expected.

The use of charged nuclear-particle beams for analyzing materials
and for studying physical processes which occur at surfaces requires much
more thorough investigation. The richness of the techniques, perhaps
especially where prompt analysis of radiation is used, is such that col-
laboration between small accelerator groups and groups in other research
fields should be most rewarding.

ACTIVATION ANALYSIS

In this method, a stable element present in a sample is detected through
the radioactivity produced as a result of nuclear reactions between that
element and the irradiating beam. After irradiation, the sample con-
taining the activated elements is placed in a low-background detector
and the emitted radiations, usually gamma or beta rays, are measured.
The sensitivity of the measurement is such that it is most commonly
used for measuring elements which are present only in trace quantities.
The trace elements which are to be measured may be present in the
sample as extraneous impurities or they may be purposely introduced.
The latter situation occurs, for example, when stable isotopes are used as
tracers. This latter technique is important since it can be used in many
cases where the use of radioactive materials is precluded prior to analysis.

An important advantage of activation analysis is that it is often non-
destructive. It is true, however, that in many cases increased sensitivity
can be obtained through chemical separation of the specific element of
interest. Both the spectrum of gamma rays and the half-life for decay of
activity are characteristic of the radioactive isotope that has been pro-
duced. In certain cases, background can be reduced, and as a conse-
quence, very high sensitivity can be obtained by detecting the radiation
in a coincidence arrangement.

The type of radiation which is used for activation will depend on the
trace elements that are being measured and on the material in which
they are present. Most commonly, the sample to be analyzed is placed
in the high-intensity thermal neutron flux which is present in a nuclear
reactor. It is also possible, however, to produce a desired radioactivity
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by bombarding the sample with high-energy electrons, bremsstrahlung,
fast neutrons, or charged nuclear particles. Research in activation analy-
sis, with accelerators reaching energies of 6.0 MeV or less, is judged to
be most promising for charged nuclear-particle beams and to a lesser de-
gree for fast neutrons. Therefore, only these two types of irradiations
will be discussed in the present report.

FAST NEUTRON ACTIVATION

Activation analyses for some elements are more simply performed with
fast neutrons from a small accelerator source than with thermal or fast
neutrons from a nuclear reactor. A compact discussion of accelerator
neutron sources including operating characteristics, costs, and detection
sensitivities is given by Strain.” For the elements N, O, F, Al, Si, P, Cr,
Mn, Cu, Y, Mo, and Nb, the lower limits of detection, based on a
14-MeV neutron irradiation for 10 min or less at 10® neutrons/cm?/sec,
range from 40 to 400 pg. Fast neutron activation analysis has proven
particularly important for oxygen analysis and is used by many labora-
tories and testing facilities for routine and often large-scale automated
analyses for this element.®* A useful compilation of sensitivities and
gamma-ray spectra for 14-MeV neutron irradiations has been prepared
by Cuypers and Cuypers.® CAUTION: Since 14-MeV neutrons are pro-
duced through the T(d,n)*He reaction, a tritium target is required in
the accelerator. Tritium, however, is a radioactive gas with a 12-year
half-life and can be a health hazard if not handled properly. Adequate
provision must, therefore, be made for handling the targets safely and for
ensuring that no tritium escapes from its prescribed containers.

A number of interesting examples of fast neutron activation analyses
may be found in reference 1. While the choice between fast neutron
activation analysis and other methods must be carefully made for a
specific problem, it is clear that a small accelerator used as a neutron
source can provide an important tool for studying many problems in
materials preparation and characterization.

CHARGED-PARTICLE ACTIVATION

Interest in charged-particle activation analysis has increased in the past
few years to the point where conferences on this subject alone were held
in 1965 and 1967 in Grenoble, France, and Liége, Belgium, respec-
tively.2¢ Although Coulomb barrier effects on reaction cross sections,
and consequently on detection sensitivities, will limit small accelerators
to activation of the light elements, there are still many opportunities for
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research in this region. Some of the references and examples given here
include work performed at higher energies than can be achieved with
small accelerators. In many cases, the higher energies are needed in
order to achieve the highest possible detection sensitivity; the sensitivity
that may be achieved with a small accelerator may be quite adequate for
a particular problem of interest.

The bombarding particles of greatest interest are protons, deuterons,
and *He particles; for low-energy alpha particles on light nuclei, only the
19B(a,n) 3N reaction produces a useful radionuclide. An excellent dis-
cussion and a list of references for charged-particle activation analysis
has been given by Tilbury.? Much interest has centered on *He particles
since their advantages for activating the light elements were pointed out
by Markowitz and Mahony.? Other useful reports on *He activation
analysis may be found in references 10-14.

A major difference between nuclear charged particles and other radia-
tions used to produce radioactivation is that charged particles can pene-
trate only relatively short distances into matter. (A 2-MeV proton has
a range of just under 50 nxm in silicon.) While this short penetration pre-
vents bulk analysis of materials, it can be an important advantage for
the analysis of surfaces. The following examples illustrate some of the
ways in which charged-particle activation analysis can be used.

1. The oxide layers formed on P-type silicon during etching and
quenching and the oxidation rate of etched silicon on subsequent ex-
posure to oxygen have been measured using the **O(p,n)**F reaction;
after irradiation with protons, the radioactivity corresponding to **F was
measured. The oxidation rate as a function of time for the etched silicon
was measured by exposing the silicon to an atmosphere which was en-
riched to contain 20 percent of molecular **O. For a proton bombarding
energy of 4.2 MeV, the sensitivity of the method was such that oxide
layers as thin as 0.01 monolayer were measurable.**

2. The microscopic distribution of oxygen and carbon in metals has
been observed by bombardment of metallographically polished samples
with 6.5-MeV 3He ions and autoradiography of the activated areas.
Positional resolution of 13 um has been obtained in samples having bulk
carbon concentrations of about 250 ppm.*¢

3. Oxygen diffusion in beryllium has been studied by etching surface
layers away between irradiations and using the ®N radioactivity pro-
duced by the *0(d,a)**N reaction to measure the amount of oxygen in
a thin surface layer of the sample.**

4. The amount of carbon in silicon has been measured at the
5-10 ppm level using 3.0-MeV deuterons and the *2C(d,n)**N reaction.
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By etching successive surface layers away between irradiations as in the
previous example, it was found that sawing and lapping operations intro-
duced carbon into the samples down to depths of between 100 and
200 ym.*®

ANALYSIS OF PROMPT RADIATIONS

In this method, the target is irradiated with a beam from an accelerator
as in activation analysis, but the emitted radiations, which may be
charged particles, neutrons, or gamma rays, are detected instantaneously
after a reaction has occurred. Some measurements of this type have been
performed for neutron resonance capture and for fast neutron irradia-
tions, but the most interesting possibilities for small accelerators attend
to irradiations with charged nuclear particles. In principle, excellent
sensitivities and specificities can be achieved because of the variety of
available choices from which the optimum reaction can be selected. In
addition, with prompt analysis, advantage can be taken of the fact that
some nuclear reactions possess sharp energy resonances. Prompt analy-
sis of radiation also makes possible measurements in which a small beam
spot is scanned across the target.
A few of many examples that can be given are the following:

1. The use of charged particles from a 2-MV accelerator for surface
analyses has been studied; for both thick and thin targets, elastically
scattered protons and alpha particles, and protons from deuteron-
induced reactions, were found to be useful for both qualitative and
quantitative analyses of surface constituents.?®

2. Gamma rays from low-energy proton resonance reactions have
been used for the analysis of carbon, oxygen, boron, and fluorine in the
same sample. For fluorine, the 1373-keV resonance in the **F(p,ay)*O
reaction was used and a sensitivity of 10 parts per billion was easily
obtained.?® A considerable simplification of the gamma-ray spectra can
often be obtained by irradiating a sample at energies just above and just
below a resonance to the same integrated charge and then subtracting
one run from the other.?!

3. Beams of 100- to 200-um diameter have been used successfully for
the microexamination of surfaces. As a test, sandwich stacks of thin
foils of aluminum and copper were scanned end-on and reaction gamma
rays were measured.?

4. The ion transport mechanism in the growth of oxide films during
anodic oxidation of aluminum has been studied by using 20 as a stable
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tracer.?® The position of the *O and Al atoms was determined by mea-
surements near sharp resonances for the *O(p,a)**N and 2’Al(p,y)?*Si
nuclear reactions. Because the incident beam begins to lose energy as
soon as it enters the target, resonances can be used to measure the
amount of a given isotope as a function of depth below the surface of the
material, consistent, of course, with penetration range and effects due
to energy loss straggling. In further studies of the **O(p,a)**N reaction,
an ultimate sensitivity of 102 g of **0 has been estimated.?*

5. The 328(d,p)*S reaction has been used to measure the amount of
sulfur in a thin film on a copper—nickel alloy. A sulfur surface density
of 107 g/cm® was easily measured. Since the area bombarded was
0.5 mm?, the actual weight of sulfur needed for the test was 2 x 10-2° g.=*
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