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NOTICE: The project that is the subject of this report vas approved by 
the Governina Board of the National Research Council, whose members are 
drawn from the councils of the National Academy of Sciences, the 
National Academy of Enaineerina, and the Institute of Medicine. The 
members of the committee responsible for the report were chosen for 
their special competencies and with reaard for appropriate balance. 

This report has been reviewed by a aroup other than the authors 
according to procedures approved by the Report Review Committee 
consistina of members of the National Academy of Sciences, the National 
Academy of Engineerina, and the Institute of Medicine. 

The National Academy of Sciences is a private, nonprofit, 
self-perpetuatina society of distinauished scholars enaaaed in 
scientific and enaineerina research, dedicated to the furtherance of 
science and technology and to their use for the general welfare. Upon 
the authority of the charter aranted to it by the Conaress in 1863, the 
Academy has a mandate that requires it to advise the federal aovernment 
on scientific and technical matters. Dr. Prank Press is president of 
the National Academy of Sciences. 

The National Academy of Enaineering vas established in 1964, under 
the charter of the National Academy of Sciences, as a parallel 
organization of outstandina engineers. It is autonomous in its 
administration and in the responsibility for advisina the federal 
government. The National Academy of Engineerina also sponsors 
enaineerina proarams aimed at meeting national needs, encourages 
education and research, and recognizes the superior achievements of 
engineers. Dr. Robert H. Vbite is president of the National Academy of 
Engineering. 

The Institute of Medicine vas established in 1970 by the National 
Academy of Sciences to secure the services of eminent members of 
appropriate professions in the examination of policy matters pertainina 
to the health of the public. The Institute acts under the 
responsibility given to the National Academy of Sciences by its 
congressional charter t� be an advisor to the federal government and, 
upon its own initiative, to identify issues of medical care, research, 
and education. Dr. Samuel 0. Thier is president of the Institute of 
Medicine. 

The National Research Council vas oraanized by the National Academy 
of Sciences in 1916 to associate the broad c�ity of science and 
technoloay with the Academy's purposes of furtherina knovledae and 
advisina the federal aovernment. Punctionina in accordance with 
general policies deterained by the Academy, the Council has become the 
principal operatina aaency of both the National Acade.y of Sciences and 
the National Academy of Enaineering in providin& services to the 
aovernment, the public and the Institute of Medicine. Dr. Prank Press 
and Dr. Robert Vbite are chairman and vice chairman, respectively, of 
the National Research Council. 

This is a report of work supported by Contract No. DE-AC01-86Ea75241 
between the U.S. Department of Energy and the National Academy of 
Sciences. 
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PBEFACE 

Thia atudy waa undertaken in reaponae to a requeat to the Nat ional 
aeaearch Council ' •  !neray Enaineerina Board by the Office of !ner&Y 
aeaearch , u.s. Department of Eneray (DOE) to evaluate the contribution• 
of univeraity-baaed reaearch reactor• (Ulaa )  to reaearch and education 
in nuclear ac ience and enaineertna . 

DOE wanted the evaluation to cona ider the fact that univera itiea 
face tncreaa tna coata , decreaa tna enrollment• and reaearch tn nuclear 
ac ience and enaineerina proarama , ant ic ipated increaaea tn reaulat ion , 
and concern• about reactor aafety and aecurity . Indeed ,  aome 
univera it iea are aimply cloa ina the ir reactor facilitiea . Theae 
iaauea - -viewed in l iaht of national benefita - - are the focua of DOE ' •  
intereat . Specifically , DOE ia concerned with the futur• aupply of 
worker• for the nuclear- related profea a iona aa well aa with the 
importance of uaa reaearch to U . S .  tecbnoloaical atandin& worldwide . 

The !neray Enaineerina Board eatabl iahed the Comaittee on Univera ity 
aeaearch Reactor• to conduct the atudy , with the follovina taaka : 

o Review and evaluate exiat ina univera ity reaearch reactor• to 
deteratne their role in meetina the need• for education , 
tratnina , reaearch , and aervice tn relevant fielda of acience 
and enatneerina 

o Evaluate the apecific mandate• and intereata repreaented by 
acadeaic , aovernment , and induatry oraaniaatioaa with reapect to 
univera ity reaearch reactor• 

o Review and evaluate the uae and aupport of aimilar reactor• 
elaewbere , in Veatern Europe , for exaaple 

o Review aecurity and aafeguard iaauea tnvolvina univera ity 
reaearch reactor• 

o Evaluate the role of univera ity adainiatrationa and other 
entitiea in aupport of uaa proarama 

o IYaluate the role of the federal aovernment in aupport of uaa 
proaraaa 

vii 
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o Provide recommendat ions and/or options for federal and other 
support of univers ity research reactors . 

The above scope evolved from an initial study plan that included 
tasks on new nuclear fuels ( i . e . , low enriched uranium) and a review of 
reactors in Japan . The Committee emphas ized tasks that would 
art iculate the roles of the reactors and values to the user 
const ituency and to the national interest . For example , a study of the 
Japanese experience was judaed by the Committee to be of only minor 
relevance to the uaa context in the U . S . , while tasks on the federal 
role and support and on the role of univers ity administrat ions were 
added as be ina of vital concern to the future of URas . 

In pursuina these tasks , the Committee oraanized a workshop ( see 
Appendix A for the aaenda) held in February 1987 at the Lawrence 
Berkeley Laboratory . 

The Committee is arateful to members of the research reactor 
community who prepared presentat ions and attended the workshop ( see 
Appendix B for the names of panel partic ipants) . The information and 
views presented were of areat value . Additional workshop participants 
are l isted in Appendix C .  Ve apprec iate the input of all who attended . 

This study was sponsored by the Department of Eneray ' s  Office of 
Eneray Research . The interest and support of Dr . Antoinette Grayson 
Joseph , aichard E .  Stephens , Harry Youna , and �eith Brown are 
aratefully acknowledaed .  

The Committee thanks Dr . Stephen a&tt ien , Deputy Executive Director 
of the Commis s ion on Enaineer ina and Technical Systems , for his 
attendance at the workshop and his valuable suaaest ions in preparina 
this report . 

The Committee also thanks Archie L. Vood , Director of the Eneray 
Enatneerina Board , for his invaluable ins iahts and suaaestions ; Dennis 
Hiller , former Director of the Eneray Enaineerina Board , for init iat ion 
and overview of this study ; Dr . Jack V .  Baal , Technical Consultant , who 
ass isted in preparina this report ; and , particularly , aosena aicka for 
her help in oraaniz ina the workshop and other Committee meet inas and in 
preparina this report . Finally , we are espec ially arateful to Frederic 
March , whose t ireless efforts on behalf of the Chairman provided an 
extra diaens ion of staff support by the Eneray Enaineerina Board , and 
added materially to the qual ity of the report . 

viii 

David A. Shirley , Chairman 
Committee on Univers ity 

aesearch aeactors 
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EXECUTIVE SUMlWlY 

THE RATUU OF THE PaOBL!JI 

Over the paat two dacadea the number of nuclear reactor• uaad for 
reaaarch and education on univera ity campuaaa baa declined froa about 
7 6  to 40 . Moreover , while aoma univara itiaa continua to maintain and 
evan uparade the ir reactora , further reduction• are azpactad . The 
reaaona for thia include competition for l imited univara ity funda , poor 
external fundina proapacta , lack of arovth tn the nuclear power 
induatry , and , tn aoma caaea , prolonaad haarlnaa a�d l itiaation 
aaaociatad with l icanatna procaduraa .  In affect a vicioua circle baa 
developed tn which reduced aupport laada to lover faculty and atudant 
tntareat , which laada to under-utilization ,  which laada to lover 
motivat ion for continued aupport and ao on .  

I t  waa a premia• of thia atudy that aivan the tratnina , reaearch , 
manpower development and other naeda in the nuclear field , thia trend 
ahould not be permitted to ao too far . Policiaa that will limit 
cloauraa and ancouraaa modernization of a auatatn&bla aubaat of 
axiatina reactora , aufficiant in number• and typaa to meat national and 
academic naada for reaearch , education and aervice are clearly tn the 
nat ional lnteraat . 

To formulate auch policiaa , the Comaittae addraaaed the follovina 
quaationa : 

o What national tntereata ( aciantific , technical , medical and 
educational) are aervad by on-ca.pua reaearch reactora? 

o What acadeaic .. luaa derive froa univaraity reactora? 
o Ia  federal financial aupport nacaaaary or deairable to arreat 

current trenda and aaaure the retention of an adequate 
population of univera ity reaearch reactora? 

o What lavela and typea of federal aupport , if any , ahould be 
prcwided? 

o What auidance can be offered to un1vera1t1ea and to the federal 
aovarnment purauant to reaaonabla and prudent 11cena tna of 
univera ity reaearch reactora? 

1 
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2 

P&IRCIPAL PINDIRGS 

Purauant to the Rational Intaraat 

The national intaraata aarvad by univara ity raaaarch reactor• include : 

o development of hiah- tachnoloay application• in fialda auch •• 
material• aciancaa . fluid dynamica ,  and biomedical aciancaa . 
ua ina reactor• aa aourcaa of nautrona ; 

o raaaarch contributina to tha future of nuclaar power raactora . 
includina the aciantific baa ia for new concapta , for aafaguarda . 
and aafaty; and . 

o education of paraonnal needed to operata , maintain and tmprova 
reactor• and other facilitiaa aaaoc iatad with national dafanaa 
and nuclear power activitiaa . 

The co .. ittaa finda that the axiatlna population of univaraity 
raaaarch raactora . aa a whole . doaa not adequately fulfill thaaa 
national intaraata , particularly with raapact to the uaa of nautrona in 
the development of blah tachnoloay . Moreover , in aavaral tmportant 
raaaarch araaa the U . S .  ia not currently on a par with Europa and 
Japan . Daficianc iaa at U . S .  univara lty raaaarch reactor• . ata .. lna in 
part from inadequate financial aupport . include inadequate peripheral 
raaaarch equipment auch aa apactromatara . cold aourcaa , and 
radioaraphic equipment . The affacta of thaaa daflcianciaa would be 
reduced by batter accaaa for univaraity-baaad raaaarchara to major 
nat ional facillt iaa which are batter equipped .  But opportunitiaa for 
auch accaaa are nov inadequate . 

The Comaittaa ia concerned that a failure to correct thaaa 
daficianc laa . coupled with a continuation of the trend in reactor 
cloauraa . will aarva to widen an axlat ina aap of U . S .  neutron aclanca 
capabllitiaa . 

The co .. ittaa la alao concerned that future nat ional naada for 
nuclear anainaara and aciantiata trained in the neutron aciancaa may 
not be mat if the currant naaativa tranda cont iaua .  

However , aalactiva reduction in the number of univara ity raaaarch 
reactor• will not of ltaalf damaaa the nat ional intaraat . provided that 
a healthy cora of on- campua and off - campua raaaarch and educational 
reactor faclllt laa la retained . 

Purauant to Academic Valuaa 

The co .. ittaa f inda that on-campua raaaarch raactora contribute to 
academic valuaa throuah raaaarch and educat ion at the univara ity , and 
throuah aarvlca to off- campua uaar conatltuanciaa : 
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3 

lesearch : Univers ity research reactors are tha focus of 
multi- disc iplinary research with contributions to phys ics . 
chemistry . bioloay . medicine . apidamioloay . environmental ac iancaa . 
material ac iancaa . fluid mechanics . aaoloay . archaaoloay . 
palaontoloay . forens ic aciancaa . and other fields in addition to 
nuclear enainearina research and reactor phys ics . The thraa 
princ ipal reactor research techniques are neutron activation 
analys is . neutron acatterina . and neutron radioaraphy . The latter 
two are laraaly confined to reactors of one maaavatt and hiahar 
povar . laaaarch reactors in the United States constitute unique and 
essential research tools in several aspects : structural 
determinations of materials includina superconductors and 
bioloaicala . ultraaanaitiva analys is for traces  of elements .  
radioloaical display of phys ical phenomena . and introduct ion of 
radioisotopes for medical diaanoat ica and research (See Chapter 2). 

Educat ion :  On- campus reactors have been a traditional focus of 
educational proarama for nuclear enaineara . In addition . on-campua 
reactors are incraaa inaly uaad as laboratories by atudanta in the 
non-nuclear f ields listed above . Educational uses are made of even 
tha smallest fractional watt on - campus reactors . Benefic iaries 
include araduata and undararaduata students .  aa vall as nuclear 
povar plant operators . secondary schools and the aanaral publ ic 
throuah outreach proarama (Sea Chapter 3 ) . 

Seryice : Univers ity reactors . particularly those of one maaavatt 
and laraer . aarva a ranae of off - campus constituencies : the medical 
community . industrial oraanizationa . and aovarnmant aaanciaa . These 
cl ients usa irradiated materials .  materials analys is . trace element 
detection .  and radioaraphic analys is of obj ects and proceaaaa . ly 
providina such aarvicea . manaaara of univers ity research reactors 
establish beneficial links to off - campus users . azpoaa faculty and 
atudanta to commercial applications of the nuclear sc iences .  and 
earn revenues to help support reactor proarama (Sea Chapter 4) . 

The Comaittaa finds that U . S .  univers ity research reactor fac ilities 
must be uparaded and provided with modern equipment if they are to meat 
the ir intended obj ect ives and become vorld-claaa raaaarch and 
educational fac ilities . Reads include modern instrumentation . low 
temperatura irradiation facilities . cold neutron capabilities . modern 
spectrometers . radioaraphic equipment . incraaaad power and neutron 
fluz . and other enhancements . 

Univers ity adainiatratora . in vai&hina the future of on - ca.pua 
reactor proaraaa taka into account the follovina factors : 

academic benefits in terms of research . education . and service : 
costa of achiavina these benefits includina the coats of safety 
and safeguards . aa well as dealina with leaal actions and 
protests : 
the availabil ity of resources from federal and other sources to 
defray theaa coats; and 
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competition from other on- campus research facilit ies for limited 
financ ial and other resources . 

The academic benefits associated vlth univers ity research reactor 
proarams ara summarized above and ara discussed in detail in Chapters 
2,3, and 4. 

On- a lta reactors , clearly , enhance tha educational and research 
miss ions of a univers ity . Properly equipped and manaaad on- campua 
reactors offer unique advantaaea in terms of hands -on education and 
research ezparlanca in runnlna small scala azparimanta Which would not 
be practical at laraar off- campus reactors . Bovavar , it cannot ba 
concluded that avery on- campus research reactor is aaaantlal to thaaa 
miss ions . This depends on tha particulars of tha educational proaraa , 
and on tha tha natura of access to off- campua research reactors . 

Pursuant to Procedures for Safety and Safaguarda 

Tha Committee observes that tha safety and safeguard recorda of 
on- campua reactors have bean excellent . Ravarthalaaa , a arovlna 
concern for reactor safety , as vall •• tha potential for aabotaaa and 
for theft of nuclear materials ,  has lad the Nuclear aaaulatory 
Commiss ion to uparada tha requirements for tha protection of all 
reactors from tha laraaat 3500 Mv ( thermal) electric povar facilities , 
down to tha smallest univers ity reactor . The Committee does not taka 
issue vlth tha Commiss ion vlth respect to these concerns . Bovavar , 
tha Committee f inds that soma of tha procedures of the Nuclear 
aeaulatory Commiss ion associated with improvina safety and safeguards 
at univers ity reactors can result in coats out of proport ion to the 
improvements achieved . A particular concern is that ralicana ina 
procedures associated vlth reactor safety and safeguard uparadaa can in 
soma casas unnacaasarlly expose tha unlvara ltiaa to costly haartnaa and 
l itlaation . The Comaittaa is also concerned that axisttna rulaa and 
procedures for the l icana lna of univers ity research raactora have at 
t imes lent thamaalvaa to abuse by intervenor aroups Who uaa the 
opportunity to assart their laraer political oppos ition to nuclear 
power and dafanaa activities (Sea Chapter 6 ) . 

PliRCIPAL IECOHH!RDATIORS 

The federal aovarnmant , in partnership vlth tha univarsltiaa and tha 
nat ional laboratories , should deve lop and implement a nat ional research 
reactor strata17 , the elements of which should include : 

o deve lopment of univers ity and nat ional laboratory cantara of 
axcallanca in specific areas of the neutron sc iancaa and reactor 
tachnoloay for world- class research as vall as for education ; 

o ant ic ipat ion that as soma univers ity reactors are uparadad and a 
user ' s  network is created <••• be low) , others are l ikely to 
close; 

o mechanisms to assure that such closures do not ao so far as to 
damaa• tha nat ional interest related to research and educational 
capabilities in the nuclear sc iences and anainaarlna ; and 
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o davalopaant and support of a reactor network to provide enhanced 
ut ilization and productivity of U . S .  raaaarch raactora involving 
raaaarchara from univara it iaa with and without on- campua 
raactora , and from tha national laboratories . 

To implement tha above atratagy : 

o a a ingla federal agency ahould ba daa ignatad to administer 
prograaa in support of tha national raaaarch reactor programs : 
and , 

o tha federal government ahould craata a atanding adviaory 
atructura to adviaa on a continuing baa ia on all aapacta of thia 
program . 

In pursuit of thia atratagy tha radaral government should : 

o adopt tha goala of meeting U . S .  raaaarch reactor naada , and 
ragainina a poaition competitive with Europa and Japan in tha 
neutron-baaed aciancaa ;  

o atudy , 1n detail , tha approachaa of other advanced countriaa to 
oparatina raaaarch reactor natvorka auch aa that of linkina tha 
major facility at Cranobla with amallar reactor raaaarch cantara 
1n Europa ( aaa Chapter 5): 

o aatabliah and aupport auch a network , adapt�d to U . S .  naada ; 
o make up to $20 million available annually (aa a preliminary 

aatimata to ba modified aa improved data bacoaaa available) to 
univaraitiaa through tha daa ignatad federal agency , •pacifically 
for operational aupport and fac ility upgradaa of univara ity 
raaaarch and educational raactora ( aaa Chapter 7 ) ; and , 

o craata a pear raviaw aachaniam to aaa iat tha daa ignatad aaancy 
in makina aranta to univara it iaa . 

Tha Ruclaar &a,alatory Comaiaaion ahould azaaina ita currant 
approach to tha l icanatna and raaulation of univara ity raaaarch 
raactora 1n taraa of tha follovtna iaauaa : 

o tha aaall nuclear aatariala 1nvantoriaa and low power danaitiaa 
of univara ity raaaarch raactora , which raault 1n riak factora 
related to aafaty and aafaauarda cona idarably lover than 
ca.aercial power raactora <••• Chapter 6) ; and , 

o avoidina uanacaaaary azpoaura of aaall univara ity reactor 
oparatora to coatly hearing and litiaation procaduraa aa a 
condition for l icanaing upgradaa and tmprov .. anta . 

rinally ,  the RUclaar �a,alatory Co.aiaaioa ahould coaa idar aranta of 
technical and f inancial aaa iatanca to help univara ity reactor oparatora 
to comply with uparadad aafaty and aafaauard raquiraaanta ,  includina 
and cont1nu1na beyond tha currant program of aaa iatina with tha 
convara ion to low-enriched fuala . 
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INTBQQUCTIQR 

PURPOSE or THIS aEPOaT 

This report explores the role of nuclear research reactors at U . S .  
univers ities . These reactors have a history of aoae 30 years , 
beainnina with North Carolina State Univers ity whose reactor vent 
critical on September 5, 1953. The Committee is concerned with the 
role of the univers ity research reactors (Uias ) throuah the end of thia 
century and beyond . 

Oriainally established for education and research related to nuclear 
sc ience , tachnoloay . and radiochemistry , uaaa have s ince become a 
multi - disciplinary tool involvina phys ics , chemistry , bioloay . 
medic ine , materials sciences ,  and other fialda . They remain a vital 
component of research and education proarams at many univers ities . In 
particular , research on the properties of nuclei and their 
transformations continues to be an important part of attempta to 
understand our world , its past and its future . NUclear research will 
continue to have a profound affect on the development of science and 
technoloay . This report describes some of the research contributions 
to proar•• •  in several f ields . 

uaaa also play a role in aducatina people for nuclear -related 
careera in the power industry , nat ional dafanaa , research and 
education , as illustrated in this report . 

These 30 years have been a period of remarkable arovth in sc ience 
and tachnoloay . Univers ities , in their afforta to provide 
constituanciaa with currant state - of - the - art contribution& to research 
and education , constantly evaluate new opportunities and sat academic 
priorities . At the same t ime , proarams perceived to be of lass 
relat ive value to the univers ity are terminated . aaaearch reactor 
proarama tn particular have been adversely affected by these shifttna 
priorities . Substantial chana•• in patterns of federal fundina by the 
Department of IDaray and the National Sc ience foundation have been a 
maj or contributina factor . Soma further reduction tn the population of 
uaaa appears l ikely &ivan current c ircumstances and tranda . 

6 
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The Committee ia concerned that additional eroa ion of univera ity 
reactor proaraaa will reduce the nat ion'• reaearch and development 
capabil ity and output in aeveral important areaa of ac ience and 
technoloay. It aay alao adveraely affect the aupply of educated 
vorkera needed for a variety of eaaential acientific and enaineerina 
diaciplinea that benefit froa proaraaa at univera ity reactor centera . 

Accordinaly , thia report ia primarily addreaaed to the people vho 
aake decia iona affectlna the levela of future univera ity reactor 
proaraaa : univera ity adainiatratora , departaent heada , federal pol icy 
aakera , a tate and local policy aakera , thoae in induatry and aovernaent 
vho depend upon a aupply of nuclear- trained peraonnel , and thoae vho 
are concerned with the future of the aany ac iencea that benefic from 
the unique capabilitiea of nuclear-baaed technique• aa vall aa from the 
nuclear aciencea theaae lvea. 

The aajor thruat of thia report ia to illuatrate the acientific and 
aocial benefit• and contribution• aaaociated with vell-aanaaed and 
vall-funded univera ity reactor proaraaa. Chaptera 2 ,  3 ,  and 4 diacuaa 
contribution• of reaearch and educat ion on caapua and aervice to uaera 
outa ide the univera ity. The intent ia to help a dec ia ion aaker aaln a 
perapective and appreciation of the acientific , acadeaic , aocial , and 
technical valuea of uaa proaraaa . 

The report alao ezaainea the role of univera ity-like reactor• in 
Europe , where a product ive coamunity of reaearchera ia apparently 
aerved in an exeaplary aanner ( aee Chapter 5 ) . In, Chapter 6 ,  the 
Committee aaaeaaea the aecurity and aafeauerd needa at aaall reactor• 
in a univera ity aettina in order to help aain a perapective on the 
potential haaarda and relative riaka involved . The laat chapter 
diacuaaea the kind of commitaent and aupport needed if a a ignificant 
populat ion of uaaa ia to reaain productive . 

HISTORY 

Nearly 50 yeara have elapaed a ince the diacovery of nuclear fia a ion by 
Otto Hahn and lrita Straaaaann in 1938 . lour yeara later , in 1942 , 
Enrico rerai and hia co-vorkera deaoaatrated a aelf- auatalnina nuclear 
chain reaction under Staaa Stadiua at the Univeraity of Chicaao , 
thereby initiatina the nuclear reactor era . In the enauina yeara , 
nuclear reactora have affected our economic life ln aany vaya , throuah 
the direct product ion of eneray aa vall  aa throuah aecondary producta 
auch aa radioiaotopea and fiaa ionable aateriala . 

Aa the fiftieth anniveraary approachea ,  nuclear reactor facilitiea 
are eabedded ln the ailieu of a aature and aomevhat troubled field , 
beaet with aeveral unreaolved queationa . The benefita of uuclear power 
are vall-known , buc ao are the offaettina riaka . There ia no nat ional 
conaenaua on the future development of nuclear power, and no viable 
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procaaa ia in a iaht for davalopina a nat ional atrataay . Other nuclear 
iaauaa relata to the uaa and prol iferation of fiaa ionabla materials in 
vaapona. The mult iplicity of non-power and non-vaapona uaaa of nuclear 
aciancaa ,  of hi&h soc ial value , auch aa that contributed by uaaa ,  ia 
aanarally not vall  understood by the public and many policy makara. 
Public att itudes on all thinaa nuclear reflect aabivalanca , 
uncertainty , and concern. 

Aaainat thia backdrop , the Committee vaa charaad with avaluatina 
nuclear raaaarch reactors in the context of the U.S . univers ity. Thia 
charaa ia compl icated by at laaat three factors . Firat , the relation 
of a reactor facil ity to ita univers ity ia often multi-faceted , with 
educat ion , raaaarch , and aarvica distributed throuahout many academic 
diac iplinaa . Second , over the paat aavaral yaara , the principal role 
of uaaa haa ahiftad from bas ic reactor phya ica and nuclear anainaarina 
to mora appl ied raaaarch and tachnoloay in aavaral diaciplinaa . 
Further , public attitudes and concarna about nuclear raactora in the 
broader society often carry over to the univers ity. 

aaaaarch reactors at U . S. univara it iaa data froa the mid- 1950a. 
They vera the landmark facilities of independent nuclear raaaarch first 
permitted by the Atomic lnaray Act of 1954 . Thia law ended the federal 
monopoly on operation of nuclear fac ilities and ancouraaad both 
univara itiaa and induatry to baain davalopina peaceful uaaa of atomic 
anaray. The federal aovarnmant haa historically provided funds to 
st imulate univers ity raaaarch reactor proarama . Hora recently ,  federal 
support haa cona iatad ma inly of aupplyina fuel alamanta . 

The firat Ula at North Carolina State University baaan operat ions in 
1953. Within five yaara , many other univara itiaa had aoaa type of 
raaaarch reactor. They vera e ither reactors of s ignificant flux and 
povar for that era , intended aa aanaral purpoaa raaaarch toola for 
univers ity proarama , or smaller , low power reactors intended primarily 
aa taachina fac il it iaa for nuclear anainaarina . 

The nav discipl ine and curriculua of nuclear anainaarina had bean 
aanarally defined by what vaa ba ina tauaht at the Atoaic Enaray 
Commiaa ion'a two proaraaa of instruction in reactor acianca and 
tachnoloay : the Oak aidaa School of aaactor TachDoloay and the 
International School of IUclaar Sc ience and lnainaarina (ISRSI) at the 
Araonna Rational Laboratory . The fir at specification of nuclear 
anainaarina aa a major field of academic study vaa at Iowa State 
Univers ity in the early 1950a : aaain , many other univara itiaa followed 
auit within a ahort time .  

Selection of a particular reactor daa ign for univers ity uaa vaa 
influenced primarily by ita expected uaa and by a faculty ' s  faailiarity 
with the various reactor typaa. Hovavar , univara itiaa intaraatad in 
education and raaaarch tended to aalact the avt.mina pool reactor 
daa igna baaed on the bulk ahialdina raaaarch reactor at Oak aid&• · 
Univara itiaa intaraatad in a tool for instruction and trainina tended 
to aalact e ither modifications of the Araonaut reactor , developed at 
Araonna for instruct ional uaa by the ISNSI , or the ACR- 201 , a low 
povar , plast ic moderated , homoaanoua reactor daa ignad and built by 
Aaroj at Canaral Nucleonics . 
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Many other dea iana alao appeared ,  ranaing froa l iquid homogenoua 
reactor• all the vay up to atate - of - the - art reaearch reactor• auch aa 
CP-5, the choice of the Maaaachuaetta Inat itute of Technology (HIT) .  
When the TaiGA reactora , developed by GA Tecbnoloaiea Inc. , became 
available in the early 1960a, the ir unique pula ing capability and 
tmproved aafety aapecta vera ao attractive that many univera itiea 
ordered one init ially or avitched to a TaiGA. 

Aa noted , reactor select ion depended on expected uae. Some 
univera itiea aapired to the nat ional laboratory pattern in which the 
prtmary uae would be acientific reaearch, education , and advanced 
engineering teatina. Today, HIT vith an upgraded reactor, the Georaia 
Inat itute of Tecbnoloay . and the Univera ity of Hiaaouri at Coluabia all 
have hiah power (�5 Hv) reaearch reactor• that meet broad , 
mult i- diacipl inary reaearch and education needa. At the other eztreme , 
aeveral univera it iea acquired aaall reactor• primarily aa teaching 
fac ilitiea for nuclear enaineerina/nuclear acience curricula and for 
atudent expertmenta. AGNa and lov power (�100 kV) avlmaing pool 
reactora vera aelected. Many univera itiea aouaht a compromiae that 
would permit a ianificant reaearch uae without creating conflicta 
between reaearch and teaching . By and larae , theae inatitutiona today 
have moderate power (100 kV-1 Hv) TaiGA and avlmaina pool reactora . 

During the 19 60a , nuclear energy aa a whole . and univera ity nuclear 
enalneerlna/acience department& in particular . proapered .  Thia rapid 
growth ln univeraity reaearch reactor• and nuclear, education and 
training vaa a ianaled by the 1961 International Atoaic lneray Agency 
(IAEA) conference (IAEA. 1962) . aepreaented at thia conference vere 3 1  
countrie a  vith a total o f  2 5 0  operatina reaearch reactora. Of thia 
nuaber , about 30 reaearch reactor• vera operational at U.S . 
univeraitiea , and 16 more vera under conatruction .  Two early docuaenta 
of retroapective taportance are the proceeding• of the (U.S . )  
Univera ity aaactor Conference held in 1960 and a 1960 Nat ional Science 
foundation report . A more recent and equally a ianificant aympoaiua vaa 
held ln ·198 3  at which u.s., European , and Japaneae reaearch 
contribution• vera preaented (Barling , Clark, and von der Hardt , 1984 ) . 

The mood about nuclear reaearch and nuclear eneray in the 1960a vaa 
decidedly poaitive . IUclear reaearch , nuclear power , and nuclear 
education flouriahed and expanded rapidly . By 1970 , about 70 
univeraity reaearch reactor• vera operating . However , their work vaa 
changing . aeaearch prioritiea in the phya ical aciencea ,  particularly 
in fun�ntal nuclear phya ica at reaearch reactora , vera alao 
changing . RUclear engineering and development began to focua on 
applied cechDoloaical probleaa that could be addreaaed at apec ial 
purpoae reactor facilitiea at the nat ional laboratory centera . At thia 
ttae , aeveral aervice functiona of univera ity reactora came to the 
fore: irradiatioaa for iaotope product ion to be uaed in chemical and 
biological reaearch , irradiation• for neutron act ivation analya ia , 
provia ioa of neutroaa for radiography , aateriala reaearch , and neutron 
therapy, for example . Many univera ity program& began to ahift avay 
from the more tradit ional nuclear acience and engineering program& to a 
broad range of effort ua ing reactor-produced aateriala and radiation in 
other diac iplinea. 
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In the 1970s and 1980s, public support for nuclear eneray declined 
as the nuc lear power industry experienced economic and technical 
difficulties. This loss of support vas echoed by some univers ity 
administrators who beaan to question the educat ional effic iency of 
on- campus research reactors . The shifts in research priorities noted 
above are of cons iderable importance to the future of uaaa . Not all 
the univers ities vera able to chana• the ir reactor use , and not all 
reactors could shed the imaaea associated with a troublesome nuclear 
power industry and maintain institutional support ; the reactor •iaht 
not be able to support new types of work ; or the faculty were s imply 
not interested in .ovina into new areas of research . Additionally , 
enroll•ent in nuclear enaineerina proar .. s dropped. Durin& this 
period, many nuc lear science and enaineerina proar ... at univers ities 
vera st.ply abandoned or ••raed into other depart•ents .  Reactors were 
shut down and federal fundina for nuclear education and research 
reduced or withdrawn altoaether. 

UNDIUlSTANDINC THE PUSENT SITUATION 

In order to focus the Comaittee'a deliberat ions on the role of URaa in 
the present environment, the Comaittee held a three-day workshop at the 
Lawrence Berkeley Laboratory on February 2 - 4 ,  198 7 . It  vas dea iped to 
fac il itate broad input by the sc ientific community interested in uaaa. 
This aoal vas achieved throuah active participation of .ore than 70 
attendees fro• the United States and several foreian countries (see the 
appendices ) . Views and conclus ions expressed at the workshop provided 
valuable source material for the Co..ittee. Thouah the conclus ions and 
recomaendat ions presented here are the Comaittee'a own ,  they reflect 
the views of an infor.ed aea-ent of the science community. 

One hundred power reactors and 115 research , trainina , teat , and 
product ion reactors operate in the United States today. Within the 
latter aroup , 60 are research reactors , 40 of which are located at 36  
univers ity centers , 16 in federal laboratories , and 5 in industry . 
�ona the .ore powerful research reactors ( i.e . , 2 Mw or above ) , 7 are 
in universities , 7 in federal laboratories , and 1 in industry . Table 
1-1 lists the 40 URaa and their power levels . Table 1 - 2  l ists the 
location and power levels of the 16 federal laboratory research 
reactors , and Table 1 - 3  lists the 5 industrial research reactors . It 
1a noteworthy that , over the past decade , .ore than 20 URaa have been 
closed and decomaiaa ioned .  A list of uaaa known to have closed is 
provided on Table 1-4 . 

As Table 1-1 shows , uaaa in the United States are heteroaeneoua . 
They ranae in power level fro• a hiah of 10 Mw to below 1 v .  In 
addition , uaa •iaa ions vary from .oatly research for the hiaher power 
reactors to .oatly education/trainina for the smaller ones . uaaa also 
perfor. substant ial service roles , such as providin& isotopes and 
irradiat ina materials for research, •edical , and other uses . 

uaaa vary widely in inst itut ional aett ina . support structures , and 
cl ientele. Because of this divers ity , the Comaittee's charae vas 
organized under several general headings described in the following 
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Table 1-1 . aeaearch aeaccora at u. s. Uni.araitiea , Kay 1987 

DnianatiOD 

Miaaouri , Univera ity of (Columbia) MUla 

Georaia Inatitute of Tecbnoloay GTI& 

Maaaachuaetta Inatitute of HIT& - II 
Technoloay 

Michigan , Univera ity of rNa 

Rhode Ialand RUclear Science Center' &INSC 

New York , State Univeraity at SUNY 
Buffalo 

Virainia , Univera ity of UVAa 

Illinoia , Univera ity of UI -TaiCA 

Lovell , Univera ity of uta 

North Carolina State Univera ity PULSTAa 

Oregon State Univera ity OSTa 

Pennaylvania State Univera ity PSBR 

Tezaa A&K Univera ity NSCl 

Tezaa , Univeraity of (Auatin) UT-TaiCA 

Vaahinaton State Univera ity VSUR 

Viacona in ,  Univeraity of UVRI 

California , Univera ity of ( Irvine) UCI -TaiCA 

lanaaa State Univera ity ISU-TaiCA 

Maryland , Univera ity of 

Michigan State Univeraity MiSU-TaiCA 

aeed Colleae 

Poyer 
CMeaagtts) 

10 

5 

4.9 

2 

2 

2 

2 

1 . 5  

1 

1 

1 

1 

1 

1 

1 

1 

Cllloyatta) 

250 

250 

250 

250 

250 
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Tabla 1-1 . Research Reactors at U.S. Univers ities , Hay 1987 
(Cont inued) 

Missouri , University of (Rolla) 

Arizona , Univers ity of 

Cornall Univers ity 

florida , Univers ity of 

Utah , Univers ity of 

Vashinaton , Univers ity of 

Iowa State University 

Worcester Polytechnic Institute 

Ohio State University 

Purdue University 

Cornell University 

Oklahoma , Univers ity of 

Idaho State Univers ity 

Rev Mexico , Univers ity of 

Taus A&ll Univers ity 

Utah , University of 

Illinois , Univers ity of 

Manhattan College 

aensaalaer Polytechnic Institute 

SOU&CI : Burn , 198 3 , 1987 . 
1State operated . 

Das lmation 

1JHU. 

UA.-TI.ICA 

Cor U-TI.ICA 

una 

Utah-TI.ICA 

UWRB. 

ISU 

VPI 

os uu. 

PUI.- 1 

zn 

A.GB- 211P 

A.CR-20111 

A.CR- 20111 

A.CR-20111 

A.CR-201 

UI-LOI'IA 

MCZPI. 

UI 

Power 
(111oyattl) 

200 

100 

100 

100 

100 

100 

10 

10 

10 

1 

CVatts) 

100 

15 

5 

5 

5 

5 

1 

0 . 1 

Critical 
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Table 1- 2 .  aeaearch aeactora at u . s . Government Laboratories ,  Kay 
1987 

Dealanatlon 

Oak Ridae Rational Laboratory aria 

Brookhaven Rational Laboratory HrU 

Oak Rid&e Rat ional Laboratory• ou 

National Bureau of Standard& nsa 

Loa Al.aoa Rational Laboratory OWl. 

Brookhaven Rational Laboratory BHU 

Oak Ridge Rational Laboratory Bsa 

Oak Rid&• Rational Laboratory TSa II 

u.s. Ceoloaical Survey CSft 
(Denver , CO) 

k&ODDe Rat ional Laboratory JANU S 

Iclaho Rational BqlneerlD& crur 
Laboratory 

Veterana Adalniatrat ion TaiGA (VA) 
(OIIaha, D) 

Oak Rid&• Ratloaal Laboratory HPU 

O&k Udae ktloaal Laboratory PCA 

Iclaho ktioaal BnalneerlD& AID 
Laboratory 

kgODDe Rational Laboratory zrn 
Vest 

lsmK 
(Jieaagtta) 

100 

60 

30 

20 

8 

3 

2 

1 

1 

llCiloyatta) 

200 

100 

18 

10 

10 

10 

2 

SORCE: Burn, 198 3 , 198 7: for Argonne ,  Argonne Rat ional Laboratory ,  
1986 . 
aCurrently shut down .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

U n i v e r s i t y  R e s e a r c h  R e a c t o r s  i n  t h e  U n i t e d  S t a t e s :   T h e i r  R o l e  a n d  V a l u e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 3 1

http://www.nap.edu/catalog.php?record_id=19131
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Table 1-3 . Research Reactors at U . S .  Industrial Centers , May , 1987 

C int ichea , Inc. 
(Hoffaan- LaRoche) ,  Tuxedo , NY 

GA Technologies Inc. 
San Diego , CA 

GA Technologies Inc. 
San Diego , CA 

Aerotest Operations , Inc . 
San 1laaon . CA 

General Electric Coapany 
Pleasanton. CA 

SOURCE : Burn , 1983 , 1987 . 

Deslmatlon 

UNCR 

GA TaiGA F 

GA TaiGA I 

l2!!n 
(Megawatts) 

5 

1.5 

<XUovatts> 

250 

250 

100 
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Tabla 1- 4 UDivera ity Reactor Shutdown• Reported By the American 
Nuclear Soc iety to 1983 

CALIFOUIA POLYTECHNIC STATE UNIVDSITY 
Aeroj at General Nucleonic• Reactor (AGN-201- 100) 

COLORADO STATE UNIVDSITY 
Aeroj et General Nucleonic• Reactor (AGN- 201- 109) 

ILLINOIS INSTITUTE or TECHNOLOGY RESEARCH INSTITUTE 
Armour Raaearch Reactor (Aaa(L- 54) ) 

RORTB CAI.OLINA STAT! UNIVDSITY 
North Carolina State Collaaa Reactor 1 (NCSCR- 1) 
North Carolina State Collage Reactor 2 (NCSCR-2)  
North Carolina State Collaae Reactor 4 (NCSCR-4) 

North Carolina State Univera ity aaaaarch aaactor (a- 63)  

OREGON STATE UNIVDSITY 
Aaroj at General Ruclaonica aaactor (AGR-201- 114) 

POLYTECHNIC INSTITUTE or NEW YORK 
Aeroj at General Nucleonic• aaactor ( AGN-20tl- 105) 

PUDTO aiCO NUCLEAI. CIRTD 
Puerto aico L- 77 aaactor ( 1- 77) 

Puerto aico Ruclaar Center TaiGA Flip aaactor ( TaiGA) 

aiCI UNIVDSITY 
Aeroj at General Ruclaonica aaactor ( AGR-211- 101) 

STANP'OllD UNIVDSITY 
Stanford Pool aaactor (SPa) 

UNIVDSITY or AD.OR 
Aaroj at General Nucleonic• aeactor (AGR-201- 104) 

UNIVDSITY OF CHICAGO 
Chicago Pile (Cl- 1) 

UNIVDSITY OF DILAVAU 
Aeroj et General Nucleonic• aeactor (AGR-201- 113) 

UNIVDSITY OF ILLIROIS 
Univeraity of Illinola TaiGA Mark I (UI - TaiGA- B I) 

UNIVDSITY or VYOHIRG 
Univara ity of Wyoming L- 77 Reactor (L- 77) 
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Table 1- 4 Univers ity aeactor Shutdovna aeported By the American 
Nuclear Soc iety to 1983 (Cont inued) 

VEST VIaGINIA URIVIISITY 
Aeroj et General Nucleonic& aeactor (AGR-211- 103) 

ADDITIONAL CLQSURIS JIPQITID TO TBI COMKITIII 

Briaham Youna Univers ity 
Catholic Univera ity 
Coluabia Univers ity 
Northwestern 

Stanford 
UCLA 
Berka ley 
VPI 

Univers ity of Oklahoma 
Univeraity of X&naaa 
Univeraity of Utah 

souac1: aeaearch , Trainina , Teat and Product ion aeactor Directory 
American Nuclear Society , 1983 . 
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section . This aroupina is ne ither unique nor free of ambipity , but it 
worked for the workshop , in the Committee deliberations , and iD the 
oraaniaation of this report . 

DBFININC THE ISSUES 

leaearch, education, and aeryice in the univers ity aettiD& are the 
three central miaaiona of the univers ity-baaed reactor . (They are the 
aubj ecta , respectively , of Chapters 2 ,  3 ,  and 4) . The issue that takes 
precedence ia : 

o Do univeraity reaearch reactora serve the nat ional interest nov 
and iD the future in u.s. science and technology? 

Underlytna thia question ia the widespread perception that reactor 
research , teachiD& , and service have drastically chaftaed in the two to 
three decades atnce moat university reactor• were commiaaioned . 
Moreover , there ia a trend in related acientific fielda toward 
consolidation around a few lara• central facilit iea .  The question can 
be answered satisfactorily by documentatina the reaeercb. edpcatiqnal , 
and aeryice activitiea at uaa centers and by evaluatina the ir 
sc ientific and academic valuea ,  aa followa . 

leaearch (aee Chapter 2) 

leaearch ia the central activity and the moat atudied by thia 
Committee . 

o Which tnatitutiona , federal proaraaa, and scientific diac iplinea 
benefit froa university reactora? 

o Doea the present relationship of university research reactor• to 
their acientific euviroaaent ( i.e • •  uaera , aponaora , and 
natioaal facilities) aaaure the United States a competitive 
position in reactor -baaed research? 

Education <••• Chapter 3) 

At iaaue here ia the future of nuclear enaineertna and acience 
education . The queat ioaa of concern to this Committee include : 

o What are the educational roles of the various claaaea of 
uni98ra ity reactors? 

o Are the university reaearch reactor• beiDa used , and networked , 
effecti98ly to serve che needs of all their conatituenciea? 

o Ia the university c.-pus the moat effecti98 location for 
effectina reactor- related education and tratnin&f 
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Service ( see Chapter 4) 

Concomitant with the privilege of operat ing a research reactor is the 
respons ibil ity to ass ist a range of worthy and needful c lients for whom 
the reactor , viewed as a locally unique fac il ity , provides special 
opportunities . �ey issues here include : 

o What is the nature of the services rendered? 
o Who are the cl ients?  
o What is the value of these services to the cl ients and to the 

univers ity? 
o Is service essent ial in medic ine , industry , or elsewhere ? If 

so , where ? 

Fore ign aeactor Experience ( see Chapter 5)  

Univers ity class research reactors are operated in many countries . In 
Vestern Europe , research reactors are located at univers ities and 
research institutes as well as at large nat ional and multinational 
facilities . Questions of interest include : 

o What are the roles of research reactors at the various 
fac ilities in the overall Vestern European nuclear sc ience and 
technology program? 

o Hov is the research reactor program organized and adainistered 
to carry out its miss ion? 

o Is  the support available to reactor centers adequate to carry 
out the ir respect ive miss ions ? 

o Are the programs effective , and can the United States benefit 
from the Vestern European approach? 

Safeguards and Security ( see Chapter 6) 

To some degree , uaas share some of the hazarda 
general . However , uaaa differ from commercial 
important respects :  both the fiss ile material 
thermal power level are cons iderably smaller . 
are : 

of nuclear reactors in 
power reactora in two 
inventory and the 
The princ ipal quest ions 

o What are the real hazards associated with univers ity facil ities?  
o What are the appropriate levels of safeguard• and security for 

univers ity research reactors ? 
o Hov can uaer access  and flexibil ity be preserved while 

ma intaining adequate safeguards and security control of 
material , acceas , and operat ing discipline? 

Inst itutional and Federal Support ( see Chapter 7) 

The Committee examined the patterns of financial support at the 
univers ity centers . The key quest ions are : 
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o Vbat is the proper role of the federal government in supporting 
the uae of univers ity research reactors via -a-via other sources 
of support ? 

o Of what importance are uaa programs ? 
o Is  there national recognition of the importance of univers ity 

reactor programs ? 
o Vhat are the factors that work for and against on- campua 

inst itut ional support? 

These and other questions serve to define the issues the Comaittee 
studied through the workshop and ita own deliberat iona . The following 
chapters describe what is important to those concerned with the future 
of univers ity research reactors . 
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tHE SPECTIQM OF IES!AICH AT UBIVJISITJ REACTORS 

INTRODUCTION 

The Nature of the Research 

The vide spectrua of research conducted at univers ity research reactors 
(UI&s )  enables unique contributions to be made to science and 
technoloay ln phys ics , chemistry ,  b loloay , medicine , aeoloay , 
environmental sc iences ,  archeoloay , and forens ic studies as well as 1D 
nuclear and reactor enatneertna . It ls important to note that Ul& 
proarams nov extend well beyond the nuclear enalneertna dlac lpllne for 
which many were ortalnally conce ived . 

In this chapter , each maj or area of research carrled · out at Ul&a ls 
reviewed . First , three bas te reactor methods or tools are described 
and the ranae of applied research indicated . These methods are : 

o Neutron activat ion analys is (NAA) , an analytical chemical 
ldentiflcatlon technique of extremely broad appl lcablllty 

o Neutron scattertna , an important technique 1D condensed matter 
and materials sc iences that also has s tanlflcant applicat ions ln 
bloloatcal research 

o Neutron radtoaraphy , a procedure ln which neutron beams are used 
to probe the internal constituents of otherwise opaque 
structures . 

Second , three specific applied research areas us tna one or more of 
the three bas te tools are described . They are : 

o Bloaedlcal uses , dlaanostlc and therapeutic appl ications 
o Materials research , lnvolvlna neutron irradiation of materials 
o Nuclear reactor enatneertna and reactor phys ics , includin& 

future nuclear power safety and efflc lency . 

Each of these areas offers potent ial science and technoloay 
contribut ions to society 1D many ways . riaure 2 - 1  ls a dtaaraa of some 
of these diverse research toplca . 

20 
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Organizat ion of  This Chapter 

This chapter is organized into s iz maj or subchaptera , covering each 
topic indicated above . The intent in each case to illustrate the range 
of research endeavors ,  and to show , where appropriate , the academic and 
other values of the research . Each subchapter begins with a 
" Descript ion" and ends with " Conclus ions " ,  in which the Committee ' s  
views of the importance of the research is stated . These subchapter• 
are necessarily expos itory and technically detailed . For this reason , 
two addit ional subchapter• precede the s ix ezpoa itory subchapters : 

o Summary descript ion of uaa aesearch 
o Conclus ions of aeview of uaa aesearch 

The "Summary Descript ion" provides a very short synops is of the 
major features of each research area . The "conclus ions " of the 
Committee ' s  review of the research areas are then given . 

The reader may wish to first read these sections , and then move on 
to Chapters 3- 7 ,  returning to the main body of Chapter 2 for more 
detailed study . 

The Nature of the aeactora 

Operating research reactors are l isted in Table 1 - 1  As ment ioned in 
Chapter 1 ,  reactor characteris t ics and power levels vary widely . The 
power leve l , other des ign features ,  and instrumentation determine what 
research is feas ible . For example , neutron scattering research 
requires intense beams of neutrons and consequently can be pursued at 
only the moat powerful reactor sources . Neutron act ivat ion analys is , 
on the other hand , can be done with less power . 

Other des ign features determine research capabilit ies . Crit ical 
queationa include : 

o Can radiat ion beams of suitable s ize originating at suitable 
internal pos it ions be brought through the necessary shielding 
for radiographic , scattering , and medical exposure atudieaf 

o Are suitable internal fac il ities for transferring and 
irradiating samples available for neutron act ivation or 
radiat ion effects studies ?  

o Can the reactor be operated in a pulsed mode for real - t tme 
studies or other pulsed power research? 

o Is  there flexibility available in the insertion of fac ilities 
within the reactor or in the arrangement of components ,  
diagnostics , and instrumentat ion outs ide the reactor? 
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The uaa aeaearch Community and Ita &elation to National 
aeactor Laboratories 

aesearch uses of uaaa are determined by the interests of faculty and 
other researchers , includina sc ient ists of many disc iplines whose work 
is enhanced by nuclear science s tudies . Interaction between sc ientists 
and technoloay specialists across a broad spectrua is characteristic of 
the univers ity community , and the resulting collaborative research is 
pos s ibly the moat important aspect of the univers ity environment . 

The research pursued at uaaa complements that performed at the 
higher power research reactors and neutron sources at the national 
laboratories : Brookhaven , Oak &idge , Argonne , Loa Ala.oa , Idaho , and 
the National Bureau of Standards . While these laboratories are 
dominant in neutron radiat ion , uaaa make maj or contribut ions in 
selected areas ( e . g . , neutron act ivation analys is , interferoaetry , 
neutron radiography) . Addit ionally , many new techniques and 
instruments developed at UIRa have been incorporated into national 
laboratory programs . 

aesearch programs at national laboratory high power reactors 
naturally reflect the priorities of the res ident research staff and 
exploit the unique characteristics of each reactor . Though national 
reactor act ivit ies are mainly dictated by res ident researchers , many 
univers ity sc ientists draw upon the national laboratories ' special 
fac ilities in collaborative work and are strongly encouraged by the 
nat ional centers to do so . 

Enhanced networking of research at Ulaa with the national high power 
reactors will increase research product ivity . For example , a research 
program developed initially at a uaa is then carried to the national 
laboratory for more complete execution . A univers ity scientist 
studying the phys ical or chemical properties of a new material with 
non- reactor tools may complement the investigation with a determination 
of ita phonon apectrua or state of aggregation at a uaa of sufficient 
capability or a national laboratory reactor . Chapter 5 reviews the 
European research reactor network , in which work at small reactors is 
effectively l inked to work at the world class Inatitut Laue -Lanaevin 
( ILL) reactor at Crenoble , France . uaa researchers in the United 
States do not enjoy this kind of aharina . 

Prel t.inary plana are under development at the Oak &idge Nat ional 
Laboratory and the Idaho National Engineerina Laboratory for 
construction of a new super-reactor , the advanced neutron source (ANS ) ; 
at a coat of several hundred million dollars . It will supply neutron 
beams of unprecedented intens ity . It will be a new national facility 
serving the needs of a large community of scientists throughout the 
country , and univers ity scientists are participating in the planning . 
This s ituation represents an excellent opportunity for plannina an 
enhanced network of reactor research to include uaa researchers 
explicitly .  Developaent of the ANS will produce aaxt.ua national 
benefits only by fully ua ina all of the nation ' s  research talent . 
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SUlOWlY DESCI.IPTION or 'OU. I.ESEAI.Cll 

To anyone not trained ln bas ic nuclear sc iences , the spectrua of 
research carried out on nuclear reactors seema arcane and remote froa 
our ordinary economic and social concerns . Indeed , this work ia highly 
technical and the vocabulary is highly specialized . 'OU. reaearch ls at 
the same time extremely practical , and ita results have great economic 
and soc ial value through appl ications to industrial processes , quality 
control , new materials , medical diagnostics and therapy , environmental 
management , and other fields . These are in addit ion to the ir 
tradit ional contribut ions to nuclear engineering and reactor phys ics 
for power generation and defense technologies . 

The topics that follow illustrate the maj or areas of 'OU. research , 
emphas iz ing its interdiscipl inary nature and appl icat ion• to industry , 
medicine , and government . The first three , "Neutron Activat ion 
Analys la , "  "Neutron Scattering , "  and "Neutron l.adiography , "  describe 
the fundamental reactor techniques used in chemistry , biology , 
medic ine , phys ics , geology , and other fields . 

"Biomedical Uses of l.esearch l.eactors " illuatratea how a s ingle 
field of research uaes the above -mentioned reactor investigation 
techniques . "Materials l.esearch Us ing Neutron Irradiation" providea 
another llluatrat lon of how reactor-based research helps induatry .  
"Nuclear l.eactor Engineering and l.eactor Phys lca " descrl�es continulng 
applied research to improve the effic iency and aafety of nuclear power 
plants . 

Neutron Activat ion Analys la 

Neutron act ivat ion analys la (NAA) is a particularly productive 
technique that is a vital research tool . It  haa made poss ible the 
rapid and economic accumulation of the lara• aaounta of data needed for 
analyses in many dlaclpl inea , and haa been esaentlal to many t.portant 
sc ient ific advancea ln the last 10 - 15 yeara . 

In NAA a sample ia irradiated vlthln the reactor , result ing in 
activation of its conatituent elementa . Upon re.avina the aample , the 
reaearcher can analyze the gamma ray spectrua to ident ify the preaence 
of elementa at exceedingly low levela . 

NAA haa aade t.portant contrlbutlona to aedlclne , bloloay , 
archeoloay , envlronaental studies , forens ic aclence , geology , 
paleontoloay , and other fielda . It functiona well at small reactora . 
The multl-dlacipllnary setting of a univera ity makea NAA a particularly 
attract ive area for reaearch in these fielda . 

Neutron Scattering 

Neutron scattering ia a baalc research technique that e�loya directed 
neutron beama to inveat igate the unique interaction characteristic• of 
neutrona with many kinda of matter . By obaervina the chana•• in the 
direct ion and energy of neutrons as they exit or scatter fraa the 
impact material , neutron scattering providea valuable lnforaat ion on 
the fundamental structural properties of condenaed matter such aa 
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chemical compounds , b iological materials , polymers , and superconductor 
and semiconductor materials . Such structural information leads to new 
approaches for synthe s iz ing new materials with advanced technological 
appl ications . 

Neutron scattering can be used most effectively only at the larger 
uaaa - - 2 Hv and higher . Neutron scattering research at European 
fac ilit ies is apparently more product ive than at U . S .  reactors , in part 
because of the superior collaborat ion between small and large reactor 
research fac ilities . 

Neutron ladiography 

Neutron radiography techniques ua in' reactors provide an important 
research tool for examining the internal structure of an assembly , 
obj ect , or organism . All radiations , including vis ible l ight , z-raya , 
gamma rays , and energetic part icles such as neutrons , are attenuated by 
pass ing through material . The effects of attenuation can be displayed 
and measured . ladiography techniques baaed on the effects of 
attenuat ion have been eztended to a degree of sens itivity and 
resolution and are increas ingly important in visualizing phys ical , 
chemical ,  and biological phenomena . Neutron radiography is baaed on 
us ing reactor neutron beams whose attenuation reveals the presence of 
hydrogen and hydrogen compounds , enabl ing researchers to examine 
hydrocarbon& , many organic substances , and almost all other types of 
hydrogenic compounds . Such compounds are typically almoat completely 
transparent to X-raya . It can be used at small Ulaa , but the range of 
useful measurements increases with neutron fluz and power . 

This growing f ield of research has important pract ical application& 
in engineering and applied science . Ulaa , becauae of the univers ity ' s 
multi - disciplinary setting and the flezibil ity in ezperimental 
configuration& , have a clear advantage and can make further important 
contributions in this field . For ezample , univers ity researchers have 
developed video tecbniquea for neutron radiography in which real time 
examination of biological and fluid flow proceaaea can be examined in 
great detail . 

Nuclear maanetic resonance is another technique used to detect the 
presence of hydrogen in materials and to determine ita locat ion and the 
nature of ita bindtna to co.pounda . For medical purposes , t.agtna and 
spectroscopy of hy4roa•n in vivo in patients and in spec imens are an 
increaainaly important technology . Due to the requirements of the 
intense .. anat ic field assoc iated with magnetic resonance as vall as to 
other geoaetrical constraints , and nuclear maanetic resonance has not 
been as ca.petitive as neutron radiography with nuclear reactors for 
moat applications . 

The uae of neutron radiographic techniques at Ulaa haa led to .. ny 
important and useful applications . Dependina upon equipment 
availability , uaaa will continue to play a direct and vital role in 
developtna radioaraphic methods and techniques . 
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Biomedical Appl ications 

Biomedical research ua in& Ul&s has involved the collaboration of 
nuclear phys ic ists with medical scientists in many successful efforts 
to ident ify and treat soc iety ' s  s ianificant health problema . Thouah 
the most  wide ly applied nuclear medic ine procedures use radioactive 
tracers for diaanos ina diseases and monitorina treatment , radionucl idea 
produced by reactors are also important in therapy and research . The 
development of new radionuc l idea , inc ludina radiopharmaceutical• , is an 
important research area involvina Ul&a .  

Univers ity reactors , thouah small , are used collaborat ively with 
medical research faculties  on and off campus . Nearly all 
reactor-produced biomedical radionucl idea have oriainated with 
univers ity faculty who collaborated with univers ity or aovernment 
reactor staff . This arranaement has been a powerful factor in much of 
the development of new and innovat ive procedures in nuclear medicine . 
Ul&a provide a flexible , informal workina atmosphere in which medical 
researchers can collaborate with phys icists creat ively .  Moreover , the 
syneraiam between uaa centers and medical schools and the ir assoc iated 
teachina hospitals contributes to the trainina of students and 
researchers . 

Materials aeaearch Ua in& Neutron Irradiation 

Interact ion between materials and the neutron fluz can alter the 
electrical , mechanical , chemical ,  opt ical , and maanet ic properties of 
the material itself . These alterat ions allow researchers to alter 
materials selectively to achieve special effects and propert ies useful 
in many enaineerina and sc ient ific appl icat ions . Ezamplea include 
semiconductor electronics , contributions to metalluray , and studies of 
superconduct ivity . Characterizat ion of embrittlement and fat iaue 
properties of various steels exposed to neutron irradiat ion has 
appl ication to the nuclear power industry and to defense uaea of 
nuclear materials . 

S ianificant work in materials sc iences requires the combination of a 
low temperature irradiation fac il ity ( in  the 4 - 5° X ranae) and a hi&h 
neutron fluz . Hone of the hiaher fluz Ul&a in the United Statea ia ao 
equipped . As a result , uaaa are under-utilized for materials science 
work , part icularly for low temperature irradiation . By contrast , low 
temperature irradiation proarama are supported at several European 
centers . There are important opportunities in the comina decade for 
u . s .  baaed uaaa to partic ipate more actively in the revolutionary aaina 
in materials sc ience , with emphas is on low temperature capabilities . 

Huclear aeactor Enaineerina 

uaaa continue to be used for deve lopina and teatina new techniques for 
more eff ic ient and safer operat ion of nuclear poverplanta .  These 
techniques include computer control of reactor operations ua ina 
closed- loop control alaoritbma and expert ayateaa , neutronic 
calculat ion and teatina of fuel enr ichment confiaurat iona , and 
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evaluat ion and cal ibration of radiat ion monitoring ayat... . Future 
research contribution• relating to aeveral areaa of reactor physics and 
engineering include nuclear pumped laser states , improved neutron 
cancer therapy beama , and in-pile coolant loop research . uaa. can make 
s ignificant contributions to these areas , dependina upon their s ize , 
configuration , and availability . 

CONCLUSIONS OF l!VIEV OF Ula l!S!ARCB 

uaa research ia highly multi- dis c iplinary , involving application• to 
phys ics , chemistry , biology , medicine , geology , environmental sciences ,  
archeology , and forens ic s tudies as well as nuclear and reactor 
engineertna . Univers ity research reactors have made and cont inue to 
make s ignificant research contribution• in the areas of : 

o Neutron activation analys is 
o Neutron scattering 
o Neutron radiography 
o Medical diagnost ics and therapy 
o ladiation effects in materials 
o Nuclear enaineering and reactor phys ics . 

uaaa are s ignificant producers of applied research with broad 
benefits to soc iety . Yet , because of under- funding , the full potential 
is not being realized . 

In each of the fields addressed here in , the research contributions 
can be enhanced by enlargina the base of financial support to uaa. . 
Support is needed to upgrade reactors , modernize the instruaentat ion , 
and purchase support equipment . (B.ecolllllendations relatina to support 
are given in Chapter 7 . ) 

For UB.B.s , the research role ia closely linked to the educational 
role in that much of the reaearch is performed by graduate students 
under faculty supervia ion < ••• Chapter 3 for diacus s ion of the 
educational roles of uala) . 

Nuclear sciences research in the United Statea would benefit by 
introduc ina a reactor user network concept in which investiaators at 
small ua.a. centers would be linked to maj or reactor centers ( see Chapter 
5 for discuss ion of the European model) . 

NEUTI.OR ACTIVATION ARALYSIS AT UHIVDSI'l'Y l!SIARCB l!ACTOU 

Description 

BAA is a technique of elemental analys is based on the product ion of 
characteristic nuclear radiations when a sample is exposed to 
neutrons . It is a special example of more aeneral analytical 
techniques that use interactina particles to produce characteristic 
nuclear radiationa . The technique vas f irat used by Bevesy and Le.y 
( 1 9 3 6 )  to deteraine the amount of dyspros iua in aamples of yttriua .  In 
1938 , Seabora and Livinaood determined the amount of gall iua in iron 
us ing protons as irradiat ing particles . 
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Because reactors are copious producers of neutrons , neutron 
act ivat ion analys is uae has expanded greatly s ince the 1940s . Host 
analyses use neutrons in the lower eneray range <En < 1 KeV) , 
however , spec ial application neutrons with energies up to about 1 MeV 
and beyond can be used . In moat NAA experiments , gamma ray emiss ions 
from the radioact ive decay of the products of neutron capture are uaed 
more frequently than other radiations such as beta particles . 
Alternatively , gamma rays from the neutron capture process itself are 
measured . 

In a typical NAA procedure , a sample is placed in a container and 
inserted into the reactor where it is irradiated for a prescribed 
time . After irradiat ion , the sample is re.oved from the reactor and 
examined by a sc intillation counter or Ce (Li) solid - s tate detector . 
The resultant gamma ray spectrum is coapared to that froa a standard 
sample (or to catalog spectra from individual elements )  in order to 
identify the elements and the amounts present in the sample . Figure 
2 - 2  is a diagram of BAA . 

A principal advantage of NAA is its extreme sens itivity to 
approxtaately 80 percent of the naturally occurring elements . Figure 
2 - 3 , a portion of the periodic table of elements , identifies a broad 
range of elements whose presence can be determined by NAA . BAA 
techniques are also used to a��yze trace elements ,  in soae cases as 
smell a few picograma ( 1  x 10 · gram) . 

Other advantages of BAA include the potential for s tmultaneoua 
determinat ion of numerous elements in a sample . Specific isotopes can 
be measured , allowing for experimentation with altered isotope rat ios . 

NAA may also be used in experiments with chemical process tna between 
the sample irradiation and radiat ion measurement steps . This use is 
unique to BAA , one that is important in analytical procedures 
attemptina to extend the range of sens it ivity and selectivity to the ir 
limits . 

FUrther , classical BAA is a non-destructive analys is technique in 
which the sample remains intact . This point is particularly important 
to obj ects that caunot be •sampled , •  such as technical equipaent , art 
obj ects , etc . These fundamental differences are the major reasons for 
us tna NAA , in many cases as the reference method for further 
coaparison . 

Comparison of NAA with Other Spectroscopy Methods 

Two other analytical techniques for elemental analys is and trace 
element detection are important : atomic and mesa spectroscopy . Each 
has particular advantages and disadvantages that make it suitable (or 
unsuitable) for a given applicat ion . The choice also depends on 
availability of technique to the researcher and the familiarity of the 
researcher with it . 

The major advantage of atomic spectroscopy aethods with respect to 
BAA is the relat ive availability of required equipaent . Ro research 
reactor is required . The maj or diaadvantaae of atoaic spectroscopy 
compared with NAA concerns sample requirements . Atomic spectroscopy 
normally requires solubilizat ion of samples , which may lead to both 
contaainat ion and volat ilizat ion problems well beyond these normally 
encountered in routine NAA procedures .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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Ha a s  spectroscopy procedures are the mora conventional means by 
which isotopic rat ios are measured .  In aanaral , the advantaaaa and 
disadvantaa•• &ivan above also apply to comparina maaa spectroscopy 
methods and BAA , with one difference . Haas spectroscopy techniques 
have a wider rana• of isotope ratio applicat ions than doaa BAA . 

It should ba noted that thouah thaaa three techniques may ba viewed 
as competitive , they are mora profitably cons idered complementary . Of 
part icular s ianificanca ia the fact neither atomic nor maaa 
spectroscopy can completely replace neutron act ivat ion analys is • BAA is 
unique in several important aspects . 

A discuss ion of BAA aa an analyt ical method must point out that the 
princ ipal detect ion mathodoloay on which BAA ia basad ia aamma ray 
spectroscopy . Gamma ray spectroscopy ia also uaad to study the fate of 
administered radio- tracers in both animate and inanimate materials . 
Combinina BAA vith radio- tracer aaaay ua ina aamma ray spectroscopy thus 
extends nuc lear methods into areas that cannot ba studied directly by 
other analytical means . 

Applications and aasaarch Productivity of RAA 

In support of a broad ranaa of research proj ects , many neutron 
activation analyses  are performed in the United States (estimated at 
�100 , 000 par year) . The number ia arowina •• appreciation of the 
technique arowa . A a ianificant portion of thaaa analyses (�60 , 000 par 
year) is performed at univers ity research reactors . 

Moat analyses usa neutrons in the lower anaray rana• <&n<l kaV) o 
for spacial appl icat ions , neutrons with anaraiaa up to about 1 MeV and 
beyond can ba used . Thaaa thermal neutron anaray rana•• are accaaa ibla 
with many praaant - day uaaa . 

The analyses are aanarally of three types . Pirat a substantial 
number are associated vith research on natural materials where the 
natura of the problaa requires the analysis of many samples . Ezaaplaa 
of this type are the analys is of aerosols to study the transport of 
material in the a�aphara and the oriatn of pollutants , the analysis 
of artifacts tn archaoloaical studies , and the analysis of bioloaical 
materials . Second and at the other axtraaa are analyses of a auch 
smaller number of aa.plaa tn connection with specific phys ical , 
chaaical ,  and bioloaical axparimanta . In this type of work , the 
procedures can ba tailored to taka advantaaa of the ultimata 
sens itivity of BAA . The third is research on RAA itself , aatabliahtna 
the conditions for improvina the accuracy , reproducibility , and 
sens itivity , and extens ion to new alamanta tn the periodic tabla . 
aaaaarch of this type requires many analyses . 

Of the 36 university research reactor facilities , almost all do soma 
neutron activation work . The load rana•• from fever than 100 samples 
to mora than 10 , 000 par year . Thirteen URaa analyse mora than 1 , 000 
samples par year • moat of them are in the 1 Hw or laraar povar ranaa . 
Bot all reactors in this povar ranaa are particularly active in RAA 
proarama • emphasis depends laraaly on the research activities and 
interests of the faculty and staff . 
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Examples of Scientific Discoveries Ua ina BAA 

Durin& the last 10- 15 years , BAA has made poss ible many a ianificant 
sc ient ific discoveries . Of areat aeneral interest ia the evidence for 
a catastrophic impact on the earth some 6 5  million years aao by an 
extraterrestrial body , an impact that may have eliminated many ( if not 
moat )  species of livina oraaniama (Alvares , 1987) . There ia some 
evidence that such cataatrophiea ,  havina been initiated by coll is ions 
with lara• extraterrestrial bodies or by unusually lara• volcanic 
eruptions or both , have occurred many times , poss ibly periodically , 
with important consequences for the evolution of life on earth . This 
faacinat in& discovery was made at a univers ity research reactor . It 
probably could not have been made without BAA . 

Another a ianificant contribution of BAA is the finaerprintina of 
aerosols : eatabliahin& a pattern of minor eleaent content 
characteristic of a aiven source of a pollutant . In this way , the 
aerosols from power plant eaiaa iona (aa in the Midwest) can be 
diatinauiahed froa those from smelter operat ions , local airborne 
particulates , or marine evaporates . The contributions to a collected 
sample froa each source are calculated froa the relative abundance of 
the particular minor elements aa determined by BAA . Rot only can the 
sources of pollution be ident ified , but information about the diffusion 
and transport of materials in the atmosphere can be obtained . 

uaaa have been at the forefront in the analyses of lunar samples and 
studies of meteorites . Thus , BAA ia providina important clues about 
the oriain of the solar system . Listed in Table 2 - 1  are addit ional 
scientific uses of neutron act ivation analys is at univers ity research 
reactors (Harlin& . Clark , and von der Hardt , 1984) . 

The &ole of BAA in Education 

The role of BAA in univers ity education aerita ca..ent . The theory 
and techniques of BAA are relatively easy to t.p&rt to students at an 
early ataae of their scientific education as well as to students in a 
variety of disciplines . At the aaae time , the results of BAA can be 
directed at many conteaporary research probl... . Tbua , students us taa 
BAA becoae involved in research more quickly than students in areas of 
research requirin& more sophisticated experimental techniques .  

Conclus ions for Neutron Activation AD&lya ia 

Neutron activation analys is is one of the moat valuable research 
act ivities at UIR centers . It is a bas ic and widely used technique 
that makes possible the economic accumulation of the very lara• aaounta 
of data needed for s ianificant analytical work in environmental 
sciences , medic ine , nutrition , aeoloay , and other fields . It has been 
essential in many �rtant scientific advances of the last 10 - 15 
years . It is one of the aost �rtant methods for trace el ... nt 
analys is , and in same cases the only pract ical aethod available . 
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Table 2 - 1 . Selected Contributions froa Neutron Activation Analys is at 
Univers ity aeaearch aeactora 

Geology 

EDvironaental Studies 

Archeoloay 

!xtmple 

Iridium evidence for catastrophic 
impacts on the earth 

Analysis of geological samples in 
ore and petroleum exploration 

Discovery of anomalies in rare earth 
concentrations in lunar samples 

Establishaent of .. teorite influz 
onto the earth and moon 

Use of trace el .. enta in volcanic 
ash and lava to study sources of 
volcanic activity 

a&re earth and other trace eleaenta 
in deep sea corea as indicators of 
ocean floor spreadina 

AD&lya la of atmospheric dust to 
identify sources and study transport 
of pollution 

Halogen analyses as .aaitora of reBa 
and other d&naeroua cheaicala in the 
environaent 

Analyses for .. rcury and other tosic 
heavy eleaenta in food and the 
environaent 

Elemental analyses to study impact 
of ocean drillina on aquatic l ife 

Trac tna the sources of .. tala , 
obs idians , and sea shells in 
prehistoric and early historic 
civilisations 
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Table 2 - 1 . Selected Contribution• of Neutron Activation ADalya ia at 
Univera ity aeaearch aeactora ( Continued) 

Archeoloay 

forens ic Studiea 

Hedicine/RUtrition 

Example 

Uae of trace element analyaea to 
help in the reconatruct ion of 
anc ient art obj ects 

Authentication of art work 

Detection of poiaonina by toxic 
element• auch aa araenic 

Identification of aunahot rea iduea 

Characterization of material• such 
aa bullet lead 

Determination of common ori&in of 
obj ecta auch •• hair , fabric , etc . 

Studiea of the role of aelenium in 
the human diet and in cancer riak 
••••••ment 

Studiea of copper aetaboliaa 

Variation• in trace element 
concentration• in oraana •• a 
function of diet and •a• 
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tmrraOR SCATTEB.IRG US!AllCH AT UNIVDSITY US!AllCH UACTOU 

Description 

The usa of low anergy neutron beams from research reactors to study the 
phys ical propert ies of materials has bean a primary area of research 
with reactors s ince their early development . Indeed , soma of the 
earl iest vork on this research technique was published be 1 .  Parmi and 
L .  Marshall in 1947 ; others quickly followed with s ignificant 
accompl ishments (Zinn ,  1947 ; Shull at al . , 1948 ) . 

This research activity was generated by the availability of neutron 
fluxes many orders of magnitude laraar than those available from any 
pre - reactor neutron sources . Directed neutron beams of controlled 
qual ity became available from research reactors , beams of tmaanaa 
usefulness  in studyina a variety of aolid-atata and condensed matter 
materials . 

One of the first characteristics to nota about the interaction of 
neutrons with matter is that the uncharged neutron does not encounter 
electrostatic forces upon collision with matter . Therefore , the 
principal interaction between the neutron and the material depends upon 
the nuclear forces exerted between the nuclei of the material and the 
incoming neutron . These collis ion processes are somewhat analogous to 
those between hard spheres , but these processes are modified by a 
second phenomenon , the wave natura of the neutron . Diffraction affects 
can occur , modifyina the angular distribution of scattered neutrons , 
for example .  

A measure of the wave - like natura of thermal neutrons , the so- called 
de Broalia wavelength , ia of the order of 0 . 1 - 0 . 2  na .  The wavalanath , 
therefore , ia comparable to the interatomic distances in crystals ; this 
fact ia the bas is for neutron probing of the structure of matter . 
Because of this , intense thermal neutron beams from nuclear reactors 
may be diffracted by crystals in a manner s imilar to that of x- raya or 
electrons . The acattarina mechanisms that make interference and 
diffract ion affects poss ible are quite different for the three 
radiations . X-ray acattartna results froa the electromagnetic 
interact ion between photons and atomic electrons . Electron acattartna 
is due to the electrostatic interaction between the electron and the 
atom . Por a lov neutrons , the principal acattartna aachaniam is due to 
atrona uuclaar forces as modified by wavelike affects . An t.portant 
additional acattarina .. chaniam that is unique to the neutron involves 
the internal magnetic structure of the neutron . This magnetic 
structure allows the neutron to probe both the magnetic structure of 
the material via an electromagnetic interaction and ita phys ical 
structure throup nuclear acattarina . 

Applications of Neutron Scattarina 

These unique features of neutron interaction with matter can be 
exploited by atudyina the acattarina and diffraction of directed 
neutron beams and the associated anaray and moaantua chana•• in the 
beam . A wealth of informat ion on the atomic crystalline confiauration 
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and the electronic and thermal excitat ions existin& in materials can 
thus be aained . This flourishin& science has extens ive applications in 
condensed matter phys ics , chemistry , bioloay , materials sc ience , and 
polymer science . Piggre 2 - 4  is a diaaraa of neutron scatterina 
features ,  wherein the neutrons from the reactor interact with the 
material be ina tested and a pos it ion sensitive detector monitors the 
resultant scattered neutron beam . Data obtained in this fashion are 
analyzed by electronic circuits and computers to determine the phys ical 
structure and other related properties of the material . 

The applications of neutron scatterina research and the important 
features of this technique on the nat ional level are discussed in three 
reports (National Academy of Sciences ,  1977 : U . S .  Departaent of Eneray , 
1980 : National aesearch Council , 1984) . The study panels preparina 
these reports looked into the adequacy of the facilit ies and their 
support levels in relation to other disciplines . All the panels noted 
the scale of worldwide activity in the neutron scatterina field and 
compared foreian and u. s .  efforts . UIR contributions and research 
proarams were soaewhat overshadowed by the laraer hi&her power national 
laboratory reactor facilit ies . 

Need for Adequate Neutron Plux 

It is important to recoanize that neutron scatterina research at UIRs 
is limited to the few reactors with hi&h neutron flux density . Thouah 
initial ezplorations in the field were accr-!lished with reactors 
producin& a flux of about 10 neutrons/em - sec , solvina current 
state -of - the -art problems requires fluxes at least an order of 
maanitude laraer . Experimental scatterina involves neutrpn beam 
collimation , monochraaatisation , sample scatterina , and poss ibly eneray 
analys is , all in success ive steps , with consequent intensity loss at 
each step . This requirement for hi&h intensity aenerally implies an 
operat ina power level of 2 Hv or .ore for the reactor source . As shown 
in Table 1 - 1 , only a few aeet this requireaent : the Univers ity of 
Missouri at Coluabia , Massachusetts Institute of Tecbnoloay , lhode 
Island NUclear Science Center , University of Kichiaan , and Ceoraia 
Institute of Tecbnolo17 : most neutron scattertna research is 
concentrated at the f irst three . 

Availability of Spectroaeters 

The five hiahest power UIRs nov have 19 neutron spectroaeter units 
distributed as follows : The Univers ity of Missouri at Columbia , t :  
Massachusetts Institute of Tecbnoloay , 5 :  lhode Island Ruclear Science 
Center , 2 :  Uniiersity of Kichiaan , 1 :  and Ceoraia Inst itute of 
Tecbnolo17 , 2 .  The spectroaeter population at the five U . S .  national 

1The Univers ity of Kichiaan spectrometer is reportedly inact ive . 
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REACTOR 

POSITION SENSITIVE DETECTOR 

SAMPLE 

DATA AICOADEA 

Ftaur• 2-4 . Reutrou Scattertua. 
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laboratory s ites total 45 : Brookhaven . 12 : Oak &ida• . 10 : Araoana . 9 
( includina accelerator-baaed fac ilities ) :  Loa Alamos . 6 :  and the 
Nat ional Bureau of Standards , 9 . The worldwide count as of 1984 ••• 
about 170 spectrometer units : the number has probably risen to 270- 300 . 

Thera is . of course .  a vida ranaa of sophistication in these units 
because they ware all custom-built accordina to the ir intended usa . In 
addit ion , the cost of a state- of - the -art neutron spactraaatar for 
analyz ina the scattered baaa is $0 . 5 - 1  H .  includina caaputars . ..  aneta ,  
cryostats , and other appendaa• fac il it ies . It must be noted that the 
u . s . univers ity family of spectrometer units (with the exception of 
several of the Missouri spectrometers ) .. y be considered below 
standard . with consequent limitations on research . 

Appl ications and aaaearch Product ivity of 
Neutron Scattarina 

aasaarch applications are diverse ,  ranaina over condensed .. tter 
phys ics . chemistry , bioloay . polymer science . ..  tarials science . and 
neutron phys ics . As discussed above . neutron acatterifta is unique but 
coaplaaantary to z-ray and electron scatterina . Illustrative of its 
uniqueness are its sensitivity to hydroaan atoas present in bioloaical 
.. tariala . ita response to dynamic processes occurrifta naturally in 
condensed .. ttar . and ita portrayal of ataaic laval .. anet isation 
phanoaana in .. ttar . The reports noted earlier on neutron scatterina 
discuss the research in detail . Tabla 2 - 2  lists areas where neutron 
acattarina analys is has been applied . Vida applications have attracted 
the attention of sc ientists in .. ny disciplines . 

One can •••••• neutron scatterina by cona idarina the user population 
and publicat ion productivity . For this purpose . a user of a neutron 
fac ility is defined as a sc ientist who participates directly in at 
least one neutron acatterina experiment durin& a aivan year . A 
Nat ional aasearch Council report ( 1984) suaa••t• a worldwide total of 
users approachtna about 2 , 000 : 5 10 are active u . s .  participants 
affiliated with national laboratories . industrial centers . and 
univers ities . 

AI of 1983 , research publications totaled a�st 1 , 000 per year 
worldwide , with about 250 oriainatina in the United States each year . 
The u . s .  publication rate is probably laraer ovina to new and expanded 
facilities at the Araoane . Oak &idaa . and Los Alaaos Rat ional 
Laboratories and the Rational Bureau of Standards and also to a arovtna 
focus on user-oriented facilities . 

An additional measure of activity in neutron scatterina at the five 
univers ity research reactors is the annual publ ication rate : it was 51 
in 1985 . This figure represents about 20 percent of total U . S .  
productivity . commendable in view of the limited facilities and neutron 
source atrenath available at univers ity canters . There is also 
atranath in student partic ipat ion in univers ity research . but concern 
is arovina that the number of students .. y not be able to aeet future 
needs for trained profess ionals . This aspect is discussed in Chapter 
4 . 

The usa of national laboratory spectrometer facilities by outs ide 
users is ancouraaad at all nat ional laboratories . and .. ny local user 
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TABLE 2 - 2 . Selected Applications of Neutron Scatterina 

Atoaic cryatalloaraphy 
Haanet ic ayateu 
Phase trans it ions 
Order- diaorder 
Ezot ic aateriala 
Dillena ionali ty 
Crystal dynaaica 
Defect syateu 
Surfaces and overlayera 
Liquids , alaaaea , and amorphous aateriala 
Quantwa fluids 
Hydrides and hydrogen-bonded coapounda 
Ionic conductors 
Ceraaica 
Superconductivity 
Charae density structures 
Molecular , vibrational , aapetic , and very low energy 
Spectroaeter 
Hacroaolecular and protein structure and cryatalloaraphy · 
Neutron optics and phys ics 
Neutron interferoaetry 
Quantua physics 
Internal atreaa and tezture 
Polyaer conformation 
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aroupa evaluate reaeerch prioritiea end encoureae the intereata of the 
total reaeerch community . The participation of univera ity ac ientiata 
in thia uae of national laboratory fec ilit iea e ither with or without 
collaborat ive effort of the local steff ia a ianificent . end univers ity 
sc ient ists form the dominant aroup in the user population today . 

Without question .  much of the neutron scetterina reaeerch 
product ivity erisea from sc ient ista ua ina national laboratory 
fec ilitiea . On the other bend . the contribut ion• of a small aroup of 
sc ient ists ( fever then 50) ua ina univers ity research reectora cannot be 
ianored . Table 2 - 3  l ista aelient contribution• derived from reaeerch 
at univers ity reactor centera . 

Exaaplea of Scient ific Diacoveriea Ua ina 
Neutron Scetterina 

Diacuas ion of ell the uaa fac ility contribution• ia not feea ible . but • 
few hiahliahta ere in order . aeaeerch baa continued over the yeera on 
the fundamental diffraction procesa occurrina with radiation (z-reya . 
electrona . or neutrona ) peas ina throuah materiela . AD important reault 
ia the real ization that a crystal could spl it radiation into phaae 
coherent . apetielly aepereted beeaa that can then be recombined to show 
phase ipterference . Such interferometer systeaa . lona uaed in optica . 
vea f irat deaonatreted with z-reya in 1972 end ahortly afterward with 
neutrona . Thia pioneerina work vea done with univera ity radiation 
sourcea . Proaraaa in thia f ield have evolved at the Univers ity of 
Mis souri end Haaaechuaetts Inat itute of Tecbnoloay where many 
innovat ive end important contribution• have been made both in 
interferoaeter tecbnolo17 end in obteinina phya icel infor.ation . 

New forma of interferometer• have been conce ived end teated . 
Beceuae they ere ezceedinaly aena it ive to eztreneoua environaentel 
temperature end vibrational effecta . the operetina parameter• of the 
equipment have been thorouahly characterized . Interferoaetera have 
been uaed in atudiea of neutron interaction with .. teriel . etoaa . end 
f ielda in atudiea of quantum phya ica . AD t.portant ezample ia en 
ezperiaent that reaulted in quantifyina the interaction of neutron• 
with the arevitetional field of the earth . llevetina one of the two 
be... in a neutron interferometer by about a half millimeter chana•• 
the relative pbeae of the two vevea by 180° . which ia eea ily 
aeeaureble •• en intena ity effect . Another ezaaple ia enhanced 
reaponae to applied forcea of neutron• diffrect ina in a cryatel . In 
one ezperiaent . the neutron• eXhibited en effective maaa 200 . 000 tiaea 
smaller than the nor.al .... of the neutron . Moreover . they eziated in 
both neaetive end poaitive maaa atetea . •uaaeatina that when auch 
neutron• ere aubj ected to the arevitetional field . they would be 
attracted or repel led aeperetely . 

Unique reeturea of Neutron Scetterina 
at Univera ity aeaeerch aeectora 

Ezperiaentel proar... at univera ity reaeerch reactor• ere frequently 
more eztended end tiae - conauaina than they are at nat ional laboratoriea 
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Tabla 2 - 3 .  Se lected Contribut ions from Neutron Scattariaa at 
Univers ity Research Reactors 

Polarized neutron beam technology : This technique is widely used in 
charactariz ina the magnet ic structure of materials . 

Mappina of internal magnet izat ion : Magnet ization within a material is 
found to arise not only from electrons within au atom but also from 
those miaratiua in intarvauina space between atoms . 

Nuclear polarization scatterina : Atomic nucle i become al igned when 
subj ected to hiah magnetic fields (of either external or internal 
oriain) and low temperatures ,  drast ically chanaiua their neutron 
scatteriaa properties . 

Mosaic and hiah reflectivity monochromators : All scattariua 
spectrometers use mouochromators to select purified neutron radiatiOD 
the ir effic iency can be improved s ignificantly by procassiaa so as to 
mod ify the ir mosaic and angular reflectiOD structure . 

Al igned paramagnetic and diamaauetic scatteriua : This technique is 
used to explore perturbat ions of the electron magnetization with 
applied magnetic field . 

Neutron spin-orbit scattariua : Neutrons moviua throuah the intense 
electrical structure of atoms are found to exhibit a novel interaction 
beyond the usual nuclear and magnet ic forms . 

Instant photoaraphy of neutron beams : Suitable absorbiua screens 
coupled with normal instant photoaraphy techniques can produce fast 
ima&iDI of uautrOD beams and patterns . 

Paudallosuna frina• measurement : Neutrons diffracttaa in perfect 
crystals exhibit au internal interference actiOD that can be exploited 
to determine diffractiOD parameters with precisiOD . 

Prec is ion determination of neutron scattariaa ampl itudes :  Usa of 
Pandellosuna interference and neutron iutarfaroaetar systa.. bas lad to 
the astabl ishaaut of new standard scattariaa ampl itudes of hiah 
prec is iOD .  

Electric neutral ity and electric dipole moment of neutrons : 
S ignificant contributiODs to tha continuiua studies of these 
fundamental parameters have beau made . 

Drift velocity of diffractiua neutrons : Diffractina neutrons travel 
throuah a crystal with a reduced speed that , in limitiaa casas , can 
become arbitrarily small , suaaest ina the usa of crystals as a potential 
storaaa mediua . 
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Table 2 - 3 . Selected Contributions from Neutron Scetterina at 
Univers ity aeseerch aeectors (Cont inued) 

aefractive indez bendina : Studies of neutron bendina end focus ina by 
media end fields are unique to neutron spectrometers . 

Neutron interferometry development : Conception and testina of nev 
types of neutron interferometers are carried out to determine the 
criteria for successful use . 

Gravitational interaction of neutrons : The aravitat ional potential of 
neutrons has been ezamined throuah sens itive phase shift measurements 
us ina interferometers . 

2 - Pi - Invers ion of neutron wave funct ion : This technique allowed the 
first direct observation of a tenet of quantum mechanics uaina a 
neutron interferometer - - s ian reversal upon full rotation . 

Neutron wave packets : Assessment of the spatial eztent of the neutrOD 
wave funct ion . 

Complez acatterina amplitudes :  Accurate determination of out - of - phase 
component of neutron scatterina amplitude haa been made . 

Fizeau movina latt ice , coriolia effects : Media in motion produce 
modificat ions in neutron scatterina . 

Schrodinaer wave equation and funct ion variants :  Poss ible 
modifications in the bas ic propaaat ion description of neutron particles 
(vavea )  are souaht . 

Effect ive maaa of neutrons in crystals : Dramatic chana•• from the 
normal response of neutrons to applied forces vera de.onatrated . 

Haanet ic neutral ity of neutrons : An upper limit to the poss ible 
difference in dipole maanetic strenath vaa established . 

Spin dens ity maanet izat iOD in chromium : A helical maanetizatiOD 
distributiOD amona maanetic chromium ato.a vaa established . 

Ch&rae dens ity wave structures : The electric polarity of atoaa can 
have cyclic variat ions in a crystal . 

Lithium lov temperature structure : A nev model of atackin& faults in 
the martens it ic trans ition vaa

·
aanerated from neutrOD atudiea . 

Small anal• scatterina uaina double crystal techniques : Ultra - aaall 
anale SCatterin& becomes analyzable with this technique . 
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Tabla 2 - 3 . Selected Contributions from Neutron Scattertna at 
Univers ity aesearch aeactors ( Continued) 

Small anal• scatterina with polarized neutrons : Important 
characterist ics of magnetic fields are provided . 

Hard magnet characterization : Complete crystalloaraphic and magnetic 
structure characterization of the new magnet ic material Nd2re14B 
and related compounds vas carried out . 

Stress and �ezture profilina in materials : The easy penetration of 
neutrons into enaineerina materials supplies t.portant characteriza� ion 
infor.ation . · 

Sinal• crystal neutron filter development : Such filters permit 
purification of ther.al neu�ron beams that s implifies the des ian of 
neutron spectrometers . 

Search for novel neutron interact ions : New �ypes of interactions 
be�veen neutrons and nucle i . electrons . and fields have been ezplored . 

Neu�ron focus ina by .. gnet ic aradients in crystals : Anoaalously larae 
focus ina effects vera demonstrated by combinina nor.al refract ive indez 
action with dynamical diffraction effects in crystals . 

Pos ition sens itive detector development : S ignificant contributions to 
the des ign and operation of such devices that areatly enhance data 
collection vera made . 

Neutron spin- - Pendellosuna resonance : Combinina Lar.or spin rotation 
with Pendellosuna action in a crystal under resonance condit ions can 
enhance sens itivity in establishina new types of spin-orbit 
interactions . 
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for several reasons . First , the available neu�ron source atrenath is 
smaller , so data collection takes lonaer (a spectrometer may be 
occupied for 6 - 8  months to establish some sub�le effect) .  Second , 
student trainina and educat ion are not always t ime - effic ien� . Third , 
other academic respons ibilit ies draw faculty from research . ADd 
fourth , problema sometimes take a lot of tilae . Ivan with today ' s 
automation , staff dedication is required . A corollary of these 
features of univers ity spectrometer operation and the small rat io of 
staff �o instruments at univers ity reactors is the lov publ icat ion rate 
for uaa research . 

The more research-oriented proarams at univers ity reactors as 
compared to nat ional laboratories , require staff and users vho can 
spend the tilae necessary to develop nev techniques and instruments and 
carry out lona- term experiments . This point is reflected in many of 
the �opica shown in Table 2 - 3 .  It is more apparent in Vestern Europe . 
Many innovative and advanced scatterina instruments and components 1D 
use at �he ault inational Inat itut Laue -Lanaevin research reactor in 
France ( see Chapter 5 )  vera firse  developed at the smaller MUnich and 
Jul ich reactors . FUrther , development continues on maanet ic neutron 
scatterina methods at the smaller Delft , Braunachve ia , Berlin , and 
MUnich research reactors . 

In the United States , �oo . work initiated at the saaller uaa 
facilities has resulted in development of nev techniques at the 
national laboratories . ror ezample , the University of Hiaaouri at 
Columbia laboratory first developed scatterina instruments us ina linear 
pos ition detectors . There , both the small aqle neutron scatterina 
instrument (which uses 43 twenty- four- inch lona detectors formina a 
two-dimens ional array) and the powder diffractoae�er that uses three 
pos it ion-sens itive detectors have been successful . This technique has 
been copied in Japan , Canada , and elsewhere . The poa it ion-aenaitive 
detec�or instrument , rather than conformina to a flzed diffractoaeter 
c ircle , corrects for all parallu errors computationally . It has 
increased data acquis ition rates by a factor of 50 and has improved 
resolution . Similar tecbnoloay is nov in use for powder diffraction at 
the lhode Island research reactor and the McMaster Univers ity reactor 
in Canada and for • inale crystal diffraction in the flat cone aea.atry 
at the Rat ional Bureau of Standards research reactor . 

Powder diffraction spactroaetry is widely used , broadenina use of 
the saaller lov power research reactors . The Missouri diffractoaeter 
baa become a a ianificant national resource , collectina approziaately 
500 spectra per year for use in s tudies of maanetiaa , zeol ite 
structure , superconductivity , and materials science , and other areas . 
AD ezample is shown in Pipre 2 - 5 , which aivea the observed and 
calculated powder diffraction patterns for a sample of Rd2ra 14B ,  an 
important nev aaanet ic aaterial . In this manner , neutron powder 
diffraction data vera used to establish the atoaic structure also shown 
in the fipre . 

uaa- initiated technoloay has led to widespread use of polarized 
neutron beams in studies of electron spin confiprationa in maanetic 
atoaic structures .  University reactor aroupa can be credited with 
introducina hi&h eff iciency polariz ina crystals , radiofrequency 
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exc itation of neutron spin flipping . polarization analys is after 
s catterina . recognition of compet ina forma of interact ion between 
polarized neutrons and polarized atoms and nuclei . and polarized 
neutron techniques applied to small anal• scatterina studies . 
aegardina the last topic . the Rhode Island reaearchers are pursuina 
important studies of ferro - fluida . Other URa contributions include the 
use of cryoaenically cooled a ingle crystal filters to purify thermal 
neutron beams and the use of double crystal amall anal• scatterina . I t  
is c lear that the uaa fac ilities serve as centers of innovation in 
developina method• and techniques in the field of neutron acatterina . 

Concern for u . s. Laa in Neutron Scatterina 

Overall . the United State• has fallen behind Western Europe in 
developina advanced neutron scatterina instrument• and components . As 
discus sed further in Chapter 5 ,  many advanced instrument techniques 
oriaiuated in Wes tern Europe at uaaa . The cold neutron source . for 
example . provides a much enhanced flux of very low eneray neutrons . 
Thia technique vaa developed in Enaland 25  year• ago and is nov 
available at nearly 20 lara• and small reactor center• in Europe . In 
contraat . the f irst effective cold neutron source vaa installed in a 
U . S .  research reactor only in 1982 . and the second ia nov be ina 
installed . 

Other example• of foreign leadership in instrumentation development 
include small anal• scatterina inatrumentat ion . neutron guide 
techniques . hot source fac il it ies . focua ina monochromator• . 
pos ition - s ens itive detectors . fabrication techniques of effective 
beryll ium crystal .onochromators . backscatterina spectrometers . and 
apin - echo spectrometer• . These developments become part of the 
technoloay base of a hiah- technology econo.y . and ultimately relate to 
u. s. industrial productivity . Many of theae development• oriaiuated at 
smaller research reactors associated with univera itiea where the 
environment vas suited to cxeative develop.ent . Some of these are not 
yet used here . fee tbe UDited States to catch up on neutron acatteriDJ 
instrumentation devel�nt . the creative input from the UIR ca..aDlt1 
is needed . 

Improved inatrua.atatlon can aoaetimea overcome limitations in 
neutron source atrenath . ror euaple . use of poa ition-aena itlve 
detectors peralta the accumulat ion of acatterina data at a hiah rate . 
Ua ina improved instruments alao contributes to the use of lover power 
sources . 

In addition to the videapread act ivit ies in neutron scatteriua . 
a ignificant and arovina applications in condensed matter sc ience depend 
upon the hi&h neutron fluxes available at some of the saae facilities 
used for neutrog

4
acatterina . Theae areas include alov pos itron beaa 

reaearch us ina CU (T112 • 12 hr) . nov carried out only at 
Brookhaven . aamma ray diffraction and Compton scatterina ua ina 
short - l ived radioactive aources . and applications of: Kossbauer effect• 
ua ina short - lived intense sources . These techniques are laraely 
exploratory . althouah aamma ray diffraction and Compton scatterlna are 
rout inely used at several Western European laboratoriea . Consequently . 
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moat of the work in these areas is beina done at univers ity research 
reactors . It is difficult to predict whether these techniques will 
flourish , but without partic ipation of the univers ity research 
community , it is unlikely that their viability as iaportant tools and 
methods will be proved . 

Though restricted to only a fev of the laraer univers ity research 
reactors , neutron scatterina research has been and continues to be 
s ignificant in developments in phys ics , chemistry , bioloay , polymeric 
sc ience , and materials sc ience . These activities complement those 
pursued at the laraer nat ional laboratories . Univers ity-baaed 
invest iaat iona are frequently more fundamental and innovative because 
of the vide ranae of interests amona scientists in an academic 
environment . Host of the work in these areas is be ina done at 
univers ity research reactors . It is difficult to predict whether these 
techniques will flourish , but without participation of the univers ity 
research community , it is unlikely that their viability as t.Portant 
tools and aethoda will be proved . 

Conclus ions for Reutron Scatterina 

Reutron scatterina is a bas ic research tool in solid-state phys ics , 
condensed matter studies , chemistry , and bioloiY . aeaearch work also 
depends upon the availability of state - of - the -art neutron apectraaeter 
units . In aeneral ,  the number and quality of apectroaetera at U . S .  
univers ity reactor fac ilities are not adequate for world class research 
on a parity with Europe and Japan . 

Vbile moat univers ity research reactors have too lov a neutron fluz 
for full scale neutron scatterina inveatiaationa , they have played an 
t.portant role in preparation of expertaenta for hilb fluz reactors , 
and in the des ign of instruments . In addition , powder diffraction 
spectroaetry has broadened the applicability of low-power reactors for 
inveatiaatioaa in areas such as magnetisa ,  super-conductivity and 
zeolite structure . 

RllJTI.OR JW)IOCIAPHY AT URIVD.SITY USUILCB UACTOU 

Description 

The selective &ranaaiaa ion and absorptiOD of neutrODa paaa ina throuah 
material and structures have led to vide use and varied applications of 
neutron radioaraphy . This technique coapleaenta the standard 
techniques of x-ray and aamma ray radioaraphy , and i& is used When 
contrast and penetratiOD vievina can be improved . The absorption or 
tranaaia a iOD of neu&rODa pasa tna throuah materials can differ froa that 
of x-raya and ..... rays . and this factor del ineates the fields of 
applicat ion . 

A prime e�le of these differences arises for aetallic structure 
syateaa containina hydroaenic l iquids . X-rays and ..... rays are 
nearly oblivious to the presence of hydroaen atoms ; for neutrODa , the 
presence of hydroaen atoas frequently doainates the abaorp&ion ca.pared 
to that of the aurroundina metallic components .  
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In its s implest fora , static neutron radioaraphy involves the 
production of an tmaa• of fila ezposed to secondary radiation 
( e lectrons . aamma rays , photons , or charaed fraaments )  froa a neutron 
absorbina screen . More sophisticated vers ions make use of a television 
screen , permittina observation of dynamic features in real - t im&  
radioaraphy . 

Neutron radioaraphic installations aenerally make use of lara• area 
neutron beaaa , and the neutron intens ity is usually of secondary 
importance .  Consequently , univers ity research reactors with power as 
low as 100 kV can be effective neutron sources . This feature has been 
attractive to univers ity centers , and active research proaraaa are 
be ina carried out at 10 university reactors . Other fac ilities plan to 
develop facilities for radioaraphic studies . 

Ceaaetrical collimation and selective filtertna of the neutron 
source beam are t.portant features in determinina the qual ity of the 
resultant tmaaes . MUch effort to improve the sens itivity and 
resolution features in these systems has been made in recent years . 
with univers ity facilities doina most of the work . Hiah qual ity 
real - t ime systems , which are ezpens ive (about $0 . 25 H) , are available 
at five univers ity centers : the Univers ity of Virainia , Univers ity of 
Hichiaan , Pennsylvania State Univers ity , University of Missouri at 
Columbia and Oreaon State Univers ity . 

Several UIR features make thea particularly useful in this field . 

Their flexibility in chanaina shieldina confiaurations and in filtertna 
the neutron spectrum can be ezploited to improve radioaraphic taaaes . 
ror TIIQA reactors , the ability to pulse the reactor momentarily to 
hiab power enhances the real time aspects of the radioaraphic tmaae . 

Applications and a.search Productivity of Neutron ladioaraphy 

The scale of activity in neutron radioaraphy is indicated by two 
international conferences .  one in San Dieao in 1981 wiih 130 
technical presentations and the second in Paris in 1986 with 100 
presentations . Ses s ion topics at the Paris conference included reactor 
facilities . non- reactor sources , industrial applications , corrosion 
inspection , neutron taaoaraphy . and dimens ional .. asureaents .  The 
papers aiven represent activities at 17  U . S .  oraaniaations , includina 
the Univers ity of Virainia , University of Hichiaan . Cornell University , 
PaDnsylvania State University , and Ceoraia Institute of TechnoloiY . 

The field has arowo to the staae at which reactors of modest power 
are specially des ianed for neutron radioaraphy , and a naaber of 
reactors in the United States (three) and elseWhere are coaaercial . 
Ron-reactor sources of neuiJ� radiation . such as accelerator sources 
or radioactive sources of Cf , are also ezploited . It is clear 
that radioaraphy research is an important activity at uaaa . Table 2 -4 
l ists the areas in which neutron radioaraphic tecbniquas have been 
applied . 

1rirst Vorld Conference on Neutron ladioaraphy . 
2second Vorld Conference on Neutron ladioaraphy . 
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Tabla 2 - 4 .  Salactad Applicat ions of Neutron ladioarapby and Aaaociated 
Taclmiquaa 

Compos ite metal assemblies 

Bone tissue 

Lubricant and fuel distribution 

Botanical arovtb 1u soila 

Ezploa ivaa components and buruina 

Casket and rubber diapbraaa 

Inaulation intaarity 

Two-phase flow of fluida 

Plaat ic and ceramic assaabl ias  

Bioaacbanical connector• 

Forensica 

Caoloaical apaciaans 

Aaroaol filtratiOD 

Raclaar fuel and coatrol 
aaaaabliaa 

Vater flow throuah poroua 
aadia 

Examinat ion of historic 
paiuttuaa 

Corros ion of bidden surfaces 
and in aqiua joiuta 

Coabuation procaaaaa 

Sprtua and hydraulic �ra 

Plaatic iuj actiOD aoldtua 
coaforaatiOD procaaaas 

Tritiua ,  noble aasaaa 1u 
aatala 

Aircraft compouanta 

Boron 1u sbialdina aatarials 

Arcbaoloaical artifact• 

Bioloaical species 

Satellite beat pampa 

Adhes ion atudiaa 
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An example of the usefulness of neutron radioaraphy ia aiven in 
Fiaure 2 - 6 , which shows the flow of automatic transmiss ion fluid in an 
operat ina front wheel drive transmis s ion of an automobile .  As in the 
f igure , fluid flow in a particular lubricat ion channel vas inadequa�e ; 
a design modification improved the lubrication flow . Similar 
radiographs have been obtained to monitor the fluid fuel profile in the 
fuel inj ector for a aas turbine engine . The photoaraphs were obtained 
in the real - t ime neutron radiographic facility at the Univers ity of 
Michigan ; they clearly illustrate the selective sens itivity of neutrons 
to hydroaenous fluids . X- ray and aamma ray radioaraphy would have been 
useless in these cases . 

Neutron radiography has also been used to examine bo�anical 
ma�erial . Fiaure 2 - 7  shows a real - t ime neutron radiograph of an iris 
taken at the Univers ity of Virainia . (The radioaraph also shova a 
beetle ins ide the flower . )  Other univers ity developments in this field 
are listed in Table 2 - 5 . 

An eztens ion of two-dimens ional ima&ina radioaraphy ia nautron 
tomoaraphy . In this technique , a three - dimens ional view of a structure 
is obtained by reconstruction from multiple exposures taken at 
different vievina anales .  Additionally , systems have been developed 
that use spatially distributed neutron activat ion over the specimen in 
order to obtain t ime - dependent autoradioaraphic imaaea . Even the 
rudimen�s of possible holographic ezaminat ion have been ezplored ; here 
the phase coherence features of neutrons are ezploited for 
three - dimens ional vievina . Recent advances in neutron resonance 
radiography , in which selective neutron absorp�ion at localized neutron 
eneraiea is ezploited , have been significant . These nev and emeraina 
techniques were hiahl iah�ed a� a 1987 summer conference held at Loa 
Alamos Rat ional Laboratory . 

Concern for Under-Utilization 

Neutron radioaraphy is under -used . Bas ic neutron radioaraphy ia a 
mature technoloay . but the laboratory facilities and instrumentation 
are lackina . Moreover , no maj or facilities are available at the 
national laboratories . 

In the univers ity euvironment , with the URa available , there ia 
opportunity for cross couplina between the neutron radioaraphy 
researchers and aechanical enaineerina . bioloay . pe�roleua enaineerina . 
and other disciplines , and addit ional multi-disciplinary research can 
be performed . Valuable relationships have been formed between 
univers ities and several indus�ries , and they can be ezpanded .  Such 
collabora�ion can accelerate the development of innovative production 
methods . 

Conclus ions for Neutron a&dioaraphy 

Vhile not developed �o ita full potential , the availability of neutron 
radioaraphy at URas has led to many important and useful applications . 
Widespread uses have developed ,  and nev applications can be developed 
readily . uaas have played a direct and vital role in developina both 
the methods and the techniques .  
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FIGURE 2-6 . Real Time Neutron Radioaraph• of Auto .. tic Tra�••ion Fluid Flow in an 
Opera ting Wheel Drive Automobile . *  

*The lef t pho to shows hindred flow in a lubrica tion channel ; the riaht photo shows 
correc tion af ter de•ign modifica tion .  
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FIGURE 2-'. . Rea l Time Radi ography o f  an I r i s . *  

*NOTE : The bee t l e  j u H t  r i gh t  of cen ter . 
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Tab� a 2 - 5 . Salactad Contributions froa Neutron ladioaraphy at Univaraity 
aaaaarch aaactora Cantara 

aaal - t tma tmaaina : 

Hiah- apaad radioaraphy 
( 10 , 000 fraaaa par aacond) 

Neutron tomoaraphy 

Analytic tachniquea 

Hydroaan diffua ion procaaaaa 
in aatala : 

Hiah powar laaar airrora 

Dtmanaional aaaauraaant 

Honitorina of lubrication and fuel 
burnina pattarna in automobile 
anainaa . 

Imaaina vary rapid procaaaaa auch aa 
burnina povdar in a proj act ila . 

Neutron tomoaraphic reconstruct ion 
tachniquaa hava baan damonatratad for 
inapaction of reactor fual bundlaa . 

Appl ication of rouriar tranaforaa and 
tha modulation tranafar - function for 
avaluatina tha affect of controllable 
variablaa on tha tmaaa foraina 
capability of neutron radioaraphy . 

Tha diffus ion rata of hydroaan and ita 
concentration in aany aatala hava baan 
atudiad . 

Evaluatina coolant flow and corros ion 
within narrow cool ina paaaaaaa 
contained in hiah povar laaar airrora . 

Tha accuracy of tha tachniqua in par­
foratna dt.ana ional aaaauraaanta ,  
particularly with cylindrical obj acta , 
haa baan taatad and avaluatad . 
In ita a t.plaat fora , static neutron 
radioaraphy iavolvaa tha production of 
an tmaaa on fila azpoaad to aacondary 
radiation (alactrona , 1 .... raya , 
photons , or charaad frapanta )  froa a 
neutron abaorbtna acraan . Jlora 
aophiaticatad vara iona aaka uaa of a 
talavia ion acraan , paraitt ina 
obaarvation of dynaaic faaturaa in 
raal - t t.a  radioaraphy . risura 2 - 8  ia 
a dtaaraa of neutron radioaraphy . 
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R EACTOR 

... Object 

Signal 

Fiaure 2-8 . Neut�oa ladioaraphy . 
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BIOMEDICAL USES OF RESEARCH IIACTOBS3 

The usa of neutron producina fission reactors , university research 
reactors in particular , for bioaadical research and practice continues 
to ba uniquely important . ladionuclidaa aanaratad in thaaa reactors 
and subsequently labeled coapounda are uaad eztanaively in research as 
well as in many diasnoatic and therapeutic procedures .  Because a l ist 
of references on this important research topic would be voluminous , 
only a few survey rafarancaa and aoaa specific research efforts are 
cited (Harrison and Swindell , 1981 ; lao , Chandra , and Crahaa , 1983 ; 
Sorenson and Phelps , 1986 ; Maruyama , Beach , and Feola , 198 5 ) ; 
International Atoaic !Daray Aaancy , 1981 ; Wasnar ,  1968 ; Harl ina , Clark , 
and von dar Hardt , 1984) ; ad . or author , 1986 ; Freeman , 1984 , 1986 ; 
Jonas and Saith , 1986 ; Eetrtna , 1987 ; ed . or auth . , 198 3 ) . 

The distinction batwaan research and service aspects for bioaadical 
act ivities at URaa is not always clear . Service is detailed in Chapter 
5 .  This section discusses bioaadical research , with aoaa unavoidable 
overlap into the service cataaory . 

Bioaadical applications of nucl ides and labeled ca.pounds can ba 
summarised as batna either aetabol ically located in the body or 
aachanically located tn or near the body . In this contezt , aatabolic 
is used loosely to include bioloaical location and/or manipulation of 
radionuclides in vivo in non- encapsulated fora . 

Honitorina Bioaadical Proc••••• 

Livtna oraaniaaa depend for survival on a coaplaz interplay of phys ical 
and biochaaical processes in order to fulfill essential phys ioloaical 
functions such as nutrition , azcration , respiration , ate . Follovtna an 
alaaant or C08p0Uftd alona ita aatabolic pathway is important in 
a tudyina life proces ses , and radionucl idaa are essential to thaaa 
studies . ladioact iva alaaants or compounds labeled with a radioauclida 
can be introduced into the aystaa ; their route can than ba followed by 
many techniques deve loped for quantitat iva t.aatna and analys is coupled 
with techniques for idantifytna the aataboliaad ca.pounda . riaura 2 - 9  
i s  a diaaraa o f  radioactive isotope monitortna o f  the body ' s bioaadical 
processes . 

URaa have baan2 �nstruaalial in aupplyina phya ioloaical short - l ived 
isotopes such as ._a and E to researchers for in vitro study of 
••••nt ial hypertens ion , cystic fibros is , cancers , and other diseases . 
Because of the ir moderate ly short half - lives of approziaataly 15 hours 
and 12 1/2 hours , raapactivaly ,  obtaintna thaaa radionuclidaa fro. 
comaarcial sources is aanaral1y not aconoaii or cODYzJiant . One UIR 
has supplied several thousand ahipaants of 4la and E in the last 
10 years to a univers ity researcher (Eatrtna , 1987) . 

3
ror additional views on aadica1 appl ications , ••• Brill (1987) . 
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Ftaur• 2-9 . Medical Application of l.aclioiaotope hoclucttoa. 
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Th e  use o f  radionucl idea as tracers baa contributed a areat deal to 
underatandina phya ioloaical funct ions . With tracers it is pos s ible to 
es tabl ish l imits of normal func t ion on which to base diagnost ic testa 
in c l inical aedic ine . For ezample , the normal and pathological 
behavior of iodine in the body baa been studied in detail , enabl ina ita 
role in human phya ioloay to be quant ified . 

NUclear Medic ine Therapy 

Vhen radioact ive isotopes are used for diagnostic teats , the radiation 
doses del ivered to any part of the body are insufficient to aodify 
cellular funct ion . In radiat ion therapy , on the other hand , with a 
suffic ient ly lara• aaount of a radionucl ide , the radiat ion dose can be 
suffic ient to1stu•• del iberate modification of the ce llular function . 
For ezample , I is used for treataent of thyroid aland disorders 
and aetaatatic thyroid cancer . There is cons iderable onaotna research 
on ua tna monoclonal antibodies labeled with suitable radionucl idaa for 
therapeut ic purposes . 

Nuaeroua new and ezc it ina radionuclida procedures have bean 
developed at Ulla , or at fac ilities ua ina isotopes produced at Ulla , 
over the past several years as nuclear therapy research arova . For 
azaaple , cancer aetaataaaa to bona are espec ially ca.aon froa such 
priaary cancer s ites as the prostate and the breast .  Because these 
cancers are often diaaaainatad throuahout the body , they can be treated 
only by a ayataaic therapy such as chemotherapy . In this connection , 
two new radioact ive compounds have bean developed , Saaariua- 15 3  EDTHr 
and lheniua- 18 6  BEDP . These two phoaphonate coaplazaa are taken up 
selectively on azpoaad bane ainaral surfaces and are effect ive in 
irradiat ina aataatat ic deposita within the bana1J

Joa tumors of other 
oriaina . For apontanaoua bane tuaors in doaa , Sa therapy has been 
benefic ial . This davalopaant vas pos s ible only throylt the c lose 
cooperation of a veterinary school near a ORR . The aa 
radionuclida has bean suppl ied to a univers ity aadical facility by 
another university with a uaa . The flexibil ity and tnforaal ,  creative 
atmosphere of a rasaarch reactor fac il ity in a univers ity aattina have 
been prt.a factors in these davelopaanta .  

Soaa of these techniques are batna used in c l inical trials on �D 
pat ient s . Fiaur• 2 - 10 shows nuclear scans of two pat ients : the one on 
the left with no cancer and the one on the riaht with prostate cancer 
that has spread to several locations in the abllion .  They are the 
darbr spots in the fi&ur• · For1§�• left scan , Tc -JmP was used for 
diagnos is . For the ript scan , Sa- EDTIIP vas used to carry a 
atrona beta aaittar to the cancerous locat ions and thus del iver a lara• 
local radiation dose to the tumors . 
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FIGURE 2-10 . Nuclear Medicine Scaaa of a Patient vith DO Cancer aDd a Patient 

Wboee Proe tate CAncer baa Metae taeieecl . 
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Collaboration between tvo URaa and a private company has produced a 
new treataent for liver cancer ua ina intra -arterial inj ection into the 
body of activated yttrium- doped alaaa aicroapherea of hi&h cheaical 
durability . This treataent was used in 32 liver cancer patients in 
Canada in the last year : it is apparently successful in atoppina tumor 
arovth , with dramat ic tmproveaenta in aymptoaa and aeneral coaditioa of 
aoat patients . The product , Y- 90 TheraSphere , which is awaitina Pood 
and Drua Adainistration approval for tr ials , oriainated at KIT and the 
Univers ity of Missouri respect ively , whose staffs were willina to 
tackle this kind of innovative research . 

aeaearchera at another uaa have developed the therapeutic technetium 
aenerator in the fora of a Tunasten- 188/lheniua- 188 radionucl ide 
aenerator . It is the first of ita kind to be pract ic!l

8
for producina 

lara• multi - curie qytJtiti!J
8

of 16 . 98 -hour half- l ife 
11 

froa 
69 . 4 - day half - l ife w .  ae , a cheaical analoau• of �c . 
can label antibody fraaaenta with diaaide diaercaliide in yields and 
purity virtually identical to those labeled with �c . Such labeled 
ant ibodies offer a hope for abat ina aaall cancer aetaataaea because of 
their hi&h selectivity and effectiveness anywhere in the body . The 
developaent of radiolabeled ant ibodies that destroy the aetaataaea of 
common cancers as effect ively as radioiodine therapy affects 
well - different iated thyroid aetaataaea would be a maj or breakthrouah in 
the

1
if•ataent of cancers . 

ae could be available on deaand at a hospital in the fora of a 
sterile saline no- carrier-added solution obtained froa a i�lrapeut ic 
technetium aenerator : it would last two aontha or more . ae froa 
such a aenerator aay also be useful in treat ina aetaatat ic cancers in 
the bone and as a sulfide colloid for the study of intra -!f§icular 
radiatioa treataent of rheumatoid arthritis . S lailarly , Dy in the 
fora of aacro-aaar•aatea is used to treat arthritic knee jointa . 
leta- eaitt ina radioaucl idea offer a a t.ple , leas ezpena ive , and lesa 
traumat ic approach than auraery . The renaissance of the hiply 
proaia ina technique of radiatioa aynovecto.y is a�at ca.pletely due 
to the efforts of oae researcher vorkin& with uaa faculty and ataff . 
This procedure could provide a s imple coat - effect ive treataent for 
aillioaa of rheumatoid arthritis sufferers . aeaearchers at another UIR 
are tDYeatiaatin& alternative isotope• and particulate foraa for 
radiat ioa aynovecto.y of sMll joints . aaain us tna aMll univers ity 
research aranta . The use of radiatioa for treatin& non.alianant 
diseases ia prescribed with caut ion . uaa and .. dical reaearchers are 
collaborattna oa developaent of these procedure& . 

As .. ntioaed above , radioauclidea can be localised in the body 
because of the .. tabolic propert ies of the el ... nt they represent or 
those of the ca.pound with which they are labeled . A aajor eaa.ple 
reaulta froa the fact that moat metabolic proceaaea use carbon and 
hydroaen atoaa for aynthea ia ina or aodifytna orftnic c�ds . The 
beta eaittina iaotopea of carbon and hydroaen , c and B ,  are used 
eztena ively in biocheaical research because they are eaaily 
incorporated into bioloaically s ianificant coapounda . Tritium ,  3s .  
tt• a half- l ife of 12 . 33 years and a aazt.ua beta ener11 of 18 keV , and 

C has a half - life of 5 , 730 years and a aazt.ua beta eneray of 156 
keV . loth isotopes are produced by neutron capture reactioaa with hi&h 
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spec ific activity . Thouah their primary use has been in in vitro 
research on compound metabol ism ,  some in vivo studies have been 
performed . 

Host radionucl ides are used in vivo . For diaanosis and research , 
part icular radionucl ides with the assoc iated aamma rays are used for 
imaaing in s itu and for quant ificat ion . Therapy , oa the other hand , 
generally employs radionucl ides that are strona beta emitters . Table 
2 - 6  l ists many of the metabol ically local ised radionucl ides and their 
primary biomedical appl ication . 

Another technique us ing enriched s table nucl ides followed by neutron 
activation analys is is a powerful method for non- invas ive study of 
human metabol ism of some nutritionally important elements .  There ls no 
ezposure to radiatioa , and it requires oaly inaestion under dietary 
protocol . Subsequent neutron activatiOD of samples coatainina the 
ingested stable tracers permits precise quantificat ion of these 
elements us ina NAA . Table 2 - 7  lists selected stable nucl ides and their 
biomedical applications . 

In therapeutic procedures ,  most radionucl ides are encapsulated and 
are mechanically , rather than metabol ically , located in or near the 
body . These radioauclides are administered by insertioa in natural 
body openings , by interstitial implantation , and by ezternal 
irradiation , as a gamma ray beam . The princ ipal therapeutic 
radionucl ides are l isted in Table 2 - 8 . It should be noted that all 
these radioauclides are produced in reactors , and most of thea were 
conce ived or developed at a univers ity . 

Another ezample of a developing nuclear medicine technique , and a 
new approach to tumor therapy , is boron neutroa cancer therapy , which 
was unsuccessfully tried in the 1960s but is beginnina to show some 
promise . It also ezemplifies the value of close and collaborative 
relationships between Ul& and medical researchers . This approach to 
tumor therfBY res�s oa7the properties of the neutrOD capture reactiOD 
in boroa , B (n , �e )  Li , in which the alpha particles are 
emitted with a mean eneray of 1 . 48 MeV and the recoil l ithium ioas have 
a mean ener17 of 0 . 58 MeV . The ranaes of these particles at their 
respective eneraies are several micrometers , which correspoada to 
cellular dimens ioaa . Neutron irradiatioa of boron in a tumor produces 
ionis ing radiat ion , with therapeutic results . Necessarily , a hiah 
concentration of boron in the tumor is required alona with the 
element ' s  known temporal variation . 

Promiaina results have recently been obtained by a Ul& research teaa 
in Japan ua ina boron therapy to treat difficult brain tumors . In the 
United States , researy& on the synthesis of boroa rich co.pounda , the 
temporal behavior of B concentrations , .. cro- and micro - dosimetry , 
and reactor neutron beaa des ian to obtain improved epither.al neutron 
beam parameters is under way at several research reactors . A .. j or nev 
init iative includina cl inical trials has begun at the Massachusetts 
Institute of Tecbnoloay and at the New Enaland Medical Center ; other 
therapy fac ilit ies are beina des ianed for the Georaia Institute of 
Technology and the Univers ity of Missouri at Columbia (HUla) . 
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Table 2 - 6 . Selected Reactor Produced ladionucl ides Used Biomedically 
(Metabolically Localized In-Vivo or In-Vitro) 

ItadionucUde a 

64cu 

Compound or Mtnt 

Compounds of 
biological interest 

Boron containina 
complezes 

Body compounds of 
bioloaical interest 

Flurodeozyalucose 

Chlorides 

Chlorides 

Naturally present 

Chloride• 

aed . cells 
Rwun serua albumin 
Chr011ates 

C itra tea 
Chlorides 

Chlorides 

Bromides 

Methionine 

Application 

Studies of metabol ism 

Boron neutron capture therapy 

Studies of metabolism 

Studies of alucose utilizat ion 

Studies of hypertens ion 
Studies of so4iu. balance 
Studies of cystic fibros is 

Treatment of polycythaemia 
vera 

Monitorin& Cl concentration in 
CSF 
Measurements of eztracellular 
fluid space 

HOnitorina of lean body mass dur ing 
cancer chemotherapy 

Studies of hyptertens ion 

Spleen illl&in& 
Caatrointestinal prote in loss 
aed cell survival and volu.e 

Studies of iron kinetics 

Studies of Vilsoa ' s  disease 
Studies of copper metabolism and 
kinetics 

Postoperative measurement of 
eztra- cellular fluid 

Studies of prote in  111tabolism 
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Table 2 - 6 . Selected Reactor Produced &edionucl idea Used Bioaedically 
(Metabolically Localized In-Vivo or In-Vitro) (Continued) 

ladionuclf.de a 

9911Lrc' 

Cgmpqund or Agent 

"Theraapherea"  

Citrate colloid 

Antimony trisulfidt 
colloid 
DPTA 
Glucoheptonate 
HIDA 

Human serwa albuain 

Iron complexes 
Kacro-aureatea ,  
microspherea 
Pertechnetate 

Polyphosphate , 
pyrophosphate , 
diphosphate , 
Mthylene 
diphosphate 
ltd blood cella 

Sulfur colloids 

Hematoporphyrin 
Jlcmoclonal 
Antibodies (MoAb) 

Colloids 

Jlcmoclonal 
antibodies 

125I Iodides 

1 3 1I Iodides 

( fis s ion product) Iodohippurate 
Macro- aggregates 
Monoclonal ant ibodies 

Application 

Treatment of intra-arterial live 
tumor a 
Studies of arthritis treatment 

Imaging of lymph nodes 

Imaging of the brain and renal organs 
Imaging of renal organa and the brain 
Imaging and funct ional . studiea of the 
liver and bile duct 
Imaging and funct ional studies of the 
cardiovascular ayatea 
Imaging of the renal organa 
Imaging of the lungs 

Imaging of the brain 
and the thyroid 

Imaging of bones 
Imaging and functional atudiea 
of the cardiovascular ayatea 
Imaging of the liver and 

spleen 

Lymphat ic ablation 
Treataent of selected �r• 
�r• 

Imaging of the liver and 
bone marrow 
Imaging of particular tuaora 

Detection of clots 

Labeling for radio­
iaau.Do-aaaaya 

Imaging and therapy of the thyroid 
gland 

Imaging of the renal organa 
Imaging of the lungs 
Imaging of selected tumors 
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Table 2 - 6 . Selected aeactor Produced a&dionuclidts Used Bioatdically 
(Metabolically Localized In-Vivo or In-Vitro) (Continued) 

ltadionuclide 1 

165ny 

compound or Aaent 

Gaa 

Monoclonal antibodies 
EDTHP 

Hacro-aaareaates of 
ferric hydroxide 

DTPA 

HEDP 

Alte�t ivt label 
to 99�c 

Chloride a 

Ciaplatin label 

APPl ication 

Studies of luna perfus ion and 
ventilation 
Studit� of blood flow (brain 
tissue follovina inj ection) 

Treatment of tuaors 
Treataent of .,tastases in bones 

Treatment of arthritis 

Iaaaina of cerebrospinal fluid 

Treatment of .,tastasta in bones 

Antibody therapy 

Treatment of metastases in bones 
Treatment of arthritis 

Used in first-pass anaio­
cardioaraphy 

Trtataent of cancers 

1unlesa otherwise noted , the radionuclidts listed art produced by 
geutron capCfil reactions in nuclear reactors . 

Product of 191v a•n•rator produced by neutron capture .  
cProduct of Oa aenerator produced by neutron capture .  
dDauahttr of :�r a•n•rator produced by neutron capture . 
1Eluttd froa ·ao aenerator produced aa a fission product or by 

neutron capture . 
fEluttd froa 113sn aenerator . 
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Tabla 2 - 7 . Selected Stable Nuc lides Irradiated by Neutrons for 
Bioaadical Usa 

Stabla ftuclida 

Calc ium 

Aluminum 

Copper 

Z inc 

Selenium 

Essent ial 
and non­
essent ial 
trace 
alaaanta 
in renal 
diaaaaa 

Appl ica t ion 

Datarainat ion of whole �Sdy calc ium by in vivo neutron 
irradiat ion to produce Ca ( 8 . 2 ain) 1s

2
!J!ilabla for 

pat iant axaainat ion , for example , ua ina Cf neutrons 
in a whole body counter to study calcium lavala aa a 
funct ion of aga , diat , drugs , and osteoporos is . 

Prel iminary studios have baan undartakan to determine 
aluminum concantrat ions in brain tissues of rata fad 
diffarant diets . 

A aathod for the stufJ of i�• aatabol isa of both stable 
isotopes of coppar ( Cu , Cu) in trace amounts in 
the huaan diet has bean developed .  A precise dietary 
protocol peralta quant itat iva uaa of radiochaaical 
neutron act ivat ion analys is (INAA) of samples ( faces , 
plasma , red calls , urine , ate . )  for a non- invas ive 
determinat ion of huaan aatabol isa of copper . 

A coaprahana iva .. thod haa bean developed to study the 
aatabol iaa of d ifferent stable isotopes of z inc by INAA 
of saaplaa (faces , urine , blood) . The fate of intrins ic 
z inc ( a . a . , incorporated in chickens froa the ir feed) 
can be distinauishad fro• an extrins ic taa (a s inal• 
s table z inc isotope added to the diet) . aaaulta 
indicate that though the extrins ic taa could provide an 
estimate of z inc aatabolisa ,  the inoraanic supplaaant 
doaa not completely axchana• with the z inc intrins ically 
incorporated in the diet . 

A comprahana iva method us ina INAA and any or all the 
stable isotope s of salaniua haa bean auccaaafully 
applied to atudiaa of huaan aastrointaatinal absorption 
ua ina a dietary protocol . A poss ible correlat ion waa 
found between sarua lava la of salaniua and cancers . 

INAAa ware made of the levels of ••••nt ial trace 
a laaanta (Co , Cr , Cu , Fa , Sa , Mn ,  Zn) and non­
essent ial alaaanta ( Br ,  Cs , &b) in aarua , in packed 
calls , and in dialysate of patients in and- ataa• 
renal failure on dialys is . 
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Table 2 -8 . Princ ipal Reactor Produced a&dionuclides Used in 
Encapsulated Fora for Therapeutic Applications 

ladignuclidt 

13701 

Appl ication 

Aa used in teletherapy units , a lara• cobalt source 
(>10 , 000 curie s )  is employed about 1 meter from the 
patient and ia coll imated to produce a wel l - defined 
aamma ray beam . 

Iodint - 12 5  in encapsulated fora in small seeds was 
introduced as a substitute for radon- 222 and aold- 198 
aourc!l

5
for inters tit ial implantat ion .  The soft z-raya 

from I are so readily absorbed that the 
distribution of dose ia dtttrained primarily by 
absorption proc••••• rather than by aeometrical 
divergence ( inverse square law decreases) ; this 
facilitates concentration of the dose in the les ion . 
The rapid decrease of the dose with distance further 
protects th!2Jtlt of the patient and reduces staff 
ezpoaure . I ia frequently used in non- resectable 
luna les ions and prostate irradiation . Clinical 
observation ia that ita use has a hi&h•r therapeutic 
ratio than that achieved with other implanted z-ray 
sources . This result may be assoc iated with ita low 
overall dose rate , sustained continuous irradiation , and 
t

2
,oaevbat hi&h•r relative bioloaical effectiveneaa . 

I implants are ordinarily permanent . 

Ceaiua- 137  ia used in aoae shorter rana• teleth•f!J! 
units dea ianed for head and neck irradiations . Ca 
ia also used in cervical applicators aa a replaceaent 
for radiua . 

Iaplanted aa encapsulated seeds in a �J in 
ir!btnation with the administration of Iuda , the 

Sa low eneray radiations ezcite the eaiaa ion of low 
eneray electrons and z-raya fro. the iodine that , in 
turn ,  ia incorporated into the DRA . Research ia in the 
animal ataa• · 

Cadoliniua- 153  aa a source of aamma rays (:100 ktV) 
toaether with Europium K- shtll z-raya ia used in dual 
eneray bone acannina ayateaa for osteoporos is studies . 
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Table 2 - 8 . Princ ipal Reactor Produced ladionuclidea Uaed in 
Encapaulated Fora for Therapeutic Application• (Continued) 

ladionucl ide Appl ication 

192zr Iridiua- 192 ia uaed in the fora of amall virea , 
approximate ly 3 ma lona . encapaulated in stainl••• steel 
tube• with an overall diameter of 0 . 5  .. . Theae seeds 
are inaerted in nylon ribbon• and are implanted in 
tuaors to produce a spec ified diatribution of dose . The 
ribbon• are removed when the total preacribed doae ia 
achieved . 

198Au Cold- 198 , with a half-life of 2 . 7  daya and an effective 
photon eneray of 0 .  42 MeV , haa been uaed in •••d fora 
for implantation aa a aubat itute for radon seeda . Ita 
eneray is more convenient than that of radon , but ita 
half - l ife is also somewhat short for therapeutic 
application . 

2 5 2cf Californiua- 252 ia a product of fuaion reactor• that 
decay• by alpha particle emiaa ion ,  with a half - l ife of 
2 . 7  yeara , and by spontaneoua fiaa1on ,  with a half - life 
of 85 . 5  yeara . The radiobioloaical rationale for ita 
uae ia due to reduced oxyaen enhanceaent ratio for 
neutron irradiation of bioloaical ayat... . AI an 
encapaulated aource , it baa been uaed in aeveral 
radiation center• with favorable clinical reaulta , 
primarily in intra-cavitary applicationa . BecaJ!! of 
the increaaed shieldina and handiii! probl... . Cf 
ia uaed in only a few centera . Cf aourcea are alao 
uaed for vhole -bofJ irradiation to activate auch 
radionuclidea aa Ca for in vivo atud1ea of calcium 
level• in patienta . 
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Origin of Biomedical Contribution• 

Many biomedical contribution• have come from the univers ity campua , 
including medical schools , affiliated hoapitala ,  and veterinary 
achoola . Contribution• to radiation treatment have been and are beina 
made by univers ity researchers working at univera ity and government 
research reactora . It ia noteworthy that in the publ ication• from the 
univera ity reactor group at HUla ,  biomedical proj ecta const ituted one 
quarter of all publ ications between 1980 and 1986 . Similarly , of the 
1 , 03 1  rublicat iona baaed on HIT reactor reaearch for 1958 - 1985 , 161  
were biomedical . Several other Ula groupa are also quite active in 
biomedical proj ecta . 

Aaain , the value of nuclear medic ine to education in a multi­
diaciplinary univera ity deaervea special emphaa ia . Ula and medical 
fac ilitiea provide the training around for atudenta , thua contributina 
to the supply of trained researcher• and practitioner• in nuclear 
medicine research . 

There ia an int imate collaborative relationahip between reactor 
reaearchera and aedical researcher• in the un1vera ity/hoapital 
environaent . If there were no Ulaa , standard radionuclidea could be 
obtained in other vaya . However , Ulaa are a vital source of advanced 
labeled compounda , nonstandard radionuclidea , and moderately 
ahort - lived materiala . Important alao ia the knowledaable Ula staff . 

Conclua iona for Medical Diaanoatica and Therapy 

aeactor -produced radionucl idea and subsequently labeled compound• are 
vital in biomedical diaanoa ia , treatment , and reaearch . Some are 
important for patient• becauae of their metabolic localization and 
othera in encapaulated form becauae of their mechanical localizat ion . 

Nearly all biomedical radionuclidea and labeled compound• oriatnated 
with univera ity faculty collaborat ina with univera ity reaearch reactor 
or with aovernment reactor faculty and staff or with aovernment reactor 
laboratory ataff , Uae of Ulaa ia a moat cODVenient and ayneraiat ic 
arranaement when medical reaearch faculty are on the aaae campus . 

The flezible , informal , and creative atmoaphere of reaearch reactor 
facilitiea toaether with medical achoola and teach1na hoapitala in the 
un1vera ity enviroaaent have contributed to developaent of new and 
innovative procedure& in DUclear medic ine . The ayneraiam between the 
uaa center• and the teachina hoapitala and medical achoola and the vide 
variety of ak1lla available at these fac ilitiea are effect ive in 
tra intna atudenta and reaearchera . 

KlTD.IALS USIAI.CH USING tmrraOR IIJW)IATIOR 

Descript ion of the Method 

For many yeara , the chana•• in the phya ical propertiea of material& 
brouaht on by radiation (electromaanetic , electron , ion , z-ray , 
neutron) have intereated ac ientiata challenaed to underatand 
fundamental proceaaea involved and technoloaiata challenaed either to 
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exploit or counteract these changes .  The complex effects of the many 
types of irradiation on materials have been outlined (American Phys ical 
Soc iety , 1975 ; U . S .  Department of Energy , 1981) . 

Irradiat ion effects are particularly important in nuclear reactor 
systems , e ither fiss ion or fus ion , because of the high neutron 
radiat ion fluxes present . In some eases , irradiation effects limit the 
des ign or operational seale of reactors . It is not augaea ted that all 
irradiat ion effects are deleterious , as conveyed by the commonly used 
term radiation damage ; many useful changes in materials can be 
produced , for example , by ion inj ection or transmutation dopina . 

Vhen a material is subj ected to neutron irradiation , three reactions 
occur : transmutation , fission , and atom displacement . Within nuclear 
reactors , the dominant irradiat ion effects are caused by hi&h ener17 
neutron collis ions with lattice atoms within the material , wherein 
large cascades of displaced atoms are produced . Such displaced atoms 
or defects are mobile , interaet in& with each other , impurity atoms , and 
grain boundaries , and the complex defect structure that is formed can 
a ianifieantly alter the phys ical and mechanical properties of the 
material . 

Need for a Low Temperature Irradiation Facility 

Por study of the fundamental defect process in materials , a low 
temperature irradiation facil ity is usually required ,  alona with a 
reactor providina a relatively high neutron flux dens ity so that a 
stabilized defect s tructure may be obtained in a reasonable t ime . 
Neutron irradiation of the material samples at low temperatures in the 
4 - 5  X ranae reduces the mobility of the defects and thua allows a 
quantitative and unambiauoua study of the fundamental material 
propert ies . Though the available neutron flux at the laraer uaaa ia 
adequate , no low temperature irradiation facilities are currently 
operated at univers ities thouah several have been proposed and one is 
planned at the Univers ity of Kiaaouri . As a consequence , proar ... of 
studies of the fundamental proeeaaea reaultina froa hi&h ener17 neutron 
interaction with materials are limited . In contrast ,  a productive low 
temperature irradiation proaram haa been supported at several Western 
European reactors for more than 20 years . 

University veraua Nat ional Laboratory aeaetora 

Univers ity faculty in the United States collaborate with staff at Oak 
aid&• and until recently at the Argonne pulsed neutron aouree , where 
liquid heliua temperature irradiat ion fac ilities are available . This 
use of remote facilities by faculty does not support the educational 
miss ion or fully involve students and other faculty in univers ity baaed 
research . 

Nevertheless , a ianifieant materials research and teatina have been 
carried out at aome lara• UIRa , ineludin& KIT , the State Univers ity of 
Rev York at Buffalo , Univers ity of Mis souri at Coluabia , Univers ity of 
Kiehiaan , Univers ity of Virainia , and Pennsylvania State Univers ity , 
where the neutron flux ia suffic iently high to result in reasonable 
periods of irradiat ion . This work embraces a vide range of technical 
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areas , from irradiation effects in electronic systems and components ,  
to superconduct ivity , to irradiation effects on structural alloys used 
in power reactors . Some of the work is primarily service irradiations ; 
some is an intearal part of univers ity research act ivit ies . 

Several of the hiaher fluz uaaa ,  espec ially those at univers ities 
with atrona materials science and enaineerina departments ,  have been 
used as nuc lear radiat ion sources in maj or research efforts in nuclear 
materials . In some cases , univers ity expert ise and facilit ies for 
characteriz ina irradiated material and handlina radioactive material 
have enabled univers ity aroupa to study radiation effects of materials 
irradiated elsewhere , for example , at the hi&h fluz national laboratory 
neutron centers . 

It is noted that Oak aida• National Laboratory recently constructed 
ita Low Temperature Neutron Irradiation Facility (LINIF) at ita Bulk 
Shieldina Reactor , and that this facility ia open to academic users . 

Applications of Neutron Irradiation in Materials Science 

Eabritt lement of reactor pressure vessels have been studied at several 
uaas .  This research , not requirina a hi&h neutron fluz , can be carried 
out effectively in reactors with power levels as low as about 1 Hv. In 
fact , the smaller reactors usually have eas ier acceaa for lara• sample 
containers and are often better suited for this type of work than the 
laraer national laboratory class  of teat reactors . Much of the 
information available on pres sure vessel embrittlement phenomena vas 
obtained from uaa irradiation testa . 

Irradiat ion testa to establ ish the influence of surface damaae on 
the bulk mechanical properties of structural alloys that are to be 
subj ected to a fus ion reactor environment beaan at a uaa . These 
sophist icated experiments involvina end-of - l ife teatina would have been 
difficult to perform at the hiah fluz national laboratory fac ilities 
where innovative but time - conaumina experiments compete with the 
standard very lona term irradiations that can be carried out only at 
these hi&h fluz reactors . In addit ion , maintainina achedulea is under 
leas pressure at Ul&a than at national laboratory facilities . In one 
univers ity proaraa , the reactor had the necessary capabilities for 
maj or fus ion reactor alloy development . Thia research enabled the 
univers ity aroup to focus ita advanced powder aetalluray and rapid 
solidification proceaa ina on the critical problema of firat vall 
structural alloys for use in future fus ion power reactors . Because of 
the nuclear materials teatina and handlina capabilities available at 
the uaa , a vide ranaa of structural alloys dea ianed and produced at the 
university vaa tested for irradiation performance . Further , aa part of 
thia research effort , new and innovat ive approaches to miniaturized 
mechanical property teatin& of radioactive alloys were developed . 

uaa atudenta receive unique experience and trainina in developina 
and teatina materials . Other uaa research ia listed in Tabla 2 - 9 . 

Neutron irradiation may also be used to introduce impurity canters 
into materials in a controlled way by neutron transmutation dopina . 
Controlled introduction of impurity atoms into materials auch aa 
s il icon is a major effort in the semiconductor proceaa ina industry . In 
the neutron transmutation dopina process , an isotope of the material 
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Table 2 - 9 . Neutron Irradiation Research Reactors at Univers ity 
Research Reactors with Application to Materials 

Type of Research 

The effects of neutrons and gamma 
rays on fus ion reactor maanet 
insulators 

Irradiation ass isted stress 
corros ion crackin& 

Irradiation enhanced corros ion 

Reduct ion of soft errors in 
semiconductor memory chips 

Crack arovth rate under 
irradiation 

Hill -pore filters by fission track 
etch techniques 

Badioactive dauahter recoil yields 

Appl lcatlop 

Haaneta to produce fus ion 
plasma confinement and 
control are an essential 
component of maanetically 
confined fua ion reactors . 

The service life of critical 
in-core components of liaht 
water reactors is affected 
by neutron irradiat ion . 

Such corros ion can decrease 
power reactor plant l ife and 
also decrease reactor safety 
maraina . 

Soft errors limit the 
mazt.ua practical a iae and 
the reliability of hiah 
capacity aemory chips . 

Crack tip cheaiatry . 
microcheaical and 
aicroatructural chana•• 
induced by irradiation 
affect crack arovth rate in 
reactor bulk structural 
materials .  

Superior micro-filter 
performance is achiev.d by 
this aethod of production .  

Badioactive recoils in the 
prt.ary coolant ayat... of 
reactors critically iapact 
the ease and coat of reactor 
maintenance . 
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Table 2- 9 . Neutron Irradiation Research Reactors at Univers ity 
Research Reactors with Appl ication to Materials ( continued) 

Type of Research 

Neutron sputterina studies 

Irradiation effects on e lectronic 
coaponents and systema 

Radiation dearadat ion of oraanic 
reactor coolants 

Defect cluater evolution 

Void nucleation and arovth 

Beliua bubble behavior 

Bas ic studies of irradiation 
induced defect aeneration and 
evolution 

Appl ication 

Neutron sputterina rates affect 
both plasma impurity generation 
in fus ion power reactors and 
radiation exposure levels in all 
types of neutron producina 
reactors . 

Studies to produce radiation 
res istant electronic components , 
particularly seaicondutor 
components ,  have used univers ity 
facilities . 

Organic coolants offer soae 
potential advantaaes over water 
and aas for power reactors . 

These clusters affect radiation 
hardenina and eabrittleaent , a 
crucial effect with respect to 
reactor pressure vessel 
eabrittleaent . 

Swellina of materials under 
neutron irradiation is of areat 
importance for fast breeder 
reactors and future fua ion power 
reactors . 

Bel iua effects represent a major 
issue in fus ion power reactor 
first -vall structural materials . 

This effect is crit ical to the 
prediction of seaiconductor 
performance and the des ian of 
devices .  
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Table 2 - 9 .  Neutron Irradiation aesearch aeactors at Univers ity 
aesearch aeactors with Applicat ion to Materials ( Cont inued) 

Type of Re search 

Transmutation dopina of 
semiconductors 

a&diation hardneas tastina 

Irradiat ion affects on food 

Application 

Improved dopina quality is 
achieved by neutron 
transmutation dopina techniques 
applied to samicoaductor 
proces s ina . 

Device and system performance 
must be understood and opt imized 
to assure adequate performance 
of critical dafenaa and apace 
systema . 

Lara• aconoaic savtnas are 
potentially available throuah 
the reduction of wasta from 
spoilaa• when particular fooda 
are subj ected to irradiations . 

Copyright © National Academy of Sciences. All rights reserved.

University Research Reactors in the United States:  Their Role and Value
http://www.nap.edu/catalog.php?record_id=19131

http://www.nap.edu/catalog.php?record_id=19131


73 

captures a thermal neutron and then decays to a new des ired element . 
This process is diaaraaed in Fiaure 2 - 11 .  Neutron irradiation yields 
impurity centers uniformly distributed over the entire volume of the 
material , in some cases , a areat advantaae over chemical insertion or 
ion implantation in the near surface reaion of the material . Ua ina 
this technique , HUaa routinely prepares special hiah power s il icon 
controlled rect ifiers for the electric power industry . 

Closely allied with neutron radiation effects are those produced by 
aamma ray radiation fields . Many univers ity reactors produce 
radioact ive sources . The primary interaction of aamma rays with 
materials is throuah the atomic electrons . Thouah this interaction 
does not result in a local disruption of the lattice , as for neutrons , 
e lectrical transport and other phys ical properties may be modified . 
Bioloaical and botanical processes are also sens itive to such radiat ion 
effects . The use of aamma ray fac ilit ies is widespread , and uaa. are 
important in irradiat ion teatina . 

Conclus ions for Materials Research 

Materials research is a maj or area of hiah- technoloay with important 
impl icat ions for sc ience , industry , and the future health of the U . S .  
economy . Research techniques ua ina neutron irradiation have made many 
important contribut ions . In part icular , univers ity research reactors 
have contributed to applications involvina corros ion , semi- conductors . 
embrittlement , and resistance to radiat ion . 

U . S .  reactor research in the material sciences is not on a level 
with work done in Europe . In particular , there is a need for low 
temperature irradiat ion facilit ies at univers ity reactors , if the 
community is to partic ipate aore fully in world c lass materials 
research . 
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NUCLEAR IEACTOa ERCIN!EaiRC AND IEACTOa PHYSICS 

Introduction 

S ince the 1950s , when the flrat unlveralty research reactors vent into 
operation , uaaa have served aa tools of the engineers and aclent lata 
and have played important roles ln the development and proof - testing of 
the bas ic theory and des ign of nuclear reactors . Early research 
atudlea , concerned chiefly vlth learning uaa parameters , were parochial 
and thus were not cons idered aa j ournal material . However ,  the 
interpretation of these ezpertmenta attmulated a uuaber of bas ic 
theoretical papers , examples of vhlch are shown on Table 2 - 10 .  In that 
era , the maj or Atomic Energy Commlaa lon (AEC) laboratories were the 
princ ipal reactor research fac lllt lea , and the unlveraltiea had to 
compete in the research market by flndlng apeclaltlea that had not been 
vell- ezplored or were not be ing pursued vigorous ly at the 
laboratories . Tvo such specialties  were neutron act ivat ion analys is 
and neutron radiography . In addltlon , the AEC encouraged on- campus 
service ln isotope use . 

Another popular area la reactor dynamic studies ua lng reactor power 
fluctuat ions (neutron noise ) . This field became a focus of univers ity 
activity following publication of Albrecht ' s  work ln 1962 . Neutron 
nolae received a large fraction of Rat ional Science Poundatlon support 
for nuclear engineering (annual ezpendlturea for the fie ld were not 
large) for about 20 years , and only recently vas support discontinued .  
Aa a result of the collective effort , mostly at universities , neutron 
nolae la a standard reactor diagnostic technique at nuclear teat 
reactors and power plants . 

There are presently about 110 operating nuclear power plants 
generating electric ity in the United States . Good engineering pract ice 
dictates that research should be directed toward aaking them more 
efficient vhlle operating safely . The currently operating uaa. are 
typically enriched uranum fueled , hydrogen (water) .oderated , fiaalon 
reactors that require the use of engineering dea ian and analya la 
techniques analogous to those applied to the large , electric power 
producing reactors . Tbua ,  uaaa are excellent teat beds for selected 
nev analytical techniques and computer codes to improve the qual ity and 
effic iency of reactor &D&lya ia . The core a,..etry and piping system 
a impl lclty aake moat uaa. geometrically easy to model , vhlle comparison 
to actual performance provides real testa for the analys is methodology . 

Areas of aesearch 

aeactor Lattice lxperlmenta 

Standard techniques of ezperlmental investigation on aubcritical 
reactor aaaembliea - - eaaentlally , reactor samples - - can be uaed to 
support reactor dea ian at any installation that has a strong neutron 
source . The Kaaaachuletta Institute of Technology has had tvo reactor 
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Table 2 - 10 .  Early ( 19 5 6 - 1964) aeactor Engineering and Phys ics 
C itations St �lated by URa Experiments 

Verification of Reactor Tbeory yith Experiments 

o aeactor lattice des ign (Honeck and l&plan , 1960) ; Clark and 
deSobrino , 1961) 

o Asymptotic reactor theory ( Zweifel , 19 61) 

o Theory of the s lab geometry (Hingle , 1961) 

o Cadmium covered foil analys is ( Powell et al . , 1964) 

Improvement of Reactor Reliability. Perfor;ance . and 
Enhancement of Safety 

o Measurement of voids (Perkins et al . ,  1961) 

o Energy release fro• decay fission products (Perkin• and 
King , 1958) 

o Axial heat conduction in fuel plate• (Pagan and Hingle , 
1964) 

Deyelopment of Beactor Transfer runctign Tbtory and 
Applications of Noiae Analyaia Technique• 

o Theory and experiment on random fluctuation• 1n the period 
of neutron aultiplication aa reactors go critical (Gria ,  
Barrow , and S imon , 1956)  

o Verification of theory and technique• ua tna the KIT research 
reactor (Gyftopoulos and Smets , 1959) 

o Noise ana lys is to measure critical reactor parameter• 
(Albrecht , 1962 ; Uhrig and Boynton. 1964) 
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dea ian research proj ects the reactor heavy water lattice proj ect and 
the fast reactor blanket proj ect ; (Harlin& and Clark , 198 3 ) . Both 
proj ects vera centered on the lara• araphite - l ined hohlraum that 
provides a lara• area/volume , hi&hly thermalized neutron source . The 
reactor drove a D2o moderated lov enrichment uranium aubcritical 
latt ice fac ility and also a therma l - to - fast neutron converter 
irradiat ina mock-up of fast reactor blankets . In addition to loaaina a 
substant ial inventory of benchmark data , these proj ects contributed in 
an important vay to experimental and analytical methods development . 
For example , in the D2o lattice work , it vas shown that the 
measurements on a s inal• fuel pin could provide results allovina 
inference of the neutronic properties of an entire latt ice of fuel 
elements . 

Even a small uaa . 1 kW or more in power , providea such a source 
more effic iently than artific ial sources . However , sponaorina aaencies 
tend to bel ieve that current reactor theory and exiat ina benchmark 
experimental results provide an adequate bas is for reactor dea ian . 
This s ituation has made it difficult to obtain fundina . Nevertheless , 
l imited univers ity research in this f ield has been supported froa t ime 
to t ime . 

Two examples from the HIT reactor experience can be c ited . Both 
made extens ive use of a hohlraum bathed in thermal neutrons . HIT 
installed the hohlraum as a standard experimental facility . The 
hohlraum concept vas oriainal research . In the late 1960s , neutron• 
from this hohlraum vera used to drive a D2o moderated low- enrichment 
uranium aubcritical fac ility . A considerable amount of benchmark data 
vas produced , and s ingle - cell measurement to permit inference of 
complete lattice properties vas checked (Driscoll et al . ,  1 9 6 7 ) . 

More recently , methods vera developed and applied to opt imize the 
material composition for economic performance of fast reactor blankets 
(Driscoll , 1983) . These studies vera among the first to illuatrate the 
advantaa•• of axial internal blankets . To data , the project• have 
generated 38 Ph . D .  th•••• ·  62  H . S .  and other th•••• · and 117 technical 
report• and journal publications . Such aeaaura .. nta of .oderator and 
blanket aaaembliea continue at several uaaa . 

A related proj ect under vay at Purdue ia another fast reactor 
blanket facility (Ott , 1987 ) . Work to date haa uncovered diacrepanc iea 
between the calculated behavior of neutrons and the ir behavior in a 
real ayatea . Calculated-to- experimental ratios of neutron absorption 
in sample .. teriala deviate from unity with a syateaatic trend aa one 
go•• farther into the blanket . 

Fiaa ion Product Decay Power 

During the 1970s , unde� joint sponao�ahip of the RUclea� aegulatory 
Commis s ion ,  the Depa�taent of Energy . and the Electric Power aeaearch 
Inat itute , a coordinated effo�t vas conducted to apecify the decay 
power from f iss ion products as a function of �•acto� shutdown t ime .  
Thia pove� is the principal source of the eneray that must be reaoved 
by an emergency core cooling system after a reacto� accident or 
incident . The teaa included researchers froa univers ities , private 
laboratories , and nat ional laboratories . The univers ities involved 
vera Cal ifornia at Berkeley and Oreaon State . 
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The Berkeley work cons isted of an integral .. aaurement of decay 
power in a sample ,  by calorimetric aethoda , after it had been 
irradiated in a high flux reactor for an appreciable time . The sample 
was transferred to the shielded calorimeter by a pneumatic •rabbit" ao 
that aeaaureaent could begin soon after irradiat ion .  The f inal 
experiment was conducted at the General Electric teat reactor , but all 
the set-up work was done at Berkeley . The data (Schrock et al . ,  1978)  
were an important input to the Aaerican Nuclear Society (ANS) standard 
that was developed as a result of the coordinated prograa ( 19 78 ) . 

The Oregon State work was analytical . It drew on the body of 
aeaaureaenta that had been made on decay characterist ics and yields of 
fiss ion products  to eatiaate decay power aa the sua of the powers from 
these individual decays . Many research reactor centers around the 
world contributed to this work . Data fro• a nuaber of uaa facilities 
working on nuclear aeaaureaenta were a s ignificant contribution . 
Oregon State ( Sptnrad et al . , 197 7 )  also made an important contribution 
to the ANS standard . 

aeactor Control Studies 

uaaa are contributing s ignificantly to nuclear engineering in 
developing and test ing advanced inatruaentation and control 
techniques . This work explores automation aa a way to ensure safety of 
the ayate .. against human errors . 

Autoaat ion research has led to licens ing the HIT reactor to operate 
under c losed- loop digital computer control (Barling and Clark , 198 3 ) . 
Important contributions from this research include : 

o Developaent of a general aethod for digital , non- l inear , 
closed- loop control of reactor power and other essential 
paraaetera , such aa temperature during both steady state and 
trans ient operation 

o Demonstration of the parity apace approach for both a ianal 
val idation and inatruaent fault detection 

o Developaent of the reactivity constraint approach , a aethod to 
deteraine whether a change should now be aade in the control 
a ianal in order to avoid a future power overshoot . reraitttDa a 
non- linear ayatea such aa a reactor to be operated on 
closed- loop control without challengtna the safety ayatea 

o De.anatration of techniques for the on- line reconfiguration of 
both hardware and control algorithma 

o Developaent and testing of specific control algoritbaa UDder a 
variety of operating condit ions . 

Loop Testa 

In the past 10 years , not only several Ulaa but aany research and teat 
reactors at nat ional laboratories and virtually all the reactors built 
by industry for reactor developaent have closed . The reaaintDa Ulaa 
are now the principal nat ional resource for progressive improveaent to 
exist ing nuclear power plants . They are also vital tools for 
developing new and improved react · �• ·  
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Neutronica vork toward these goal• can be carried out in a l l  but the 
very small uaaa .  Reactors of even 1 kW thermal power are adequate 
neutron source• for most lattice studies . However , many of the moat 
preaa ina problema are concerned with the technology of fuela and 
materials exposed to high neutron fluences . For example , the higheat 
flux test reactor in the world- - the 250 Mv advanced test reactor in 
Idaho - - is fully committed to experiments that aupport the Navy ' s  
reactor program . The higher power Ulas are the only reactor• available 
to the power reactor community for doing s imilar reaearch . 

In ant icipation of thia need , HIT recently installed test loops in 
ita reactor (Harling , Bernard , and Driscoll , in preas ) .  These are 
tube• in which fuel and aaterials sample• of appreciable s ize can be 
ezpoaed to the high reaearch reactor flux .  The loop• are separately 
cooled , and the loop coolant c ircuit ia isolated froa the ma in reactor 
coolant c ircuit . Consequently , the effects of burnup and high fluence 
in a reactor that ia different froa the uaa can be atudied . The HIT 
program ia in fact expected to be one that emphaa izes radiation effect• 
on both aolid reactor material• and reactor coolant cheaiatry . 

Given aupport , the other high flux uaaa could install s imilar 
facilitiea . The eziatence of about 90 Qwe nuclear power induatry ,  
representing more than 15 percent of u . s .  electric aenerating capacity 
and still growing ,  juatifiea the ir use . 

Puture uaa Reaearch Opportuniti•• 

Table 2 - 11 lists additional reaearch topica relating to nuclear 
engineering and reactor phys ics , to which uaa. can aake fruitful 
contributions provided that dedicated research teaaa are maintained , 
eziat ing reactor• upgraded ,  and neces sary instruaentat ion and other 
equipment are purchaaed .  

Contribution• to Reactor Des ign Code• and Capability 

The reflected , heavily loaded , compact corea of aeveral uaa. result in 
significant neutron apectrua change• in very abort diatancea . Thia 
provide• a neceaa ity for deteraining neutron croa a - aect iona for reactor 
aaterials and perforaina neutronica analys is with cona iderable eneray 
spectral detail . Proa experience gained in the uae of reactor phys ic• 
and thermal hydraul ic analys is codes with the uaa. . the typical nuclear 
engineerina atudent ia well-prepared to undertake theae typea of des ian 
proble .. that are encountered in the commerc ial nuclear power induatry . 

Efficient Uae of Puel 

One major challenge in today ' s  commerc ial nuclear reactor induatry ia 
to dea ign and operate the fuel elements eo aa to have aa large a 
fraction of the fuel aa poaa ible producina their aazt.ua peraiaa ible 
power . In thia manner , the fuel elements are operated within the 
required aafety aaratn for departure from nucleate boiltna condit ion• 
but at aa high an average power as possible . This can be accompliahed 
by flattening the neutron flux and power profilea . The goal• of this 
reaearch are to devise means of accompl ishing thia power flattenina 

Copyright © National Academy of Sciences. All rights reserved.

University Research Reactors in the United States:  Their Role and Value
http://www.nap.edu/catalog.php?record_id=19131

http://www.nap.edu/catalog.php?record_id=19131


80 

Table 2 - 11 . Topics of Future Nuclear Enatneertna and aeactor Phys ics 
aesearch 

Irradiat ion effects in Lwa materials 

Irradiat ion enhanced stress corros ion crackina 
Pressure vessel steel embrittlement and annealina , also a tmilar 
effects in shieldina materials 

Irradiation effects in electronic materials and systems 

Bas ic studies 
a&diation hardness testiD& 

Irradiation effects in fus ion reactor materials 

Insulators 
Breedina materials 
SuperconductiD& maanet materials 

Irradiation effects in space reactor aaterials 

Theraionic diode insulators 
Theraionic converters 

Development of advanced instrumentation and control techniques 

Effects of ion tmplantation , stress and temperature eyeliD& on the 
mechanical performance of fusion reactor first wall alloys 

In-pile coolant loop research 

Lv.l corrosion and dose reduction proj ect 

aesearch on nuclear pumped laser states 

Development of improved neutron cancer therapy beaaa 
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with a mixture of nev and part ially used elements and to extend the use 
of each element to its maztmum allowable (and tested) fuel burn-up 
condition . 

These condit ions of extended fuel life are s imilar to the 
operational goals of several uaas and are aided by the use of improved 
codes . Over the last 20 years , the sophist icat ion of computer analys is 
codes and techniques has grown substant ially . These tools have 
progressed from the s imple few- group , one - dimens ional diffus ion codes 
of the 1960s to the two-dimens ional , multi -group with burn-up diffus ion 
codes and the two - dimens ional transport codes of the 1980s . Rev and 
more sophisticated codes are being developed and tested on Ulas for use 
on the next generat ion of reactors . 

Neutron Spectra and Inherent Safety Analys is 

Both in the present commercial nuclear power industry and in what 
appears to be the nev generation of nuclear power plants , the 
improvements needed in the design and analys is techniques center around 
tvo principal aspects : more detailed neutron spectra and techniques to 
evaluate the degree of inherent safety of a particular reactor des ian 
under loss of flow and/or loss of coolant conditions . The spectral 
detail  issue , particularly involving neutron transport rather than 
diffus ion theory , becomes paramount when the l iquid metal breeder 
reactor is cons idered . The need for improved spectral detail and 
transport theory is critical to the work with uaas to develop 
spec ifically tailored neutron spectrum beams for a part icular 
applicat ion . The inherent safety analys is work involves the use of 
complex and sophisticated thermal hydraulic analys is codes such as the 
RELAP code (Wang , Kunz , and McKibben , 1987 ) . This code vas first 
applied to the safety studies for several uaas work involving Ph . D .  
dissertations and is nov be ing appl ied to safety analyses in its newest 
and most sophisticated vers ion . 

Conclus ions for NUclear Engineering and aeactor Phys ics 

The number , s ize , and activity of nuclear enaineertna research groups 
have been decreas tna (see Table 1 - 4) . The ir hal�rk facilities , 
research reactors , are fever , and reaulations covering operation of the 
reaainina reactors are aroving severe (see Chapter 6 ) . The reaaining 
Ulas are becoatna increas ingly important tools for this research as 
comparable industrial and national laboratory reactors have been phased 
out . 

The capability for meaningful research in nuclear engineertna 
nevertheless reaains impress ive , as indicated by the examples presented 
in this section . The Comaittee is concerned that the capability to 
carry out this kind of research is declining at univers ities . The 
future of technologies such as nuclear power , space power , and other 
direct application of reactor technology will depend upon an adequate 
level of diversified research at a variety of reactor centers and 
fac ilities . The Committee is concerned that further decline in the 
capabilities of univers ity based reactors to part ic ipate in this 
research will reduce divers ity of effort and result in a reduct ion of 
innovation in these importance fields . 
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RIS!ABCB REACTORS IN EDVCATIQR AID TIAIIIRQ 

INT.RODUCTION1 

Univers ity research reactors (Uiaa) are important to educlt ion and 
tratnina in the nuclear sciences and related disc ipl ines . UKRa 
range from low power reactors acquired primarily as tools for 
laboratory instruction of nuclear scientists and engineers to high 
power world c lass research reactors ( see Table 1 - 1 ) . The ir uses are as 
varied as the interests of students and faculty 1n phys ics , chemistry , 
biology , health sciences , materials science , and other disciplines . 
Because research and education are clearly integrated at a univers ity , 
the development of students '  skills in research act ivities is basic to 
their education . Educational uses of reactors include : 

o A de.anstration or laboratory tool to teach reactor and nuclear 
sc ience properties 

o A source of neutrons and other radiations to de.anstrate nuclear 
techniques 

o An instruaent to practice reactor operating skills 
o A tool for the performance of student and faculty research (see 

Chapter 2 ) . 

This chapter discusses the range of educational practices for Ulla 
with virtually aero power through 20 Hw .  It also discusses problema 
associated with UKRa :  

o Constraints on reactor use 
o The need for nuclear engineers 
o Distinct ion beeveen education and training 
o Appropriate reactor use . 

�For hiatorical and other background , see Spinrad ( 1987 ) . 
For a deacription of the needa of nuclear energy enaineerina 

departments ,  see RUclear lngtDeeriDg Department Beada Organization 
( 19 8 5 ) . 
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EDUCATIONAL USES O P  Ulaa 

aeactor and Nuclear Sc ience Laboratoriea 

Hoat laboratory ezpertmenta on reactor propertiea are performed within 
structured nuclear enainearina courses . Over the years , the 
experiments have chanaed little . Tables 3 - l  and 3 - 2 , adapted froa tvo 
of the earliest textbooks on reactor ezpertmanta , list uses of reactors 
in nuc lear enaineerlna experiments .  Host of these azpertmanta are 
intended to ahov properties rather than uses of reactors . Modern 
courses - -at least , in underaraduate laboratories - -usa aoae of these 
ezpartmanta . Por example , Table 3 - 3  liata underaraduate course 
experiments at Iowa State Univers ity ( ISU) , whose nuclear enalneerina 
department offers somewhat mora than averaaa reactor laboratory 
exposure to ita underaraduatea . Nine of the ll ezpertmenta are run to 
demonstrate reactor properties . The ISU reactor- -an Araonaut - - is run 
for up to 200 hours per academic year in reactor laboratory courses .  
In comparison , Oregon State Univers ity uaea a TaiGA reactor 
approximately 110 hours per year for undergraduate nuclear engineering 
couraevork alone : it is also used for coursavork in other department& 
(Schmidt , 1987) . NUclear enaineerina departments at other universities 
use a reactor 100 - 200 hours per academic year for undergraduate nuclear 
englneartng coursavork , about 3 - 6  hours per week . Such a lov service 
rata ia not unuaual for course use of aophiat icated experimental 
equipaent , but econoaics dictates that the reactor must be inexpens ive 
to operata or it is used for other purpoaea as vall . 

Small svtmatna pool reactors , lov power Argonaut& and AGRa are 
common for teachina reactor properties and behavior . aensaelaer 
Polytecbnic Inat itate uses a critical or •ero power facility in which 
reactor core components can be reconfiaured to illuatrata various 
propertiaa (Barria ,  1987 ) . 

Host nuclear engineering departaents are more oriented to graduate 
prograaa than traditional englnearina departaenta are . Thia 
orientation ia dua to the relative nevneaa of the disc ipline and to ita 
ayncrat ic natare . A s ignificant fraction of H . S .  candidate& 1n nuclear 
enaineertng rece ived their bachelor ' s  dear••• 1n non-nuclear 
diac iplinaa . Therefore , they first need to learn the bas ic properties 
and principle& of a reactor . Instruction at this level often iDVOlvea 
atadent reaearch . Thua graduate reactor laboratoriea often provide 
atadant practice with experimental fac ilitiea that vera aat up for 
raaearch proaraaa . Por thia reason , araduate level reactor laboratory 
couraea can uae raaearch grade reactors aora profitably than 
undergraduate couraea do .  Though t ime of reactor uae in araduate 
couraea tanda to be laaa than half that in undergraduate couraea , this 
use ia a vital part of the graduate nuclear enatneertna curriculum . 
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Table 3 - 1 . Student Expertaenta Ua tna Reactors 

6 Blah llY& Research Reactor (�) 

Irradiation of anttaony ( source preparation) 
Absolute fluz measurement ua ina calibrated foils 
Subcrit ical mult iplication vs . control rod withdrawal 
Cross sect ion measurement in beama 

Annular counter for acatterina 
Transmiss ion with crystal spectrometer 
Transmiss ion with slow chopper 

Measurement of fluz in a simulated fuel assembly 
Attenuation of aammaa and neutrons in abielda 
Reactor power measurement ua tna 

foil a 
Proceaa instruments 

Reactor start -up and abut - down 
Reactivity and period measureaent : control and calibration 
Temperature coeffic ient of reactivity 
Decay power 
Gamma radiation froa spent fuel 

6 1QK Poyer Trafpfpa Reactor CAr•ontut > 

Neutron temperature aeasureaent 
Isotope product ion 
Global fluz distribution in the reactor 
Internal exponential ezpertaenta 
Control rod worth 
Control rod fluz perturbation 
Approach to criticality 
Reactor cross section by danaer coeffic ient and by oscillation 
Cell fluz distribution 
Fuel sample comparisons 
Shieldina ezpertaenta 
Power aeaaureaent 
Temperature coeffic ient of reactivity 
Importance aapptna 

SOURCE : Hoaa , 1958 . 
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Table 3 - 2 . Addit ional Student Expertaents Us ina aeactors 

Determination of reactivity and lifettae 
Control rod cal ibrat ion 
Measurement of aamma rays and neutron heat ina durtna operation 
Irradiations for sol id state damaae ezpertaents 
Periods and the in hour equation 
Flus mapptna 
Power cal ibrat ion 
Gamma decay heat 
Temperature coeffic ient of reactivity 
Void coeffic ient of reactivity 
Spat ial stat istical veiaht 
Danaer coeffic ient and effective absorpt ion cross section 
aeactor neutron temperature 
aeactor neutron spectrua 
Properties of neutron noise 
Auto - and cross - correlat ion of reactor s ignals 

souac1 : Glover , 1965 . 

Table 3 - 3 . Expertaents Ustna the Araonaut at Iowa State Univers ity 

aeactor start-up 
Precritical checks 
aeact ivity and mult iplication 
Approach to criticality 

aod worth calibrat ion 
Use of reactor instruaentation for 

deterainina area backaround 
Power decay after scraa 
aeact ivity coeffic ients - - temperature and void 
Cross section measurements by beam transmission 
Reactor neutron spectrua 
Diffus ion lenath in araphite 
Safety system perforaance 

souacl : Hendrickson , 1987 . 
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Laboratories on Nuclear Experimental Techniques 

Graduate and Undergraduate Levels 

It is in research reactor laboratories that students in fields such as 
phys ics , chemistry , bloloay . medicine , and material sciences , learn hov 
to measure propert ies of matter and materials . Reactor usa for 
laarnlna experimental techniques vas originally thouaht of as a service 
for other departments ,  but it is nov usually cons idered part of the 
nuclear engineering proaram . At many univers ities , the disciplinary 
def init ion of nuclear anainaarlna nov includes aspects of medium anariY 
phys ics , such as measurement of neutron cross - sections ; radiochemistry 
appl ications , such as the properties of fission products and the s tudy 
of the fission process ; and the study of nav nuclear techniques , such 
as neutron activat ion analys is and neutron radloaraphy . In Tabla 3 - 4 .  
soaa adjunct reactor uses for instructional purposes are listed ; a 
maj or usa is connected with araduata nuclear anainaarina study . Tabla 
3 - 5  l ists soaa araduata laval experiments parforaad at Borth Carolina 
State Univers ity . In araduata educat ion , emphas is is on us lna the 
reactor and its radiat ions in aanaral scientific work rather than on 
damonstratlna hov the reactor works . 

Tabla 3 - 6  lists experiments performed in undararaduata physics 
courses at the Massachusetts Ins titute of Tacbnolo17 . These 
experiments are also dona for auast classes froa nearby univers ities . 
S imilar experiments are offered at Oraaon State Univers ity . Courses 
given by departments other than nuclear analnaarlna actually usa aora 
reactor t ime than nuclear analnaarina courses do ( sea Tabla 3 - 7 ) . 
Thera is always soma amblaulty about the bast  place in the curriculum 
for courses in activat ion analys is and radiation health . 

The education of spec ialists in many practical and research areas 
can benef it cons iderably froa s tudent t ime at a reactor . Rautron 
act ivation analysts , materials scientists interested in neutron 
diffract ion , clinical pract it ioners in radiat ion medicine aDd 
biomedical researchers , DUclaar physicists , radioch .. ists , and 
non- destructive examination spec ial ists require aD undarst&Ddina of the 
techniques that are available by their vorklna at a reactor . For 
example , health phys ics aDd medical school students , azposad only to 
isotope or accelerator radiations , are not prepared to deal with the 
variety of radiation sources around a reactor or with the exposures 
arls lna froa thea . 

Laboratories for General Science Education 

In addit ion to the education of spec ial ists , univers ity reactors can 
also contribute to aanaral education in sc ience . In an era that has 
bean dubbed the atoaic aaa . evan blah school students need soaa 
exposure to nuclear sc ience at a bas ic laval , includina laboratory 
experience . 
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Table 3 - 4 . Educational Uses of a Reactor as Reutron and Irradiat ion 
Sources 

Preparat ion of sources for 
Radiat ion detection laboratories 
Subcrit ical assemblies , s tandard piles , and nonmultiplyina 
miarat ion lenath ezpertaents 
Shieldina ezpertaents 

Provis ion of irradiated samples for 
Heasurtna optical and electrical radiation effects on solids 
Annealina ezpertaents 
Enatneertna (creep and hardness) effects of irradiation 
Bioloaical effects of irradiat ion 
Reutron activat ion analys is 

Provision for neutron beams for 
Neutron cross section measurement 
Reutron radioaraphy expertaents 

Table 3 - 5 . Graduate Level of lxpertaents Us ina the Borth Carol ina 
State Univers ity Reactor 

Fiss ion 
EiDetic eneray of fraaaents 
Perforaance of surface barrier detectors 
EiDet ic ener17 vs . fraaaent aass 

Thermal neutronic reactor .. asureaents 
Reutron spectra. with a crystal spectrometer 
Cross section aeasur .. ent by osc illation 
Reutron temperature froa foil activations 

Eilovolt neutron ener17 aeasureaents 
a&sponse of a Be - 3  detector 
Cross section measurement vs . neutron ener17 
Hicrodosiaatry 

Fast neutron apectrua aeaaureaent 
Prompt aa.mas froa fission 
Reutron depth profiltna 
Neutron radioaraphy 

SOURCE : Vehrina . 1987 . 
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Table 3 - 6 . Third Year Physics Experiments Us ina the Massachusetts 
Institute of Technolo17 aeactor 

aeactor thermal neutron spectrua 
Operat ion of a neutron chopper 
Use of a boron trifluoride proport ional counter 

Braaa diffraction of neutrons 
Transmiss ion cross sect ions for s low neutrons 
Braaa diffraction from alternate crystal planes 

souac1 : Hiller . 1987 . 

Table 3 - 7 . Teachina Uses of the TaiGA aeactor Oreaon State Univers ity 

Departvnt 

Nuclear 
Enaineerina 

Chemistry 

General Sc ience 
(a&diat ion Health) 

souac1 : Schaitt . 1987 . 

Courlf Title 
Departmental 
Uae Cbrhrl 

Nuc lear £na1neertna Orientation 
Nuclear a&diation Detection and 

Measurement 
a&diat ion Protection lnaineerina 109 

General Chemistry Laboratory 
a&dioact ive Tracer Methods 
Activat ion Analysis 

Field Practice tn a&diation 
Protect ion 

81 
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Several univers ity reactors are used as host laboratories for other 
educational institutions . The Texas A&H University reactor serves nine 
other universities and colleaes . The Ohio State Univers ity reactor 
serves 4 univers ities directly plus 12 colleaes and univers it ies 
through a nuclear sc ience education program . In addition , it has a 
special program with two hiah schools .  Host experiments in these 
reactor sharina proarams are geared to the basics of radiat ion sc ience 
or reactors . Table 3 - 8 , a list of the experiments performed at Ohio 
State Univers ity throuah its hi&h school proaram , shows that even at 
this level a broad proaram is poss ible . 

Trainina for Nuclear Operational Skills 

Trainina on Reactors 

University reactors are often used for trainina in commercial reactor 
operations . Thouah education illustrates principles and promotes a 
deeper understandina of sc ience and enaineerina , trainina prepares 
students to respond to spec ific circumstances . Trainina may be a minor 
component of univers ity courses , but it is the major purpose of certain 
vocational curricula . Tra inina is also a major function of special ized 
industries , such as the nuclear power industry : it operates extens ive 
operator trainina proaraas both in-house and at UKRa .  

At universities , student and faculty operators must complete reaular 
trainina proarams and be licensed according to Nuclear a&aulatory 
Commission reaulations . Students compete for the the privileae of 
beina operators , considerina it a valuable enrichment of their 
curriculum . 

Operators of commerc ial power reactors are required to perfora 
several reactor start -ups to qualify for the ir licenses .  Several 
univers ity reactors have served as host s ites for the ir start -ups : 
operatina utilities often prefer that practice operations not be done 
on the power plant itself . 

Trainina on Computer Simulators of Reactors 

It is sometime s  proposed that a reactor s imulator of the type used for 
trainina at nuclear power plants miaht be preferable to a univers ity 
reactor laboratory . A simulator can model a rana• of real nuclear 
power plant behavior that has no counterpart in a univers ity reactor , 
for example , effects of electrical power system loads , failure of 
components ,  and dynamics of the cool in& systea . Such simulators can 
cost as much as a small reactor , and its features can be made to 
correspond quite closely to a particular commerc ial power reactor . 

But a reactor s imulator is not a source of neutrons . It cannot 
provide the experimental and research experience for the 
mult i - disciplinary reactor uses described herein .  Moreover , it is a 
s inal• purpose tool useful for trainina in the operation of a specific 
power plant . 
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Table 3 - 8 . Experiments in the Westerville Blah School Uslna the Ohio 
State Univers ity aeactor 

Class demonstrat ions 
aeactor proarams 
Half - life Measurement 
Neutron activation analys is 

Laboratory aroup tnvestlaatlons 
Approach to criticality 
Control rod calibration 
Scram responses 
Neutron activation analys is 

Individual proj ects 
Neutron activat ion analys is 
Neutron radiation dosimetry 
Materials lrradlat lona 

souac1 : Hiller , 1987 . 
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Student Research Us ina Reactors 

URas have been used extens ively by students over the past 30 years in 
research act ivities ranaina from nuclear sc ience , enaineerina , and 
medicine to fundamental solid state phys ics , metalluray , aeoloay , 
oceanoaraphy , forensics , and analys is of fine art . Educat ion throuah 
participation in URa research enables araduates to enhance their chosen 
careers with expertise in the nuclear sc iences .  

The overridina issue involvina all this research , irrespect ive of 
the level- -underaraduate , master ' s ,  etc . - - is use of the research 
reactor itself . Vithout real experience , students see reactors and 
radiat ion primarily throuah theories and .odels . The opportunity to 
work with a reactor is often c ited by students as both a hiah point in 
their learnina experience and a point of departure for study and 
research of other nuclear devices , techniques , and applications . In 
other words , the URa provides a focus for their study of nuclear 
sciences , as an interdisciplinary pursuit as well as a foundation for 
careers in nuclear enaineerina . 

Thouah nuclear enaineerina research can be done without an on- campus 
reactor , the Comaittee bel ieves that an on- campus URa enhances interest 
and is .ore eff ic ient . Alternat ively ,  students would be required to 
arrana• some type of reactor laboratory experience at a nat ional or 
other off- campus facil ity . This a ituation would dillinish the 
experience because of the tille laas and because of limited hands -on 
time . Moreover , the national laboratories are not set up to provide 
student level hands -on experience . 

CORSTRAINTS OR EDUCATIORAL REACTOR US! 

Publ ic Perceptions 

The once hi&hly favorable public att itude toward univers ity reactors 
has aiven way to various feelinas , includina . in the extreme , 
hostility .  This chana• has placed soae universities in an awkward 
pos ition relative to their com.unit ies , and it is an t.portant factor 
when univers ity adainistrators cons ider whether and at what level the 
reactor is to be supported . 

Safeauards and Reaulations 

As discussed in Chapter 6 ,  safeauard and security aeasures required at 
research reactors add to operatina costs and decrease their use as 
demonstration facilities for educat ion of the aeneral publ ic . 

Correspondtnaly , the tiahtentna of reaulations concernina radiation 
exposure has led to occasional extreme s ituations affecttna nuclear 
science education . Univers ity authorities may be reluctant to permit 
display of natural uraniua in exhibits or to approve certain 
expertaents that involve brief exposure to aildly irradiated fuel well 
below established publ ic exposure limits . Overly restrictive 
reaulations often impose condit ions that add to the costs and 
complexity of experiments . 
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Costs and Budgets 

Educat ional use of reactors is be ing quest ioned by institutions called 
upon to provide funding . The operation of a reactor cannot command 
budget support without thorough justificat ion when even libtary and 

· computer center budgets are be ing reduced . There is a need to 
communicate the academic values of UIRs to univers ity administrations , 
who are ultimately respons ible for budget priorities . Federal support 
is also needed . Costs are discussed further in Chapter 7 .  

Univers ity- Industry Differences 

The assumpt ion is often made that engineerina educat ion is a type of 
trainina . This perspective is common in both industrial and reaulatory 
circles , and it requires further discuss ion . Particularly at state 
univers ities , which turn out the laraest nuaber of nuclear enatneers , 
there is an understandable sens itivity to the needs of the induatry 
that will employ the enaineerina araduate . Many such univers ities 
pride themselves on the practical nature of the ir underaraduate 
engineertna proaraas . Yet , in the university/industry relationship , a 
maj or function of the univers ity is to ant icipate industrial needs and 
appl ications , which may not be understood or favored at any aiven tiae 
within induatry . 

Industrial concerns in other fields include electrical enaineerina 
departments aoina into solid state electronics and computer 
applicat ions and metalluraical enaineers specializina 1D microscopic 
properties of materials . In nuclear enaineerina . little support is 
aiven to appl icat ions of computers for nuclear system control , robots 
for radioact ive maintenance ,  or new tecbnoloaical discoveries for 
intrins ic redesian of reactor systems . Thouah there have been recent 
s ians of interest in nuclear enaineerina . the nuclear industry 
cont inues to aive universities a lov priority . Moreover , the 
industrial view of enaineerina education has often been aeared to the 
enaineer as an employee who is ass ianed tasks rather than to the 
enaineer as an induatrial innovator . Univers ities uae various 
mechanisms to counteract this influence ,  .oat notably by ins istina on 
the des ian role of the enatneer . Yet , many firms ass ian enatneers to 
work that is within the competence of enaineertna tecbnoloaists , and it 
is quite common for the job title "Enaineer" to be little related to an 
individual ' s  level or field of study . 

These different perspect ives of the function of enaineers continue 
to be a source of tension between educators and industry . At best , 
this tens ion can be , and is , construct ive 1D stt.ulatina both parties 
to reevaluate their practices .  

The Loss of aeactor Proarams 

That a reactor laboratory provides a unifyina theae in nuclear 
enaineerin& educat ion is a view widely held by DUClear enaineerin& 
faculties . Without a laboratory , students study reactors primarily 
throuah models . But models lack only a sense of reality : physical 
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responses ere inezorable . real instruments are faulty . controls need 
adjustments . and so on . Several univers ities with no reactors arrange 
for students to get reactor ezperience off campus through a reactor 
sharing program . 

Not all nuclear engineering faculties believe that a reactor is 
essential to its educational mis sion . The University of Cal ifornia at 
Berkeley recently announced that it is abandoning its reactor but is 
cont inuing its nuclear engineering program (Walsh . 1987) . It is one of 
several reactor terminat ions in the last several years which have 
included the Univers ity of California at Los Angeles . Stanford . 
Northwestern . and the Virginia Polytechnical Institute . No other 
reactors are near Berkeley . so reactor sharina is not a convenient 
alternative . Instead , other neutron source equipment will be 
procured . The Univers ity of Washington is reportedly cons idering a 
similar step at its Seattle campus . This s ituat ion would be less 
drast ic for student ezperience because the univers ity has cont inued 
access to research reactors at Banford .  

The recent closure of reactors at Berkeley and other schools seeas 
to be mot ivated by the desire to perform advanced research in other 
areas nov assoc iated with nuclear engineerina . More research papers 
can be aenerated froa ezperiments with accelerators - -which both 
inst itutions are considerina procuring- - than froa reactor ezpertaents . 
particularly when the reactor is cons idered obsolete or otherwise not 
world class . The impact on their nuclear education prograas is 
unclear . 

WOIXFORCI FOR THE NUCL!Aa PROCESSIONS 

The Nature of the Workforce Reed 

Individuals trained in nuclear sc ience and technoloay are needed to 
provide the follovina services : 

o Des ian and operate auclear power plants 
o Des ian and operate nuclear material maaufacturina facilities 
o Desian and operate nuclear reactors in the civilian and military 

sectors 
o Des ian and manaae the disposal of spent fuels and radioactive 

wastes 
o Monitor radiation and manage health phys ics prograas 
o Manaae safeauard proarams for nuclear materials in the power and 

weapons sectors 
o Provide federal and state aovernment nuclear-related reautatory 

services 
o Provide technical ezpertise for U . S .  and internat ional proaraas 

involvina nuclear materials . non-proliferation . safety . and 
eneray development 

o Carry out proaraas of research and development uaina nuclear 
reactors 

o Provide environmental analyt ic services in air and water qual ity 
ua ina auclear sc ience methods 
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o Educate univers ity students and train reactor operators 
o oversee the safe handlina of nuclear and irradiated materials as 

applied to chemistry , bioloay , medic ine , physics , and other 
fields . 

The univers ity environment is the princ ipal and almost exclus ive 
place in the United States for educatina and certifyina persons as 
competent to provide the above services . In addit ion , because of the 
eztens ive use of a vide variety of irradiated materials , radioisotopes , 
and hiah eneray beaas for sc ience research in the areas of medicine , 
bioloay , physics , and other fields , on- campus nuclear science education 
reaches out to .oat other science and enaineerina departaenta .  

Many j obs in the nuclear industry can be performed by personnel 
trained for spec ific tasks at an industrial or military service site . 
However , the competent manaaement of such personnel and their work as 
well as the performance of des ian ,  development , and other intearative 
j obs in the industry require the deeper , broader baaed knovledae that 
characterizes the educated , as aaainst the trained , person . Such 
people come froa univers ity proarama . 

Nuclear Enaineers 

A maj or part of educational reactor use is to produce nuclear 
enaineerina profess ionals . A Workshop run by Oak &idae Associate 
Univers ities (ORAU) in October 1986 brouaht toaether a repres entative 
aroup of educators and employers to ezchanae vieva on future nuclear 
employment (Johnson and Blair , 1987) . Presentation of statistical 
information froa a Department of !neray sponsored survey of personnel 
needs and supply ( 1985)  provided a bactaround for discussion .  The 
nuclear personnel problea vas included in an earlier symposium on 
trends and needs for the entire eneray sector in Kay 1986 , also 
arranaed by ORAU (Blair and Smalley , 1986) . 

Table 3 - 9  shows the nuaber of B . S . , M . S . , and Pb . D .  dear••• earned 
by nuclear enaineera froa 19 72 to 1985 and the naaber of Pb . D .  dear••• 
earned by U . S .  c itizens . These latter data are t.portant because a 
lara• fraction of the foreian nat ionals vho receive doctorates in 
enaineertna return � .  and a maj or emplo,..nt sector for nuclear 
enaineera at the doctoral level is in aovernaent owned laboratories 
that perfora security sensitive work . 

The declinina enrollments and dear••• earned s ince 1977 are 
reflected in other indicators . For ezample , in 1984 , B . S .  nuclear 
enaineera received hiaher entry level salaries than aoat other 
enalneers (Johnson and Blair , 1987 , pp . 54- 56 ) ; nuclear enaineera as • 
whole had a low under-utilization rate - - that ia the fraction wbo do not 
have j obs in their spec ial it ies and are actively •••kina thea (pp . 
6 1 - 62 ) ; and in 1985 , they were listed aa belna in short supply by 
recruiters (pp . 67 - 68 ) . 
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Tabla 3 - 9 .  Number of Daaraaa Earnad by Ruclaar Enalnaara at u . s. 
Unlvara lt laa , 1972- 1985 

IIG 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 

LL. 
561 
701 
661 
599 
7 34 
820 
878 
828 
732 
692 
681 
674 
728 
660 

JLL. 
436 
453 
465 
468 
468 
555 
487 
463 
366 
315 
342 
324 
316 
306 

SOURCE : u. s. Dapartaant of lnaray , 1985 
Ruclaar Enatnaartna Daar••• 

lh...L. 
151 
128 
128 
103 
146 
126 
112 
117 
116 
132 
127 
124 
132 
113 

fb.D ' a  Ayarded to 

U . S .  Citizen• 
112 
100 
100 

72 
100 

88 
71 
82 
67 
69 
71 
60 
7 3  
48 
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Reverthaleaa , employment proj ections in 1984 and aaain in 1986 were 
for low hirina rates by the nuclear ut ility induatry , suppl iers , and 
engineerina firma . Between 1986 end 1991 , the total number of j obs in 
nuclear engineering wea expected to decline , w!th hirina l imited 
prtaarily to replacement for natural attrit ion . There ere other 
cons iderat ions , however . Industry employment proj ects are aenerally 
conservat ive , end employment proj ect ions at defense-related 
laboratories (which hire mostly at the M . S .  and Ph . D .  levels)  have also 
tended to be lover than whet was previously needed . Further , academe 
•• an employer is hevina difficulty recruiting nuclear enaineera at the 
Ph . D .  level who are U . S .  c itizens or at least permanent res idents . 

The Committee believes that there ia a relationship between the 
decl ine in uaaa available for on- campus teachina of nuclear enaineerina 
laboratory skills , end the decline in enrollments •• reported above . 
However , the available studies and surveys do not explain all of the 
factors . One of the key uncertainties ia the future demand for nuclear 
enaineera , end the particular technical skills  that will be needed in 
the nuclear enaineerin& profess ions . These may include more advanced 
computer technoloay than in the past , robotics , environmental sciences 
and other topics once cons idered peripheral , but which may be vital for 
comprehens ive enaineerina of the future nuclear fuel cycle . Moreover , 
the future demand for nuclear facilities and hence enaineera , depends 
to a lara• extent on publ ic pol icy decis ions in the areas of eneray and 
nat ional defense . A study of th••• factors in relation to the nuclear 
enaineerina educat ion is beyond the scope of this study . It is noted 
that the Rat ional aeaearch Council has recently been asked by the 
Department of Eneray to specifically study iaauea related to nuclear 
enaineerin& educat ion in the United States .  

Health Phys icists and Radiation En&ineera 

Vhile the Committee did not study this issue in depth , a recognised 
ahortaa• for health physicists and radiat ion protection enatneera ia 
noted . There are s imply not •nouah araduates in these fields to 
sat isfy the arovina need in medicine and the nuclear industry . rroa a 
relatively small number of institutions coaea a steady but inadequate 
flow of araduate who command hiah salaries . It is difficult to retain 
faculty under th••• circumstances , and there ia a clear need for more 
institutions to enter the field , but the entry price , in faculty and 
laboratory equipment , ia hi&h•r than many univers it ies can afford . 

' "Data from IRPO surveys indicate only 816  nuclear enaineera will 
need to be hired by nuclear util it ies over the period 198 6 - 9 6  after 
arovth , vacanc ies and replacement needs are considered . Esttm&tes by 
[ Oak Rid&• Associated Universities ] proj ect a 0 . 4-percent annual 
decl ine of overall enaineerina employment in the civilian nuclear 
industry between 1986 and 1991"  (Johnson end Blair , 198 7 ) . 
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DECISION FACTOIB APFECTINC RUCLEA& EDUCATION PROCIAHS 

Though a uaa is clearly • useful teachina tool , whether it can be 
justified in terms of conflict ina demands on univers ity resources is 
quest ionable . 

One can identify the univers ity programs that emphas ise research and 
service . For them , proaram success is measured in research results and 
the unique services provided to the research community , industry , end 
publ ic bodies . aaactora that perform these functions are ezpena ive to 
procure and operata . 

Host univers ities try to strike a balance between scholarly activity 
end instruct ion . Though research is encouraaed and rewarded ,  the 
educat ion of undergraduates for profess ional careers is the prtmary 
mission . This point is part icularly appl icable to departments that 
operate low or medium power reactors closely associated with nuclear 
anaineerin& proarama . Low power reactors are inezpenaive to operate 
and maintain , but they l imit the range of research . Medium power 
reactors coat more but do permit several linea of research and can 
often aenerate service income to defray their coats . UDiveraitiea with 
low or medium power reactors often use them for preliminary set -up 
activity on ezperimenta that will be run off campus . Ideally , the 
research should take place within • network on the example of the 
European system ( sea Chapter 5 ) . This model combines support for 
on- campus and peripheral research reactors . 

For the central miss ion of educat ion ,  university reactors are 
&•nerally under-used because of inadequate fundln& . Faculty in nuclear 
enaineerina and other fields need an incent ive to emphasise teachin& 
nuclear sc ience , such as chairs funded specifically for nuclear 
educat ion . Twenty-five years ago , the Atomic En•r&Y Comaiaaion funded 
inst itutes , practicuma , and workshops in nuclear science . Today , 
however , teachin& nuclear science , particularly reactor use , is lackina 
a s ignificant portion of ita prior support . aaatorat ion of fundina is 
merited . 

The principal educational use of reactors remains instruction in 
nuclear •naineerina and health phys ics , the disciplines that are 
important to nuclear enaray . The ulttmate question is how a univers ity 
decides whether to support proarama in th••• disciplines . Koat nuclear 
enaineerina proarama have fever students than other anaineerina 
disc iplines . Too low an enrollment may result in proaraa discon­
t inuat ion ; further , not every univers ity needs a proaraa in every 
discipl ine . 

Kore reactor proarama will certainly survive &ivan increased federal 
support . Decisions whether to close or retain proarama will no doubt 
be influenced by the availability of such support . 

Proaraa survival is part icularly important at state - supported 
institutions , where student tuition is subsidised . Kany students 
chooa ina nuclear careers may lose that choice if proarama do not eziat 
at the ir local state universities . 
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CONCLUSIONS 

Reactors are general purpose laboratory facilities , useful in teachtna 
nuclear science at all laval• froa hiah school throuah araduata 
school . Educat ion in science and anginearina ia aianificantly enriched 
when the academic curriculum includes reactor experience . Uaina the 
reactor , students aain a �ch batter undaratandlna and appreciation of 
the phys ical process and undarlyina principles . 

uaaa are an intaaral part of the educational process in a broad 
mult i - discipl inary sanae , involvina students froa several academic 
departments .  Por nuclear science and enainaarina students to meat the 
needs of the next aaneration , they must have a fira undaratandina of 
bas ic phys ical principles . Univers ity research reactors provide this 
knovledaa directly throuah laboratory courses and hands -on research 
experience . 

Univers ity reactors are of particular value in providina a unifylna 
theme for nuclear anainaarina proaraaa , in praaantina reactor behavior 
in a real istic way , and in baina a primary research tool . 

Aa a science taachina tool , univers ity reactors are often 
under-used , perhaps because of staff costa or the perception that they 
are useful only in nuclear enainaerina education . 

Laraar taachina and research university reactors not only offer 
expanded opportunities for work in certain research areas but also 
parait a broad apactrua of experience in a vida variety of 
disciplines . But they are expans ive to operata . 

Smaller taachina reactors are laaa capable of offarlna research 
opportunities e ither in nuclear anainaarina or in other aciancaa . 
Navarthalaaa , they are valuable for a broad apactrua of undararaduata 
educat ional proarama . They are relatively cheap to operata , but they 
require faculty commitment to their usa in taachina . 

The educational value of reactors would ba anlaraad by addraaatna a 
broader baaa of students in chemistry , phys ics , bioloay , and mechanical 
enainaarina , aa vall aa majora in nuclear anainaartna .  

Not all universities- -or all state univaraitiaa- -naad a nuclear 
reactor or a nuclear anainaarina department . However , if education lD 
nuclear anainaarina and ln the apactrua of neutron science applicatioaa 
ia to provide an adequate aroundina and motivation for students ,  
nuclear reactor laboratory experience ia essential . Tboaa univers ities 
with on-ca.pua reactors will ba beat equipped for thla purpose . 

The future demand for workers in the nuclear-related fields , 
combined with recant declines in enrollments ln nuclear aclanca and 
anainaarina , ia a source of national concern . Affected areas include 
dafanaa applications of nuclear enaihaarina , the electrical povar 
industry ,  and other industries . 
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RIS!ARCH I!ACTOI S!IVICES FOI OTBII USJISl 

IRTI.ODUCTION 

An essential function of univers ity research reactor proaraas is 
omtraach or extension involvina tha transfer of scientific and 
technical information to users or beneficiaries omts ida tha univers ity . 

Tha fora of tha sarvica dapands upon tha si•• (povar) of the 
reactor , its principal uses , tha resources and interests of tha 
oparatina staff , and tha univers ity commitment to support tha 
fac ility . aaactor services stimulate nav invastiaations , drive 
additional research once maj or strides have bean made 1n a particular 
area , and provide a mechanism for technoloay transfer . Tba concept of 
service is soaavbat arbitrary , bacausa virtually any sarvica provided 
to an off -ca.pua reactor user may ba closely t ied to on-campus 
education and research . 

lor tha laraar facilities , an important sarvica dimension is reactor 
shartna , proaraas in which researchers and students froa other 
institutioas acquire hands -on axparianca . 

In Saptambar 1985 , tha International Atoaic IDaray Aaancy sponsored 
a vaak- lona saatnar oa applied research and sarvica for research 
reactor oparatioa held in Copanhaaan , Denmark (Priest at al . ,  1987 ) . 
It brouaht toaathar research reactor manaaars ,  operators , and users to 
promote 1ntarnational axchanaa of ideas and 1nforaation oa their 
applied research and sarvica activities . Tba coasansua of tha 130 
dalaaatas froa 43 natioas vas that thom&h sarvica and applied research 
produce valuable incoaa and justify cont inued support , 1JUs also han a 
direct aconoaic and social impact on tha country . Tba ranaa of 
appl icatioas is listed 1n Tabla 4- l .  

1
A1so saa Alaar (1987) . 

9 9  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

U n i v e r s i t y  R e s e a r c h  R e a c t o r s  i n  t h e  U n i t e d  S t a t e s :   T h e i r  R o l e  a n d  V a l u e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 3 1

http://www.nap.edu/catalog.php?record_id=19131


100 

Tabla 4- 1 .  Typical Sarvicaa Provided to Off- Site aaactor Cliental& 

a&dioiaotope product ion and application 
Neutron act ivation analya ia 
Neutron radioaraphy 
Neutron aaugina 
Neutron acattarina 
Camma ray acatterina 
Standardizat ion aaaaya 
Radiat ion ahiald taat ina 
Peraonnal trainina 
Radiation chaaiatry 
Safety analya ia 
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DESCRIPTION or SERVICES 

Three cateaorlea of aarvlca are recoanlzed : aanaral uaa of the 
reactor , research support ,  and tecbnoloay transfer . The divers ity of 
intaraata of reactor uaara dlstlngulshas uaa. froa sarvlcaa provided at 
nat ional laboratories . 

General Services to Off -Campus Clientele 

This cateaory includes activities that s imply facil itate usa of the 
reactor by off- campus cl ientele <• · I · • irradiation services ) .  Often 
the act ivity ia of interest only to the individual ba ina served and not 
to the dapartaant that maintains the reactor . 

Small aaactor racllltlas (<10 Kw) 

These facll lt laa usually have a limited staff (one or two faculty 
members plus araduata students )  and budaat . The reactor la operated on 
an aa naadad bas is with no set schedule . raculty ... bars have other 
raspons lbll ltlaa and dut ies , and oparatlna the reactor for others may 
ba vlawad aa a burden . All reactor activltlas - - toura , lrradlatlona , 
inspect ions , and evan laboratory ezerc lsas - -may taka the responsible 
faculty aaabars away froa the ir princ ipal dut laa . Havarthalasa , in the 
uaa community , moat wlll lnaly accept these added raspona lbllltlas 
bacauaa they bal lava that reactors are a scarce resource to ba shared ,  
and they want the reactor to ba used aa fully aa possible . Soaa small 
facll lt las continua to azlst throuah the efforts of one or two faculty 
maabara who provide services to the outs ide coaaaunlty . In these 
clrcumatancaa ,  education and service are usually lntaaratad . 

A typical reactor facility in thla class may operata approztm&taly 
100 days par academic year , for 200 to 500 oparatina hours . Oparat ina 
time la not the only aauaa of ut il ity and value . Thera are tours and 
da.anatratlona , staff aaa latanca to potential uaars in plannlna 
experiments ,  davalopina spacial tacbnlquaa for particular irradiation 
samples or radlolsotopaa , and advls lna potential usara OD the 
application of nuclear aclanca to their specific technical araaa . 
Thouah thla kind of staff support doaa not add reactor oparatloa time , 
it enhances the role of the URa in acadaalc life . 

Medium Slaa aaactor racllltlaa ( 100 kv- 250 kv) 

By comparlsoa , most aadlum s ize reactor facllltlaa have a laraar staff , 
with aa.a asalanad full -time . Bacauaa of their a lae , thaaa facilities 
cannot ba operated aa informally aa the smaller facllltlaa . Thaaa 
reactors may operata OD a reasonably flzad achadula- -uaually raJUlar 
worktna hours - -and scheduled sarvlcaa are often OD a faa -paid baala . 
Such uaara naad to ba balanced aaalnat on-ca.pua research and 
educat ional naada . uaa. of this a lae are aanarally sufficient to 
support lntardlac lpllnary research and development in radioisotope 
productloa ,  nautroa act ivation analysis , nautroa radloaraphy , radiation 
damaaa taatlna , personnel trainlna . and many other araaa . 
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aeactora of thia ai•• are generally more involved with on-caapua 
departaenta and nearby colleges and univera itiea than are the aaall 
fac il it ies . Tezaa A&H Univers ity ,  for example , reported Ula 
involveaent of an average of 40 faculty a .. bera per year froa 16 
acadeaic depart .. nta within the univeraity plua an •••r•a• of about 500 
faculty and atudenta per year froa 12 other coll•a•• and univeraitiea 
in the area . Hediua a ize reactora alao typically hoat a nuaber of 
tours : Tezaa A&H reported that about 1 , 400 of ita atudenta tour the 
fac il ity each year , and there are approziaately 5 , 000 additional 
via itora per year . 

Lara• aeactora ( l - 20 Hv) 

Aa reactor power increaaea , there ia generally a ahift toward more 
reaearch and aervice act ivit iea and fever educational and trainina 
activit iea . Sponaor- funded reaearch and developaent il more t.portant 
at th••• facilitiea . Reactor ataff aay be lara• ovina to the need for 
auatained operation over lona perioda . In fact , the facility aay be 
operated in ••••nt ially the aaae vay aa at nat ional laboratoriea . 
aeaearch not poa a ible at aaaller fac il itiea (e . a  . •  neutron acattarlna 
ezpertmentation) ia conducted at these lara• facilitiea . 

Lara• URal are alao a ianificantly involved with reaearch aaenciea , 
other coll•a•• and uni••rait iea , federal and atate aaenciea , and 
industry . Th••• aroupa often aake uae of URal becauae of their unique 
capabilitiea , the ezpertiae of particular faculty aeabera ,  and 
frequently , the coat effect iven••• of uaina a univeraity proaraa . 
Table 4 - 2  liata the atate and federal aaenciea recai•ina aervicea froa 
the Univers ity of Hiaaouri research reactor at Columbia . 

The number of u.s. industries involved with uaa aervicea ia arovlna , 
and the l ilt ia varied < ••• Table 4 - 3 ) . UKla clearly contribute to 
local econoaic development throuah aervice and tecbnoloiY tranafer . 

It would be uaeful to deacribe and quant ify their contribution• and 
econoaic tmpacta . To do 10 would require detailed caae atudiea and 
analyaia that are beyond the acope of thia atudy . baaplea of 
technoloiY tranafer are ai••n in a later aection of thia chapter . 

Service in Support of lleaearch : The caae of Topa1 

uaa aervicea increaae the ability of reaearchera on and off ca.pua to 
ident ify and aolve nev technical reaearch and developaent probl... . A 
a ianificant ezaap1• relate• to underatandina the effect• of radiation 
on cryatalline atructurea . 

Several UKla - -at the Univeraity of Hiaaouri at Columbia , Uni•ara ity 
of California at Loa Ana•l•• · Univera ity of Virainia , Univera ity of 
Hichiaan , Tezaa A&H Univeraity , and Haaaacbuaettl Inatitute of 
Technoloay- - have been irradlatina topa• to produce a blue a .. iprecioua 
a•• atone ( Prieat at al . ,  in preaa ) .  Thia acti•ity haa at t.ulated 
effort• to underatand color center production in cryatala and baa led 
to nev and ezcitina reaearch in•••tiaat iona . The eziatence of auch a 
color center that abaorba liaht in the red ( i . e . , preferentially 
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Table 4-2 . Stata and redaral Agenc iaa Supported by the Univara ity of 
Hiaaouri (Columbia) Reactor 

Araonna National Laboratory 
Columbia Nat ional riahary aeaearch Laboratory 
rrad HutchinaOD Cancer Raaaarch Center 
Harry S .  Truman Veteran• Adminiatrat iOD Hoapital 
Idaho National Enainaarina Laboratory 
Lawrance Berkeley Laboratory 
Loa Aluaoa Nat ional Laboratory 
Hiaaouri Departaant of Natural aeaourcaa 
National Cancer Institute 
National Bureau of Standard• 
National Heart , tuna , and Blood Inatituta 
National Inatitutaa of Health 
Sandia National Laboratoriea 
u.s. Aray 
U . S .  Departaant of Aaricultura 
U . S .  Dapartaant of Commerce 
U . S .  Departaant of Enaray 
U . S .  Dapartaant of the Interior 
U . S .  Environaantal Protection Aaancy 
u.s. Navy 
Vriaht Pattaraoa Air rorca Laboratory 
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Tabla 4 - 3 . Induatriaa Served by Univera ity aeactora 

Aircraft 
Aaricultura 
Automobile 

Chemical 
CODIIINilicat iona 

Conatruction 
Hanufacturina 

Medical 
Hintna 

Oil and Caa 
Semiconductor 

Transportat ion 
Util ities 
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abaorba llaht ln the red end of the vla lble spectrum maklna the stone 
appear blue ) baa bean known for years . But nov lt haa been found that 
vhan this color center ls produced by fast neutron radiat ion damaaa , 
the color canter la atrongly polarized , vlth maximum absorption alona 
the a -axla of the cryatal . Further , the color center ls stable up to 
approximately 500°C .  Thla thermal stabil ity makes irradiated topas a 
aood candidate for a nav and improved solid atata laaer material . Even 
mora s lanlflcant ls a second defect detected by electron apln 
resonance . This second defect doaa not anneal unt il about 900°C ,  
maklna lt one of the moat stable color center defects known . It 
appaara to be the orlaln of a broad ultraviolet absorpt ion band that 
makaa a faat neutron damaaad topas a promls lna material for davalopaent 
of a hlah power ultraviolet sol id atata laaar . 

Another important dlacovery resulting fro. studlaa ln topas la the 
strlklna s imilarity between the observed 630 nm vavalanath (red) 
opt ical abaorptlon ln topas and the same vavelanath occurrlna ln drawn 
quartz fibers . Such quarts fibers are used for opt ical 
communlcatlona . Because topas haa S l04 atructural units (as do 
quarts fibara ) ,  lt should not be too surprls lna that their electronic 
properties are a imllar ( though crystalline quartz does not show thla 
aama radiation damaa• center) . What ls s lanlflcant la that the 
raaularlty of the topas structure provides a much batter environment 
for s tudylna this defect than does the random lrreaular structure of an 
amorphoua quarts fiber . Evan thouah most currant optical communication 
la dona vlth near- infrared radiation , the 630 nm absorpt ion band la 
broad anouah to affect transmlas lon at the lonaar vavalanatha . 
Undaratandtng this defect la important for tmprovlna tranamia s lon in 
opt ical flbara . Froa atudy of thla defect ln topas , lt will be 
poaa lbla to teat modale propoaed for the s imilar defect , ln quarts 
f lbara , to learn mora about the natura of the defect to suaaast ways to 
el iminate lt , and thua to develop mora efficient opt ical communicat ion 
flbara . 

Additional studlaa of radiation damaaa in topas vlll tmprova the 
undarstandlna of radiation damaaa ln s il ica and other matariala . In 
particular , thaaa atudlaa have shown that the polarisation of the 
rad-abaorbina color canter ia stronaly dependant upon the type of 
radiation that craataa lt . Gamma radiation froa Cobalt - 60 producaa 
maxt.ua abaorption alona the b-axls , fast neutron irradiation producaa 
maxt.ua abaorption alona the a-axis , and hlah anaray electron radiation 
producaa ca.parabla abaorptlon alona all three cryatall lna axaa . Thua , 
at laaat two and parbapa three closely related dafacta .uat be praaant 
in topas . Each defect interact• differently vlth the aurroundlna 
lattice , alvin& rlaa to varlatlona ln the electronic propartiaa of the 
color canter . When fully undaratood , thla variability vlll alva 
tmportant information about the radiation daaaa• cantara in aolld state 
matarlala . 

In princ iple , raaaarch involvlna atudlaa of the cryatal and 
electronic atructuraa of matarlala can be conducted at Ulla of any 
a lza . But bacauaa the affect ls determined by an lntaaratad doaa 
( l . a . , flux timaa time ) , the aaallaat reactor• may require too hl&h an 
irradiat ion t ime to be pract ical . 
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TachDoloay Transfer 

TechDoloay transfer is critical to the maintenance of any aconoaically 
compet it ive industry , and UIRa are important to nuclear-related 
industries for this reason . Soma examples are diacuaaad below . 

Neutron Transmutat ion Doped Ploat Zona Silicon 

Bas ic research in the lata 1960s demonstrated the feas ibil ity of dopina 
s ilicon throuah tranamutina Silicon- 30 to Phoaphorua - 3 1  by neutron 
capture . By the mid- 1970s , a few semiconductor devices had bean aada 
from neutron transmutation doped (NTD) s ilicon (Maese , 1979) . Bovavar , 
the semiconductor industry did not have the azpartiaa to develop the 
lara• scala dopina process necessary to usa the unique properties of 
NTD s ilicon fully . 

It was at this point that the Univers ity of Missouri at Coluabia and 
the Univers ity of Michiaan became the drivina force in the tacbnoloCJ 
transfer , laadina to rapid development of an efficient laraa - acala 
neutron transmutat ion dopina technique . The NTD process has beau so 
successful that NTD products dominate the float aona silicon 
marketplace today . Moreover , techuoloay transfer is continutna evan 
for the relatively mature NTD process . Missouri ( Coluabla) is 
partic ipatina in development of a viable NTD process for · tha new 
aaanatic Caochralski s ilicon material . Success in this area will open 
an entirely new market for NTD s ilicon that could potentially dwarf the 
already successful NTD float aona s ilicon market . 

The need to overcome technical difficulties is a strona incentive 
for research . As noted in the NTD example above , the naad to obtain 
the optt.ua neutron transmutat ion dopina material for aaaiconductor 
fabrication also required a batter characterisation tool for atudylna 
the complex defect interactions in neutron irradiated s ilicon . 

Daap Laval Transient Spectroscopy 

At the same tim& the lTD process was baln& developed for s il icon , a new 
technique for charactariaina defects in semiconductors became available 
- - deep laval transient spectroscopy ( DLTS) (Kaaaa , raraar , and Laap , 
1983) . It was rapidly applied to the probl .. of opttaiaation of lTD 
material . Applicat ion of DLTS , toaathar with the .ora traditional 
analyt ical tools . quickly lad to opt taiaation of the aanaalln& process 
that bast raaovaa neutron dam&&• · 

Evan after the s ilicon/lTD process bee ... routine , uaa aarvlca 
act ivities continued to ancouraaa characterisation of defects in 
semiconductors . NTD has bean applied to other aaaiconductora . 
primarily a•rmauiua and aalliua-araanida (Q&Aa) . Early lTD work in 
a•raaniua uncovered aoaa discrepanc ies in the accepted values of the 
neutron capture cross sections . ror O&Aa , the defect structures are 
mora complex than in s inal• element semiconductors , and much .ora 
research raaaina to be dona before the procasstna parameters can be 
opt taized for this material . 
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The DLTS studies of defects were a areat asset in the development of 
NTD a lllcon . However ,  one shortcomlna soon 'became clear . DLTS alves a 
characteristic s ignature of the defects ln irradiated semiconductors 
'but does not alve any direct quant itative information about the 
structure of those defects . Such structural information ls essential 
in sortin& out the more complex defect interactions involved ln neutron 
irradiated semiconductors . To help overcome thla deficiency , stress 
trans ient spectroscopy ( STS) vas developed . Vlth thls nev technique , 
unlazlal stress ls applied to the material durin& the standard DLTS 
analys is . 

The stress removes the defect orientation deaeneracy and provides 
direct information concernina the syautry of the defect . This 
additional information is cruc ial to identification of the defect and 
makes lt poss l'ble to understand some of the complex defect interactions 
that occur in neutron irradiated material . ITS has already 'been used 
to ldentlfy defect symmetries in s ilicon and aermanlum ,  and lt offers 
the promise of understandlna some of the more complex interaction& that 
occur in irradiated G&As . 

l.eactor Sharina 

Each year , the Department of Eneray makes available l t.ited funds for 
faculty and student travel to vork at off - a lee reactor facilities . In 
fiscal year 1986 , fundiq amounted to approximately $385 , 000 . faculty 
members at many colleaes and unlveraitlea take advantaae of this 
proaraa to expand their research capa'bllltiea and/or provide the ir 
students vith an eclucat lonal experience not available on caapus . These 
federal funds provide seed .aney to stimulate the application of 
uuclear science to many research areas . 

Thls is a modest 'beatnnina toward developina an effective U . S .  
research reactor network like that in Europe ; it is described 1n 
Chapter ·5 . lxpandlna the service role of Ulla should 'be part of the 
des lan of a uatlonal network . 

CORCLUSIORS 

University research reactors play a vital role as a service facility in 
the uuclear science- related dlsc lpllnes .  They provide service to other 
departaents on ca.pua , other colleaes and universit ies , and industrial 
oraaniaatioaa . They are an important resource for industrial 
researchers , and in uuclear sc ience -related techDoloay transfer 
act ivities , Ulla can help pay their vay throuah reveuues aenerated by 
these services . The DOl reactor sharlna proaraa allows students to use 
off- ca.pua research reactor facilities .  Thls proaraa helps to develop 
new research and developaent efforts and appl ications for the uuclear 
sc iences . 
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BISEAICH REACTORS IR i!STEII EQIOll 

IRTI.ODUCTIOII 

There are approximately 300 reaearch and teat reactor• iD the world 
( International Atomic Eneray Aaency , 1986) . Many are located at 
univeraitiea and reaearch inatitutea ,  and aome are at nat ional 
laboratoriea . Approximately two thirda of thea are iD the United 
Statea and Veatern Europe , divided about equally . Becauae the U . •  ted 
Statea and Veatern Europe are coaparable in population , acientific 
eatabliahaenta , and econoaic baaea to aupport and be aerved by 
reactora , it ia inatructive to examine the reactor baaed reaearch tn 
Europe and compare it with that in the United Statea . 

A compariaon ia particularly pertinent to thia atudy in view of the 
perception aaona aoat reaearchera that Veatern Europe occupiea a 
poa ition of leaderahip in reactor baaed acience . Thia leaderahip ia 
atrikinaly evident ln condenaed aatter reaearch , aateriala reaearch , 
and other diac iplinea ua ina neutron beaaa (Rational Academy of 
Sc iencea , 1984) . The Veatern European approach to the aupport of 
reactor baaed reaearch ia characterized by tvo featurea that are 
aarkedly different froa U . S .  practice : a cloae and active cooperation 
between aaall univera ity claaa reactor• and the lara• international 
reaearch center at Grenoble and aore aeneroua baae aupport for 
operatlna univera ity claaa reactora . In thia chapter , univeraity c laaa 
reactor a ianifiea facilitiea that are not Ulla adatniatratively but are 
comparable to Ulla iD power and uae . 

TilE EuaOliAll RETVOU OP UACTOI. OlDATIOIIS 

Reactor reaearch in Veatern Europe ia dominated by the multtn&tioaal 
Inatitut Laue - tanaeviD ( ILL) reactor facility iD Grenoble , Prance . It 
ia a joint venture of the French Comaiaa iart a l ' lneraia Atomique and 
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the Centre Rationale de la aeaearch Sc ientifique , the British Science 
and Enaineerina aesearch Council , and the West German 
Eernforschunazentrua Earlaruhe . Spain will soon join as a llaited 
partner . 

The ILL operates a hi&h flux ( 5 7  Hw) research reactor with 
approxta&tely 40 ezpertaental facilities devoted to condensed matter 
studies , materials research , nuclear and particle phys ics , and 
biochemical and bioloaical investiaations . The ILL is the premier 
fac il ity in the world for neutron beam research . The United States has 
no reactor strictly comparable to the ILL . 

The relevance of the ILL to this study lies not only in ita success 
as a sc ientific research center but also in the relationship between 
this lara• central facility and small univers ity class reactors . This 
c lose relat ionship extends beyond the member countries to fac ilit iea 
throuahout Western Europe . 

The ILL operates as a user fac ility with atrona emphasis on via itina 
acientiats ' research . This mode of operation ia encouraaed by 
retaburaement for travel ezpenaes for member country vis itors , an 
experiment propoaal procedure that is eas ily accessible by outs ide 
users , and other adainiatrat ive policiea . The ILL has also cultivated 
an ethic a.oaa ita own research staff in which aaa iatina and 
collaboratina with vis itors is viewed • •  worthy and respectable . As a 
reault , the ILL is the central focus for reactor baaed ac ience 
throuahout Weatern Europe . 

Links vith Small Univers ity Claaa aeactora 

Many uaera come from institut ions operatina saall univers ity class 
reactors . Often they come to continue proj ects that require hiaher 
flua or more sophist icated instrumentation for co.pletion . 

In addition to providina a aource of users for the ILL , aaaller 
reactor facilit ies are alao a source of nev ideas and techniques that 
have been incorporated at the ILL . In fact , a substantial number of 
the novel features of the ILL developed in this vay . aeaearchera froa 
aaaller facilities have brouaht t tae of fl iaht apectroacopy , 
multi -detector arrays , and neutron interferometry to the ILL . Table 
5 - l  lists other techniques and instruments that vere ultta&tely 
incorporated into the ILL fac ility . 

This aieu&tion is not aurpris ina because ,  as discussed in earlier 
chapters of this report , the environment at a univers ity baaed research 
reactor is often more conducive to such developmental vork than it is 
at a aajor user facility . At laraer reactors , competition for l taited 
beaa and/or lnatrumenta tlae is often intense .  Moreover , conttau&l 
travel required for a remote development proj ect would be inefficient 
for a lona- tera developaent proaram . 

In contrast , European univera ity faculties typically have eas ier and 
more flexible access to reactor facilities . Faculty inveatiaatora are 
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Tabla 5 - l . Selected Inatruments and Techniques Incorporated into the 
Inst itut Laua -Lanaavin from Smaller racilities 

Ttcbniqua 2E rnstrymant 

Reutron guides 
Cold neutron source 
Interferometers 
Diffractomatars 
Small anala scattarlna 
Rot source 
Blah resolut ion backacattarlna 
RUclaar phys ics methods 
Curved crystal aamma spectrometers 
Ultra cold neutron source 

SOUI.CE : Glaser , 1987 . 

rac il ity 2f Oriain 

Rll (Munich) 
EL3 ( Saclay) 
AtomtDstitut (Vienna) 
Silo• (Grenoble) 
n.J2 (Jullch) 
JU (larliJ:'Uha) 
Rll (Munich) 
Rll (Munich) 
Dl.3 (l.llo) 
Rll (Munich) 
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more cona iatantly preaent , and a pool of available araduata atudanta ia 
on hand . Thil atmoaphere 11 often better auited to vork on the 
mult i -year t laa acalea required by the vaaariea of nev and innovative 
technoloaical development . 

The cloae linkaae between univera ity fac ilities and the ILL is 
enhanced by the oraanizational acheme of the ILL itself . The 
Sc ientific Counc il , vhich makea aeneral pol icy dacia iona and acta as an 
adviaory panel to the directors , ia ataffed prtaarily by univera ity 
faculty from the member countriea . The scientific subcommittee• that 
review and pas s  on the numerous expertaental proposals are s tailarly 
staffed . Thus , the cloae relationahip between lara• and small 
fac il it ies extends to adainistrativa aa vall aa technical and 
sc ient ific cooperation . 

That the same fundina aaenc iea and advisory panels are respons ible 
for adainiaterina the lara• multinational fac ilities as vall as aaaller 
univers ity baaed reactors is surely important to the vitality of 
neutron phya ica proarama ill Waatern Europa . Without such an 
oraanizat ional modal ,  lara• acale proaram plannina iavolvina the 
intearation of contributions from univers ity departments , univers ity 
reactors , and laraer facilitiea vould not be poss ible . The mere 
eziatenca of lara• and aaall reactors doea not aaaura such 
coordinat ion . In the hiahly successful Weatern European model , 
cooperat ion is not an acc ident . It is the reault of fara iahtad 
manaaemant . 

Support for Univers ity Cla1 1 aaactora 

Evan within auch a favorable oraanizational framework , vital ity is not 
aaaured without adequate aupport . In Weatarn Europe . national fundina 
aaanc iea provide onaoina baaa support for the operation of individual 
proaraaa . Support uaually provides a hiah standard of reactor 
operations , that is , hiah operat ional availabil ity vith adequate staff 
and aupport for research and nev equipment . lor each of the tvo aajor 
univers ity research reactors ill Wast Garaany ,  BER- II ill Berlin and liK 
in Munich , this base support vaa approztaataly $2 . 5  H ill 1985 (Barlilla ,  
1985) . 

federal support for operatina comparable Ulla in the United Stataa 
is eaaentially ltaitad to providina fuel for the reactors . In fiscal 
year 1987 , support for fuel totaled $1 . 9  H for all Ulla . 

In addition to base support in Western Europa , s ianificant resources 
are allocated to aaj or uparadea and nev aquip.ant at azistina 
facilitiaa . The univera ity re aearch reactor at the BahD-Haitner 
Institute ill Berl in (BER- II ) , for ezampla ,  ia underaotna aajor 
renovation coatina approataataly $50 H (Barl ina . 1985) . further base 
support for scientific vork is expected after this upara4e . The Ula at 
the Technical Univers ity ill Munich is also plannina an aabitioua 
uparade that inclu4ea construction of an ent irely nev 20 Hv reactor 
core . This proj ect is eattaate4 to coat more than $100 H ( Boentna , 

1987) . 
Base aupport for operat ions has important t.plicationa for the level 

at vhich sc ient ific reaearch can be carried out . lor ezampla , sample 
irradiat ion• for act ivation analya ia or aateriala atu4iea need not be 
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charged the full cost for reactor use (as is common in the United 
States ) .  Not only does this kind of operation allow greater 
flexibility in reactor use , but it encourages usa of the reactor by a 
broader community of researchers . Because a s ignificant fraction of 
reactor research use is by workers in fields quite distinct from 
nuclear engineering , ease of access greatly enhances reactor 
productivity . 

Outs ide users also benefit from the enhanced staffing levels 
available . This is an important point , because many potent ial users 
lack the expertise to carry out the ir reactor studies without help . 
Without available staff , many potential users would be discouraged from 
applying potent ially powerful reactor based techniques to their 
research . 

Measures of Effectivenes s  

A comprehens ive analys is o f  utilization effectiveness  i s  beyond the 
scope of this report . One reasonable measure relates to the nuabar of 
ful l - t ime - equivalent ( PTE) reactor users par year . At three Vastarn 
European research reactors ( Berl in ,  Munich , and Vienna) , PTE users par 
reactor averaged more than twice the number at the seven highest power 
U . S .  univers ity research reactors ( the Univers ity of Missouri at 
Columbia , Georgia Institute of Technology , Mas sachusetts Inst itute of 
Technology , Univers ity of Michigan , Rhoda Island Nuclear Sc ience 
Center , Univers ity of Virginia , and State Univers ity at Buffalo) . It 
is evident that U . S .  Ulla can be used profitably for addit ional 
research operat ions . 

Success of the Vastern European research endeavor is pos s ible 
because of several favorable factors . Perhaps foremost is a rat ional 
community-vida management that encouraaas efforts at reactors of all 
s izes and also encouraaas close cooperat ion amona thea . This 
successful experience is espec ially relevant to the national naut�� 
phys ics proj ects planned in the United States . These proj ects inc�uda 
the cold neutron fac ility at the National Bureau of Standards and the 
advanced neutron source at Oak &idae Nat ional Laboratory . 

Whether Ulla as a national resource are adequately employed is 
germane to the plannina for the estimated $400 H advanced neutron 
source . Also aermana is whether there will be an adequate co..unity of 
younger scientists and anaineers to operata and usa this and other 
nat ional facilities . 

CONCLUSIONS 

A successful modal for operation and intaaration of lara• and saall 
research reactor fac ilities is in operation in Vestarn Europa .  This 
mode l is characterized by close and integrated plannina for univers ity 
c lass reactors and the lara• central user facil ity at Grenoble . The 
Vastarn European aode l should be cons idered for incorporation into the 
overall U . S .  research reactor program . The Vastarn European proaraa is 
adequately supported by the various national aovarnaants .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

U n i v e r s i t y  R e s e a r c h  R e a c t o r s  i n  t h e  U n i t e d  S t a t e s :   T h e i r  R o l e  a n d  V a l u e
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The role of u . s . univara ity research reactors relative to the large 
national facilit ies should be reviewed . Thia analys is is particularly 
relevant to the proposed advanced neutron aource that is currently in 
the plannina staae for Oak Ridaa Nat ional Laboratory and the cold 
neutron source to be installed at the National Bureau of Standards 
reactor in Gaitherabura , Maryland . 
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SAlin AND SAliGVAllDS OF UBIYQSITX USIAICB UACTOU 

INTI.ODUCTION 

"Safety" of uaa oparat ion deals vith the identification and control of 
phys ical hazards inherent to any reactor operation . "Safesuarda " on 
the other hand deals vlth the ident ification and control of haaarda 
posed by the intervent ion of peraona vbo would steal nuclear materlala , 
or •••k to dam&&• the reactor . To a small dear•• · research reactors 
ahara aome of the haaarda of nuclear reactors in a•n•ral . Because such 
hazards ezlat , the univers ity research reactors (Ulla) are aubj ect to 
regulation , aupervlllon , and public control . The prlllc ipal hazards of 
uaa facilities are listed lD Table 6 - 1 . Tb••• haaarda deserve aerloua 
and tapartlal evaluation . 

In today ' •  world , policy makers are nov concerned vlth ezploa ion 
risk aaaoc iated vith acta of terrorlaa aa vell aa coventional 
acc identa . The Comaltt•• cannot comaent on the probability of 
terroriata •••ktna to cauae an ezploa ion at a uaa core . In fact , 
bioloaical , chealcal , and other univera ity laboratorlea may be at 
hi&h•r riak froa terrorlat aabotaa• when relative vulnerability la 
conaidered . It can be aaid , however , that an act of aabotaa• that 
actually deatroya the core and containaent and releaaea radioactive 
.. teriala would require both a lara• quantity of ezploa ivea and 
ezpert iae lD plac llla the ezploalve . 

However re110te the poaalblllty , however amall the rlak , however 
ltaited the conaequencea , public pol icy requlrea that prudent meaaurea 
be taken to protect aaalnat ezploa ion and other conceivable haaarda , 
from whatever courae . 

Thia chapter firat dlacuaaea aome laauea related to the a lae 
difference between Ulla and power reactora that apply to both aafety 
and aafesuard conalderationa . Thla ia followed by a dlacua a lon of the 
iaauea aaaoclated vith rlak of theft or dlveralon of nuclear 
materlala . Finally , a dlacuaa ion ia provided of the riaka of daaaa• to 
the reactor fuel reaultlna froa conventional accident or froa aabatoge . 
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Tabla 6 - 1 .  Princ ipal Potential Hazarda at a Univara ity aaaaarch 
Reactor facility 

Safety Bazarda 

Daaaaa to tha fuel or cora and conaaquant apraad of radioactivity in 
or beyond tha reactor containment buildina 

Spread of a .. ll aaounta of radioactivity or medical iaotopaa froa 
azpart.&ntal proarama 

Spread of radioactive coolant in tha avant of laakaaa 

Injury to paraonnal froa vaapona , fire , and azploa iva davicaa 

SaftiUird Bazarda 

Theft and divara ion of nuclear .. tarial 

Intruaion and theft of .. tariala or aqui,_ant other than nuclear 
.. tariala 

Intruaion , aabatoaa ,  and vandalia• 
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DISTINGUISHING URaa FaOH POVE& IEACTOIS 

A bas ic premise of risk management is that control and protection 
efforts should be in close proportion to the risks involved .  Ezcass 
resource allocat ion to one risk results in inadequate attent ion to 
other risks when resources are l taitad , thereby increas ing total 
soc ietal risk . Excess allocation to risk management in general reducaa 
the product ivity and benefits of a reactor . 

Certain Ula features result in hazards qualitatively different from 
those of power reactors . In addition , to those baartna on reactor 
power , stored anergy , and mass , soma URaa usa fuel that is .uch mora 
highly enriched than power reactor fuel , but the ir fuel inventory is 
much lover . Ulas are manauvered- -brouaht up and down tD power- - far 
more often , and a varied cl ientele ranaina from on-aoina raaaarchara to 
occas ional users need access  to uaaa . Questions of fuel divers ion and 
sabotaae are raised for these reason& . 

The most �rtant point is that the radioactive inventory of any 
uaa (up to 10 curies) ia fhraa orders of maanituda smaller than that 
of a typical power reactor . 

Corraspondinaly , the fuel mass and stored anergy vithtD a uaa are 
also comparatively small . This statement doaa not mean that chemical 
explos ions at Ulas raleas ina radioactive materials to the anvironaant 
are tapos s ibla in an abaoluta sensa . It does mean that the riak (ovtDa 
to lover available enaray) ia .uch lover , and the consequences (ovina 
to smaller aaounta of radioactive mass )  are alao .uch lover .  Prom a 
practical potDt of viev , nuclear anainaars do not cona idar the risk of 
a chemically induced explos ion rasultina from a lov probability 
losa -of - coolant avant at a uaa to be s ianificant . This risk is laraaly 
manaaad by daa ian l taits , controla , and interlock& . 

Ulas are civilian fac ilities licensed and regulated by the Nuclear 
Regulatory Comaiss ion (NaC) (Spinrad and Zabroski , 1987) . NaC seta 
standard& for and reviews daa ian and conatruction of the raactora . 
Hoat research reactors oparatina today vera das ianad by national 
laboratory or maj or industrial company staff . The raactora are taatad 
aztena ivaly by the suppl ier , vith NaC ovara iaht . In addition , mora 
than 200 research reactors have been built outs ide the Uftitad Stataa to 
a tailar or identical daa ian spec ification& . 

1Tha equivalent thermal power rat ina rana•• up to lOHv for the lara• 
Ulas and up to 2 Hv for the small and madiua size raactora . A typical 
modern power reactor baa a 3 , 000 Hv thermal power retina . 
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UKRa follow the same l icenaina procedures as lara• commercial pover 
reactors , despite the vast differences in the reactors , their 
operations , and the risks . The URa community often feels that the 
reaulationa are inappropriately appl ied to ita fac ilities (Greene , 
1987 ) . 

Any s ignificant chanae in the use or des ign features of a URa 
aenerally requires a license amendment . This is a formal procedure in 
which All questions of the reactor des ign and operation are subj ect to 
renewed scrutiny and analys is . Concerns or alleaationa over safety and 
aafeauarda can be used to initiate litiaation or hearina• before a 
quas i- judicial body , the Atomic Safety and Licenaina Board . 

For commerc ial power reactors , the opportunity for makinl 
alleaationa and initiatina hearinas is the princ ipal means for 
intervenor aroupl to delay a proj ect . Sometimes , the COitl of 
defendina a proj ect , payina leaal fees , and maintainina s taff over an 
indefinite interim results in a proj ect ' s  cancellation .  The outcome 
may be entirely independent of the merit of the alleaationa . 

It is widely bel ieved in the URa community that this tactic was used 
successfully in at least one case , a 100 kV Araonaut at the University 
of California at Loa Anaelea (UCLA) . Vbat oriainally seemed to be a 
routine rel icena ina hearina draaaed out over two years until the 
univers ity dec ided that the reactor was s imply not worth the expense 
and trouble of the hearina . UCLA closed the reactor in 1985 . There is 
no leaal or statutory protect ion aaainat this tactic . 

This case illustrates the need to define the risks associated with 
uaaa as distinct from lara• power reactors and to provide more precise 
reaulationa . 

THI &ISX OF FISSILE MATEaiAL DIVIISIOR 

Preventina Theft of Nuclear Materials 

The presence of hi&hly enriched (:90 percent ) U-235  brina• with it the 
pos s ibility of theft for the purpose of makin& a nuclear explos ive 
device . "The ..ount of inventory at a typical university research 
reactor facility is leas than 5k& , and for ao.e reactors leas than 
2ta .  A would-be diverter would have to remove and recover material 
from at least three reactors in order to have a chance of producin& a 
' hiah- technoloay ' device , and froa at least half a dozen research 
reactors in order to have a chance at producina a ' lov- technoloiJ ' 
device" (Zebroaki , 1984) . Subsequent to thia statement , HaC rules 
required that Ulla further reduce fissile inventories by convertina to 
lov enriched fuel (20 percent U-235) . Full enforc .. ent of thia rule 
would effectively eliminate the already low attractivenes s  of aaall 
fiss ile quantities at Ulla to would-be weapon fabricators . 

� a safeauard aaainat poss ible fuel divers ion ,  ace••• to uaa fuel ,  
particularly unirradiated or l i&htly irradiated fuel , ia physically 
controlled . further , the amount of ezceaa fuel stored on aite ia 
l imited . To minimise potential problema caused by the need for 
maneuvertna the reactor pover , controls and interlocks to prevent 
excess reactivity are in place . To avert sabotaae , the princ iple 
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control la a combination of security devices preventlna unauthorized 
intrus ion , direct observation ( escorted entry for vla ltora ) ,  and 
personnel clearances . Historically , these measures have been wholly 
aucceaaful in that no divers ion of fuel or special nuclear material baa 
occurred ;  nor has aabotaae occurred at UKRa . 

The moat probable constraint to continued operation of UKRa on 
campus is apparent or alleaed def lc lenc lea in security , control of 
personnel , and access . There is tens ion between the needs of 
flexibil ity and access for research , teachlna . and service and the 
needs for control of material , acceaa , and discipline in operation and 
maintenance .  Careful manaaement of these often confl icting needs is 
probably the key to continued dally operation of URaa . 

HEU to LEU Conversion 

The convers ion of research reactors from hl&h enrichment fuel to lov 
enrichment uranium fuel (HEU to LEU conversion) 11 intended to recluce 
the attractlvenea a  of core materials to potential for theft with the 
intent of weapons procluctlon . This chana• doe a not require an DC 
license amendment provided that only s taple substitution of U-238 fuel 
11 involved . Thouah the coat of provldin& the LEU fuel 11 to be borne 
by the Department of lneray (at a rate budgeted by Conareaa) , there la 
no assurance that such a convers ion will not provoke lltiaat lon and 
hearlnaa . Because university budaeta for such l ltlaatlon are extremely 
l ialted , the mere flllna of auch actions , entirely independent of their 
merit , can atop a Ula' a operation . The DC baa ordered the fuel change 
in such a way that , accordlna to ita leaal staff , DC itself would bear 
the burden of defense if convers ion to LEU la challenaed . 
Nevertheleaa , in the event of l ltlaatlon , univers ity personnel 
neceaaarlly will be heavily involved , and the university may have to 
bear unclue costa beyond the leaal fees . 

Even thouah the HEU/LIU convers ion rullna la aenerally viewed aa a 
fait accompli ,  uaa operators feel that the decision was not a aood 
one . They are concerned about the failure to recoanlae the a lanlflcant 
differences in the nature and magnitude of safety and security probl ... 
between URal and power reactors . They alao feel that DC rules conttaue 
to view URal aa analoaoua to power reactors . 

The Univers ity of Hlaaourl at Columbia and Haaaachuaetta Inst itute 
of TechDoloay are currently requeatlna eze�tlon froa the conversion 
from HE1J to LEU . The plantlffa araua that conversion would 
substantially dearade reactor performance .  They maintain that ezlatlna 
phys ical security and l ialtatlona on materials inventory are adequate 
protection aaainat theft . 

latt.attna the atak of Dlvera lon2 

The nuclear materials diversion potential haa received much attention 
that la not commensurate with risk eatt.&tea even without the BID to 
LEU convers ion ( s ee Table 6 - 2 ) . Aa a result , funds that could support 
research and education are diverted for security . 

2see Leventhal and Alexander ( 1987 , Cha . 1 and 3 ) . 
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Table 6 - 2 .  &iak Analya is - Divera ion of Fiaaile Hatariala 

aiak 
Roraal iaed 

cateaory 

to Univera ity 
aeaearch 
aaactora 

Veapoaa material• and facilities . 05 1 , 000 

Lara• teat reactor• us ina hiah enriched uranium (abroad) 

Unirradiated fuel material• 

Irradiated fuel 

Lara• teat reactor• (domeatic ) 

Univers ity reaaarch reactor• 

souacz : Zabroaki , 1984 . 

. 005 

. 005 

. 0005 

. 00005 

�. riak indea aeaaurea expected diveraion loaa per year in 
kiloar ... , and ia the product of 

o Probability of aainin& accaaa to the aatarial 
o Probability of non-detection and non-recovery of atolan 

aaterlal 
o Probability of aucceaaful weapon aaaaably 
o Quantity of fiaaile aatarial at risk 
o Coefficient reflectina aaaeasaant of akill laval , financial 

reaoarcea , apeclaliaed aquipaent , data , facilitiea and 
aaterlala , and tiae to dea ian , proceaa , teat , and ••••able a 
weapon (the lower thia laval , the mora fiaaile aaterial ia 
needed and the hiahar ita quality for weapon aaaeably) . 

100 

100 

10 

1 

�ia riak indea ia only a auida to plannina and aakina compariaona . 
It doaa not actually atata the probability of waapona aaaeably . To do 
ao would require weiahina in the probability that an att.-pt will 
occur .  Moreover , in the abaanca of a data baae , the riak indea ia 
uaeful only •• a tool for diacuas ion . Civan the relative low 
attractivanaaa of uaa fuel , we iahina in the probability of atteapt 
would produce an even laraar relative risk difference . 
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In the table , the risk indez is an approztmate measure of the 
l ikel ihood of aucceaaful theft of suffic ient material to make a 
workable nuclear explos ive device . On a normalized bas is , the relative 
risk associated with uaa fuels la three orders of maanltude leaa than 
the riak assoc iated with weapons fac il ities . If the probabil ity of an 
attempted threat were welshed into thia lndez , the rlak discrepancies 
would be even areater , aiven the relatively low attract iveness of URa 
fuels . Thia analya la doea not araue aaainat aafeauarda for uaas .  It 
emphas ize• the point that reaulat lona and costa of aafeauarda should be 
baaed on relative riak . 

THE aiSX OP DAMAGE TO aEACTOa PUlL 

Convent ional Safety Hazard 

aeactor fuel can auata ln damaae when there la a lara• misaatch between 
the rate at which heat la produced and the rate at which coolin& ia 
provided .  Such a mismatch can occur in only tvo waya . The first ia 
inadvertent operat ion at a much hlaher power level than the des ianed 
level of coolina . The second ia the prolonaed loaa of coolant froa a 
major rupture or leakaae of the reactor vessel or assoc iated pipina 
below the level of the reactor core . 

The operation of uaaa at substantially more than dea laned power 
levels is precluded by inherent dea lan l imitation& , controls and 
interlocks , and other l icens ina requirements .  The latter includes 
l imitations on the amount of ezceaa reactivity available and inherent 
neaative temperature coefficients of the fuel and moderator . For 
water- cooled or pool reactors , a aeries of testa with success ively 
laraer and more rapid insertions of ezceaa reactivity (above prompt 
critical) were conducted in the 19 50• by the Araonne Rat ional 
Laboratory . These testa provide a firm baa la for dea lan and licena ina 
l imitat ion• that preclude seriously 4amaalna over-power reactor 
condition& . 

Conceivably , fuel may alao be 4amaaed by prolonaed loas of cooliDa . 
A reactor cannot continue to produce fiss ion heat after loaa of water 
(which ia both moderator and coolant) ;  however , aoae decay heat froa 
reaidual radioactivity continues to be produced even after abutdowD . 
Thia decay heat la too amall to produce 4amaae to fuel for reactors 
with a nominal power ratina up to 100 - 2 50 kV . aesearch reactora with a 
power ratina above 500 - 1 , 000 kV may beain to experience decay heat 
4amaae to the fuel in the event of loas  of coolant . The proceaa of 
overheatina and 4amaae to fuel la not lnatantaneoua and would take aany 
houra , poaaibly up to aeveral 4aya . Even if normal and back-up coolin& 
ayatema were 4amaaed or rendered inoperable , auxil iary emeraency 
coolin& such aa froa a garden hoae or a fire enaine pumper , la adequate 
to prevent the spre�d of radioactivity from continued overheatina of 
the fuel . Calculation and plannina of such continaenciea are a 
a ianiflcant part of the reactor licens lna requireaent . 
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Hazard of Sabotaae 

A further cons ideration ia poaa ible aabotaae of a uaa : cauaina fuel 
damaae e ither by over-power operation , caus ina loas of coolant , or by 
use of explos ives . Given the relatively low inventory of radioactivity 
in ... 11 research reactor• and the requireaent for thick bioloaical 
shieldina . the radioloaical consequences of sabotaae would aost likely 
be confined to the buildina . It is always pos s ible to postulate 
indefinitely lara• escalations of such s ituations so that aeasurable 
radioactivity appears in the environs . Even in this worst cts•  5 
scenario , the radioactive inventory at a URa is typically 10 - 10 
tiaes smaller than that at lara• power reactors such as Three Mile 
Island or Chernobyl . The bioloaical effects of such radiation levels 
froa URas would be ins ianificant . However , these radiation effects 
would be readily aeasurable , and the need to plan for such a 
poss ibility and communicate with the aeneral publ ic is evident . 

The princ ipal weapon aaainst ianorance and panic is education of the 
aeneral public , opinion leaders , and publ ic officials . A low profile 
with respect to community relations is not necessarily beneficial . 
Publ ications , reactor and laboratory visits , and the active involveaent 
of local publ ic and environmental offic ials can reduce vulnerability to 
unfounded alleaations relat ina to the risk and consequences of 
sabotaae . 

Thouah the univers ity reactor community has no difficulty with 
current security requireaents ,  it is concerned that the reaulatory 
processes will continue to promulaate additional requireaents that ao 
beyond the attendant risks . This Committee believes that present 
security aeasures are satisfactory and that aore strinaent NRC 
requireaenta or interpretations can inappropriately add to the costs of 
operation without s ianificant benef its . Of areater concern than costs 
which result in tanaible uparades in safety and security are thoae 
costs associated with hearina and lit iaation procedures 1n response to 
advocates whose aaendaa is broadly anti -nuclear , rather than obj ective 
concerns for safety and safeauards . 

CONCLUSIONS 

The safety record of univers ity research reactors ia excellent and well 
served by eziatina rulea and practices . The three principle hazard& to 
be avoided are : accidental damaae to the reactor involvina the escape 
of radioactive .. terial , theft of fiss ile .. terial , and sabotaae of the 
facility . These hazard& are small relative to the hazard& of lara• 
commercial power reactor& . Neverthelesa , control of these hazard& is 
essential for aafe and secure operations of uaaa .  

The effective functionina and cont inued operation of the preaent 
faaily of Ulla 1n the United States are aore affected by 
disproport ionate public and institutional perception& of riak than by 
actual phya lcal or nuclear hazards . 
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In the past , aoae reaalationa have imposed costly requireaenta and 
restrictions on the uae and usefulness of reactors without a ianificant 
benefits to safety . At present the NRC often uaea risk analys is and 
coat - safety-benefit analys is to help insure that raaalationa have 
a ianificant safety benefits in meetin& or ezceedina defined safety 
aoala . The Committee advocates the uaa of these techniques 
specif ically for research reactors , takin& account of the low specific 
power and small inventory of radioactive elements . (Radioactive 
inventory is typically lesa than one thousandth of the inventory in a 
commercial power reactor) . In most cases , this should preclude the 
application of reaalationa des ianed for power reactors to research 
reactors . The NRC should also seek to continua to reduce and minimize 
the exposure of small univers ity reactors to hearina and litiaation 
procedures which can result in unmanaaeabla costa while contributin& 
l ittle or nothina to safety or safeaaarda , but which can damaaa or 
destroy the scientific productivity of the facility . 
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IRSTITQTIORAL AND FIP!IAL SUPPQIT Ql 
VNIVIllSITY QSWlCH QACTOU 

IR'nODUCTION 

Baaed on ita deliberations aa described in the precedin& chapters , the 
Coaaittee believes that a national proaram of support for univers ity 
research reactors (Uiaa ) ia justified by their education ,  research , and 
service values to the nation . The mission of UIJla cannot be fully or 
econoaically met by the national laboratory reactors or the few 
privately owned reactors . For nov and into the foreseeable future , 
uaa. are needed on campua for a variety of scientific fields . 
Therefore , bea idea solid endorseaent froa federal aaenciea and 
educational institutions , the Ulla need a firm baae of ·fundin& ao that 
they can del iver neutrons and radioactive iaotopea to researchers and 
atudenta .  

There ia no auch cons istent , dependable pattern of support for Ullaa 
at either the local or national level . Instead , the aechaniaaa for 
fundlna these facilities are diverse . Soae lead a hand- to-mouth 
existence : others , by virtue of a atrona fee -baaed service component , 
fare better . The financially aucceaaful facil it ies aenerally have a 
mix of local institutional ( 1 .  e .  , univers ity) support auppleaented by a 
aianificant research and service component . Faculty and staff of many 
of the re .. illin& UIJla are to be compUaented on their tnaenuity ill 
adverse financial c lrcu.atancea . Unl ike other national facilities and 
other federally funded university facilities , auch aa accelerators and 
materials research laboratories , uaaa rece ive no federal fuDda 
cons istently . The only direct aovernment support ia for fuel 
aaa iatance throuah foralvenea a  of any uranium consumption costa , 
fabrication of new fuel , and faculty travel for uae of off- caapua 
reactors under the reactor aharina proaram . To the extent that 
researchers ill varioua fields who use a research reactor are otherwise 
federally funded , Ulaa may indirectly benefit throuah uaer feea , or 
throuah illternal transfer of univers ity funds in recoanition of their 
role in auch research . 
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Hanaaement of the fac ilities ia equally diverse : aome are run by a 
nuclear enaineerina proaram and others by a more broadly baaed 
univers ity-vide entity . Either vay . the operat ion ia a funct ion of the 
local inst itutional structure . There are arovina prea aurea upon 
univers ities to place priorities on their proarama in terms of fundlna . 
to direct funds to proarama in hi&h current demand . and to qual ify for 
federal aranta .  Therefore . URa fac ilities are increaa inaly constrained 
financially . 

ELEMENTS OP SUPPOaT 

The aole of Univers ity Adminiatrationa 

The Problea of Perception 

Many univers ity administrations perceive uaaa aa aervina the narrow 
intereata of a specific industry rather than aa an academic aaaet vith 
an interdisc iplinary service baae . on campua aa vall aa off campus . 

In the lonaer term . survival of the uaaa vill depend on hov 
univers ity administrations perceive the ir value to the education , 
research . and service miaa iona of the univers ity- - in  compet it ion vith 
other proarama that alao require spec ial facilities . Criteria for 
administrator• should include recoanition of reaearch productivity . 
contributions of educated nuclear personnel . and the opportunity to 
contribute to meetina national needs in the nuclear related industry 
and service functiona . 

The Committee doea not aaaert that all uaaa , or any particular uaa , 

merits the support of the ir institutions . Each univera ity 
administration baa ita own academic priorities . bu4aetary constraints , 
and lona term developaental obj ectives . The dec is ion to support an 
eziatina reactor , invest in a nev one . or cloae a facility ia 
neceaaarily a local one . Over the laat several years , uaa proar ... 
have been terminated for a number of reaaona : 

o Inadequate external f inancial support 
o Lov utilization by faculty 
o Increaaed operatina costa tmpoaed by evolvina aafety and 

security requirements 
o The coat of defendina aaainat leaal actiona by anti -nuclear 

advocacy aroupa 
o A cllaate of controversy hi&hl iahted by on- caapua advocates 
o Coapetition for scarce apace vith nev fac ilities deemed to have 

a hiaber priority . 

The Committee doea not challenae any particular URa closure : it ia 
concerned that furtl.er attrition ia harmful to the national intereata . 
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Thouah aoae closure decis ions may be cons istent with a university ' s  
lona term sc ience and enaineerina proaraa aoala , the Committee believes 
that aome administrations do not fully perceive the research and 
educat ional opportunit ies of URas - - aa potential benefits to the 
univers ity and to the nation . 

aecoanit ion of Value and Opportunity 

Many univers itiea remain fully committed to uaa proaraas , and several 
are implementina plana involvlna uparades and expans ion . The 
Univers ity of Rhode Island , whose reactor ia supported by the state , 
plana to uparade its power from 2 Hv to 3 Hv because it 1• convert ina 
from blah enricluaent uranium (HEU) to lov enricluaent uranium (LEU) 
fuel . In the proces s , the core waa redea ianed to a .ore effic ient 5 
element confiaurat ion compared with 30 elementa . The available funds 
for the convers ion allowed Araonne National Laboratory to dea ian and 
run computation• on the new confiauration . This eumple of lJIB. 
nat ional laboratory collaboration should be inst itutionalized so that 
it ia not a imply a benefit of another proaraa . The Rhode Island 
facility ia alao purchaa ina new spectrometers and hirina researcher• . 
The new core confiaurat lon ls a cons iderable eDhancement for neutron 
acatterina research . 

Ohio State Univers ity 1• alao uparadina ita 10 kV reactor , partly 
supported by LEU converaion funda . The new confiauration will be 500 
kV , with capabilitiea for both neutron scatterina and prompt aamma 
reaearch . A new biomedical research proaraa ia emphas izina boron 
neutron capture therapy . 

The Univeraity of Tezaa ia buildina a new reactor center to house a 
1 Hv TaiGA reactor to replace a 2 50 kV reactor lnatalled in 1963 . New 
capabilities include horizontal beaa porta for neutron radioaraphy , 
enhanced neutron activation analya ia , and research iaotope production . 
The new instrumentation panel will be fully di&ltlzed and the reactor 
computer controlled . 

The University of Hiaaouri ia plannina to uparade ita 10 Hv reactor 
to 30 Hv .  A new bulldtna will provide a neutron auide hall and a cold 
neutron source . It will be the only URa in the United States with a 
cold neutron capability . The univera lty 1• alao lnY&attna in new 
lnatruaenta and ia conatructina an isotope reaearch laboratory . 

Theae developaenta de.onatrate the fact that uaa proaraaa continue 
to be reaarded aa vital components of university acience and technoloay 
proaraaa , .. ritina tnveataent in expectation of research productivity . 

Foraa of Support 

Unlvera lty admlniatratlona must ascertain aa obj ectively aa poa a lble 
the value of uaa proaraaa on ca.pua . Aaaumina a poaitive view , an 
adalniatration ' a  role ia to provide viaoroua institutional support , 
includtna : 

o A core operatina budaet 
o Overhead support and aervice 
o Leadership in attractina external fundina 
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o Advocacy of the role of the uaa to the ca.pua as well as to 
off- caapua constituencies 

o Recruitment of hi&hly qualified research and teachina faculty to 
whoa the uaa will be a vital resource 

o Encouraaina interdepartmental and interdisciplinary l tDka that 
will enhance the contribution of the uaa , the departments ,  and 
the disciplines . 

The first threshold for the uaa is the univers ity administrat ion . 
Its backina ia prerequis ite to obtainina the ezternal support described 
below . 

The Role of the Federal Government 

A federal charter for URal with a specific entity/aaency identified as 
the manaaer should be established . Its charter should include criteria 
for allocatina available funds . HOst l ikely , fever URal than 
presently ezist will ultimately remain . Those that do will be enhanced 
by federal support . 

Strona federal support of uaa operations and uparadea is just ified 
by the benefits to the nation indicated in this report . Without such 
support , proaraa obsolescence will be ezacerbated , and additional 
reactor operations will be lost , with ultta&te adverse effects on the 
nation ' s  ability to carry on reactor-related research , and to provide 
needed personnel educated in reactor princ iples and operations . 

Federal support is needed for the fol lovina : 

o Base reactor operations , includtna safety and safeauarda 
provisions 

o Uparades and new equipment purchases , inclu41n& safety and 
safeauarda equipment 

o Continuation of the free nuclear fuel support proarea 
o Continuation and enlaraeaent of the reactor ahartna proarea 
o Cranta to support research uaina reactors in several fields of 

science and tecbnoloay . 

In order to make a reca.aendatlon on the level of federal support which 
ia appropriate for the above purposes the Ca.aittee atta.pted to obtain 
inforaation about reactor proaram ezpendlturea in the United States . 
In 1983 the Aaerican RUclear Society publ ished an authoritative survey 
of research reactor installations in the United States , with an updated 
version scheduled for lsaue in 1988 . Table 7 - 1  provides a auaaary of 
the 1983 coat data available at this t ime . The data base is 
incomplete , particularly at the lover level . Moreover , the operatina 
budaets are not necessarily reported on a consistent basis because of : 
( 1 )  differina allov•ncea aa to what constitutes overhead ezpenses ; ( 2 )  
differina ways o f  reportin& research budaeta ; and ( 3 )  different vaya of 
allocatina the coat of faculty who may actually devote a considerable 
t t.e to reactor manaaeaent , but whose costs are allocated to other 
budaeta , particularly at the smaller reactors where in aoae instances 
there ia no budaet per ae ident ified for the reactor . 
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Table 7 . 1 .  Annual Univers ity aeaearch aeactor Operatina/Capital Costa 

Kiaaouri , Univers ity of (Columbia) 

Georgia Institute of Technology 
aeaearch aeactor 

Kaaaachuaetta Institute of Tecbnoloay 

Kichigan , Univers ity of 
(Pore! Ruclear aeactor) 

Rhode Island Nuclear Science Centerb 

Nev York , State Univers ity of 
( Buffalo Materials aeaaarch aeactor) 

Virginia , University of 

Ill inois , Univers ity of 
Cal ifornia , University of ( Berkeley) 
Lovell ,  Univers ity of 
North CaroliDa State University 
Oregon State University 
Penn State TIICA aeactor 

( Pennsylvania Science Center aeactor) 
Tezaa A6H University 

(Nuclear Science Canter aaactor) 
Tazaa , University of (Austin) 
Vaahinaton State University 
Viacona in ,  University of 
California , University of 
Columbia Univaraityc 

( Irvine) 

NQT!S 

Annual 
Opera tin& 
8udget 

aeactor 
Facil ity 
Capital 
Coat a 

$ 3 , 000 , 000 $3 , 500 , 000 

350 , 000 4 , 500 , 000 

650 , 000 3 , 000 , 000 
+3 , 000 , 000a 

500 , 000 3 , 700 , 000 
360 , 000 1 , 100 , 000 

NA 2 , 000 , 000 

154 , 000 1 , 000 , 000 

80 , 000 800 , 000 
125 , 000 NA 

NA NA 
NA NA 

200 , 000 830 , 000 
250 , 000 2 , 300 , 000 

527 , 000 1 , 500 , 000 

NA NA 
NA 100 , 000 

120 , 000 750 , 000 
40 , 000 320 , 000 
25 , 000 1 , 000 , 000 

Site 
(My) 

10 

5 

4 . 9  

2 . 0  
2 . 0  
2 . 0  

2 . 0  

1 . 5  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  

1 . 0  

1 . 0  
1 . 0  
1 . 0  
0 . 25 
0 . 25 

( 1 )  Annual bu4&eta may reflect different aaau.ptiona about the 
allocation of faculty time and overhead associated with the 
reactors . These budaeta are in 1983 dollars . 

(2)  Capital costa are not on a cons istent baaia because .oat of the 
facilities vera purchased or constructed 1D various years froa 
the aid 1950s to the lata 1960s . 

( 3 )  Tabla includes data froa reactors cloaad-Saa Tabla 1 - 4 .  
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Table 7 . 1  Annual Univeraity aeaearch aeactora Operatin&/Capital Coata 
( Cont inued) 

aeactor 
Annual Facility 
Operating Capital Site 

2!mU: Budllt Coat a Cly) 

K&naaa State Univera ity NA 780 , 000 250 
Maryland , Univera ity of NA 7 50 , 000 250 
Michigan State Univeraity NA NA 250 
aeed College 20 , 000 300 , 000 250 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Hiaaouri , Univeraity of (&olla) 
Arizona , Univeraity of 
Cornell Univera ity 
Florida , Univeraity of 
Utah , Univeraity of 
Vaahlngton , Univera ity of 
Vorceater Polytechnical Inat itute 
Ohio State Univeraity 
Iowa State Univera ity 

Purdue Univera ity 
Cornell Univera ity 
Virginia , Univera ity of 
Brighaa Young Univera ity 
Oklahoma , Univera ity of 
Idaho State Univeraity 
Rev Hezico , Univeraity of 
Tezaa A&H Univera ity 
Utah , Univera ity of 
Illinoia , Univera ity of 
Catholic Univera ity of America 
Manhattan College 
aenaaelaer Polytechnic Inat itute 

SOUI.CI : Bum , 1983 . 
RA • Not available . 
•upgrade . 
bstate operated .  
c in atandby . 

18 , 000 
90 , 000 

NA 
7 5 , 000 

5 , 000 
NA 

41 , 000 
90 , 000 
30 , 000 

NA 
NA 
NA 
RA 
NA 

45 , 000 
RA 
NA 
RA 
RA 

6 , 100 
RA 
RA 

492 , 000 
500 , 000 

NA 
9 5 , 000 

200 , 000 
1 , 000 , 000 

150 , 000 
RA 

200 , 000 

RA 
NA 
NA 

3 6 , 000 
100 , 000 

1 , 200 , 000 
RA 
RA 
RA 
RA 

95 , 000 
150 , 000 

RA 

200 
100 
100 
100 
100 
100 

10 
10 

1 

0 . 10 
0 . 10 
0 . 05 
0 . 10 
0 . 05 
0 . 05 
0 . 05 
0 . 05 
0 . 05 
0 . 01 
0 . 001 
0 . 001 
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To have arrived at a rigorous baa ia for determining the budget needa 
of research reactors aa a whole ,  one would need the following for each 
fac il ity : 

o Operating needa including personnel , utilit ies , other overhead , 
aervicea and materials ; 

o Capital needa for upgrades and nev equipment ; 
o Statement of proj ected program activities to be supported by the 

budget in teraa of research , education and service ; and , 
o Statement of non- federal aourcea of support .  

In effect , federal support should be determined on a caae by caae 
baa ia in which the proposed research reactor budget can be aaaeaaed 
against the qual ity and value of the program . A fair aaaeaament would 
require a peer review procedure . 

The Committee nevertheless feela an obl igat ion to at leaat provide 
an estimate , in a prel iminary vay , of an appropriate budget for a 
federal program to support continued operation of qual ifying univers ity 
reactors , and to support upgrades and nev equipment purchaaea . Lacking 
a current reactor by reactor data baaia , thia estimate ia necessarily 
judgemental .  However ,  the proceaa of soliciting grant propoaala froa 
universities with reactor prograaa , will subsequently provide the 
data . S ince actual ezpenditure dec iaiona will result from peer review 
on a caae -by- caae baa ia , the overall budgetary estimate can be 
approzimate for the initial year , and then be adjusted 1n aubaequent 
yeara 1n reaponae to actual program ezperience . 

In aaaeaa ina support needs , the Committee aeaaented the UKRa aa 
ahovn on Piaure 7 . 1  into a ize categories that generally aerve distinct 
functions : 

o 10 HV and above- -maj or nat ional reactor research centers 
providing national and international leadership in research and 
service . 

o 2 - 5  HV- - eaaentially research and development facilities that 
provide neutron beama , ezperiaental research , and activation 
analya ia . These reactors operate aa a service to researchers on 
and off caapua , and they cover a vide apectrua of 
inveatiaationa , including medical and biological applications . 

o 250  Ev- 1 . 5  HV- - facilit iea uaed primarily for education and 
service . The proport ion of research work decreaaea with a ize . 
MUch of the service ia irradiatina materials for uae primarily 
by researchers in biology , medicine , and cheaiatry . 

o 10- 200 Ev- -primarily educational and trainina toola with aa.e 
research uae at the upper end of the range . 

o <10 Ev- -primari1y teaching toola for deaonatratina baa ic 
phys ical phenoaena . 

Vith theae observations , the Committee considers that there ia a 
need for up to $20  million dollars annually to aaa iat with upgrades and 
nev equipment purchaaea , and the coats of operating reactors , 
part icularly thoae coata aaaoc iated with servicing the needa of 
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lnterdlaclpllnary research vlthln the univers ity . Tbe OVIrridina 
ob 1 ectiye of the support should be to progpte the crtation of modern 
state -of - the -art UQiytrs lty rt Starch reactor programS It all l ilt 
lenls . 

To provide a perspective on thla flaure . the Committee considers 
that about $60 mlll lon dollars la needed over the next three years to 
modernize the fac llltlea , replace obsolete equipment , and to brlna them 
into full compl iance vlth Nuclear aeaulatory Commlaa lon requirements on 
safeauarda . If half of the recommended annual federal support ( $10 
mllllon) la for equipment uparadea ,  then the federal share over the 
next three years would be about $30 mllllon or 50 percent . 

Vlth respect to operational costa , the Committee estimates a need 
for about $ 3 5  mllllon dollars annually . (Thla la baaed on assumed unit 
operat lna costa for a healthy proaram vlth hlah reactor utlllzatlon aa 
follows : 10 HV plus • . .  $5 . 0  mllllon ; 2 . 0 - 5 . 0  HV . . .  $2 . 5  mllllon ;  
0 . 2 5 - 1 . 5  HV . . .  $1 . 0  mllllon ; 10- 200 Kv . . .  $0 . 1  mllllon , 1 0  Kv minus . 
. . $0 . 04 mllllon ; and , the followlna number of reactors ln each c lass 
respectively : 1 , 6 , 14 , 9 , 10) . If half of the recommended federal support 
( $10 mllllon) la for operations , then the federal share in thla 
cateaory la leas than 30 percent . Aaaln , lt la stressed that thla 
baa la for eattm&tlna la hl&hly judaemental , and vlll need to be refined 
by an actual needs assessment at each facl1lty , to be provided aa part 
of the process of aubmlttina propoaela for federel support under the 
proaram . 

The Committee does not have a preference about the home aaency for 
the federal support proaram . Nor does the Committee prescribe criteria 
for allocatlna and avardlna these funds . However , lt la atronaly uraed 
that the aovernment use peer review aa an input to assure the 
ac lentlflc lntearlty of proposed uaa proar ... . 

The IDle of Other Supportina Bl ... nta 

Aa dlacuaaed above , support bealna vlth the home university . It should 
include admlnlatratlve and promotional aaa latance aa well aa a base 
fundlna commitment at least to the extent of overhead costa . The 
federal aovernment , aa the tredltlonal supporter of research and 
development proar ... in the national interest , has a cleer end apeclf lc 
role . Other aupportlna elements ,  vhlch may very 1110ft1 unlveraltlea , 
continue to ba essential . They include : 

o State aovernment 
o Local end county/municipal aovernmenta 
o Industry 
o Hedlcel lnatltutlona . 

Continuation of •upport can be expected to the extent that these 
entitles perce ive benefits for themselves . Kotlvatlon to support uaaa 
can include : 

o Direct service benefits such ea operator trainln& , lrradlat lona , 
and research services 

o Services to students from other col1eaea and blah schools 
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o Support of s tate and local aovernment efforts to attract taraet 
industries to the area 

o Enhanced preat iae to public and private oraanizationa that are 
assoc iated with the reactor in some way 

o Supply of araduatea and faculty experts to state and local 
aovernaent and to industry in support of nuclear related 
activities . 

Clearly , no a inale source of funds , aovernment included ,  will solve 
the ftDancial problema of ORR operat ions . The reactors that survive 
and flourish will benefit from atrona university leadership coupled 
with an aaareaaive outreach proaram . 

CONCLUSIONS 

uaaa merit a base of institut ional and ftDancial support in view of 
their many benefits to the univers ity community and the nat ion aa a 
whole froa research , education , and service in several scientific and 
engineertna fields requirina the use of a reactor . Support beaina at 
boae with the univers ity administrations . They need to understand the 
current and potential role of UKRa in academic life . Decisions to 
support or re linquish a ORR proaram should be made obj ectively , baaed 
upon a full appreciation of the benefits and costa . 

uaa. merit a base of federal support because of nat ional benefits 
that accrue froa a healthy ORR proaram : 

o The contribution to research and development in many areas of 
science and technoloay 

o A supply of educated workers for a variety of vital nat ional 
functions , includina defense , the power industry , and 
environmental services 

o Parity with Europe and Japan in research production in the 
nuclear sciences relative to technology transfer from the 
reactor laboratory to the commercial sector and for national 
defense applicat ions . 

uaa. merit support froa state and local aovernmenta and from 
industry becauae of : 

o Their uae to train workers in reaulatory and ccmaercial proar ... 
o Their direct benefits from many services provided by uaa. 
o The pro.ot ional role of ORR services in local economic and 

industrial development . 

If UKRa are to play a vital role in research and in the education of 
sc ientists and enaineera ,  they need t.mediate funds to :  

o Irina current operations up to a level adequate to .. tntain 
vital proar ... 

o Purchase inatruaentat ion and other equi,.ent needed to .odernize 
reactor operations , research , and teachina proar ... . 
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The federal aovernaent should cons ider committina up to 
approximately $20 million per annua to ass ist in fundina uaa operations 
and uparadea . Support should be baaed upon peer review of proposals . 
Such federal support should include the introduction of a national 
reactor network in which activities at major federal reactors are 
expl ic itly linked to research work at the nation ' s university research 
reactors . 

Ass istance ia needed to uparade uaa facilit ies in order to replace 
outmoded instruments and control ayatema . to increase power and neutron 
flux , and to provide cold sources to reach new experimental reaiona . 

uaa manaaement should viaoroualy pursue non- federal support sources 
by articulatina the benefits to state , local , and industrial 
constituencies and by providina services on a fee baa ia when that ia 
poss ible . 
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APPENDIX A 

COMMITTEE ON UNIVERSITY IESEAaCH REACTORS 
WOUSHOP ON UNIVDSITY IESEAaCH REACTORS 

LAWU:NCE BEIUCELIY LABORATOllY 
BUILDING 50 -AUDITOI.IUH 

AGENDA 

MONDAY , PEBllUAllY 2 ,  1987 

llEGISTRATION/COPPEE 

WELCOME ADDI.ESS 
Dr . David A .  Shirley 
Director , Lawrence Berkeley 

Laboratory 

llESEAaCH llEACTORS IN IUlOPE 
Dr . V .  Glaaer 
Director , Inatitut Laue -Langevin 
Grenoble , Prance 

NEUTaON ACTIVATION ANALYSIS 
Hr .  A . r .  DiMeglio 
Director , lhode Ialand Nuclear 

Science Center 

corrEI � 

MEDICAL DIAGNOSTICS AND TliDAPY 
Dr . A .  Bertrand Brill 
Brookhaven National Laboratory 

lliACTOIS IN EDUCATION 
Dr .  Bernard I .  Spinrad 
Chairman , Department of Nuclear 

Enalneering , Iowa State Univeraity 

lliACTOI. SII.VICES AND OPERATION 
Dr . Donald H .  Alger 
Aaaociate Director 
l.eaearch l.eactor racility 
Univera ity of Hiaaouri 

LUNCHEON - LAWU:NCE BEllULIY 
LABORATOI.Y 

1 3 3  
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PANEL OR CONr.ROLS , SAFEGUARDS , 
AND UGULA.TIORS 

Chairman :  Dr . Edwin L .  Zebrosld 
Chief Nuclear Scientist , 
Electric Power and 

aesearch Institute 

�eynote : Hr .  &obert f .  Burnett 
Nuclear aeaulatory Commiss ion 

COffEl BDAX 

PANEL OR REACTOR SUPPO&T AND SURVIVAL 
Chairman : Dr . Hihran .1 .  Ohanian , 
Assoc iate Dean of a-search , 
University of florida 

COC�TAILS AND DIRRD 
LBL fACULTY CLUB 

DIRRD 

GUEST SPEADI. : Dr . Luis V .  Alvarea 
Lawrence Berkeley Laboratory 

TUESJ)AX DQJJMX 3 . 1987 

VQWHOP SESSIQBS 

9 : 00 a . m .  - 5 : 00 p . m .  

VQWHOP 011 USIAllCJI 

Chairman : Dr . Clifford G .  Shull 
Department of Physics 

Haaaachuaetts Institute of Technology 

lapporteur : Dr . Anthony L .  Turkevich 
Univers ity of Chicago 

Enrico fermi Inatitute 
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QBJECTMS 

1 .  Inform the Committee on research activities at university 
centers in general areas of : 

o Neutron beaa research 
o Neutron activation analys is 
o Irradiated materials research 
o Medical diaanoat ica and therapy 
o Reactor engineering- -phys ics studies 
o Neutron radiography . 

2 .  Present and aaaeas statistical data : 

o Available facilities and instrumentation 
o raculty population and report publications productivity . 

3 .  Diacuas needs and problema for more effective uae : 

o Instrumentation 
o Research prograa support 
o Student support 
o DOl baae support for facility 
o Rat ional laboratory/univers ity center relationship . 

4 .  Discuss effect of lov- enricbment-uranium (LIU) convers ion 
on research prograaa . 

5 .  Discuaa hov to quantify the value of univers ity reactor 
research . 

OBJICTIDS : 

YOU:SHOP 011 EDtlCATIQI 

Chairman : Dr . Bernard I .  SpiDrad 
Chair.an , Department of Nuclear Enaineertna 

Iova State University 

Rapporteur : Dr . Hihran J .  Ohanian 
Associate Dean of aeaearch 

University of rlorida 

1 .  Aaaeaa the neat aeneration of nuclear development and 
education needs : 

o Nuclear paver 
o Space applications 
o Irradiation applications 

- aedical 
- bioloaical 
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- env:l.ro111lent:al 
- mat:er:l.al sc:l.ences 
- chem:l.cal analysis 

o Health phys :l.cs 
0 aeact:or operat::l.ons 
o a&d:l.o chem:l.st:ry 
o Defense appl:l.cat: :l.ons 

2 .  Aaseaa : are ve educat: :l.ng well enough for t:heae needs ? 

3 .  D:l.scuaa the role of the reactor aa a teaching tool . 
How eaaent::l.al:l.a :l.t: :l.n the educat::l.on proceaa?  

4 .  Aaaeaa on- a it:e va . remote reactor uaage for educat: :l.on . 

5 .  Diacuaa how to quant::l.fy the value of educat::l.on ua:l.ng 
research reactors . 

6 .  Aaaeaa the supply/demand ait:uat: :l.on :l.n nuclear related 
f:l.eld for the long term . 

OBJECT IDS 

IORISHOP ON SDVICI 

Cha:l.rman : Dr . John Poat:on 
Department of Nuclear lngineer:l.ng 

Texaa A&H Un:l.vera:l.ty 

a&pporteur : Dr . John S .  Laughlin 
Department of Medical Phyaica 

Hemor:l.al Sloan-Kettering 
Cancer Center 

1 .  Define the uaer comaun:l.t:y . 

2 .  Aaaeaa the taportance of reactor availab:l.lit:y to 
the un:l.vera :l.ty research and outa :l.de uaer commun:l.ty . 

3 .  Aaaeaa local on-a:l.te reactor va . re.ot:e reactor . 

4 .  D:l.acuaa how to quantify the value of reactor 
aervicea . 

WIDR!SDAY PEBaUA&X 4 .  1987 

8 : 00 - 10 : 00 PaiSINTATION Ol VOIISHOP aEPOaTS 

10 : 00 - 5 : 00 IDCUTIVE SESSION : COHHITTII HEITINO 
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APPENDIX B 

PANELISTS IN THE WOJUCSHOP OR UHIVD.SITY USEAB.CH UACTOU 
LAWUHC! B!IUC!L!Y LABOIATOILY 

FEBRUARY 2 - 4 , 1987 

WOlUCSBOP OR EDUCATION 

Dr . Bernard I .  Spinrad , Cha irman 
Dr . Hihran J .  Ohanian , ILapport:eur 
Dr . Bernard Wehring , Hort:h Carolina St:at:e Univers ity 
Dr . Don W .  Hiller , Ohio St:at:e Univers ity 
Dr . Lee Peddicord , Tezaa A&H Univers ity 
Dr . Donald Harris , ILenaaelaer Polytechnic Inat:itut:e 
Dr . Williaa Eerr , University o& Michigan 
Dr . loman Schmitt: , Oregon St:at:e University 

VOWBOP ON USWCJ 

Dr . Clifford G .  Shull ,  Chairman 
Dr . Anthony L .  Turkevich , ILapport:eur 
Dr . Robert: H .  Brugger , Univers ity of Missouri 
Dr . Geoffrey Greene , Rational Bureau of Standards 
Hr .  A .  F .  DiMeglio , lhode Island Nuclear Science Center 
Dr . Toa Williaaaoa , Univers ity of Virginia 
Dr . Boger Pynn , Loa Al&JDOa Nat ional Laboratory 
Dr . Bertrand Brill , Brookhaven National Laboratory 
Dr . Steven Spooner , Oak ILidge Rat ional Laboratory 
Dr .  ILat:ib A .  Earaa , Georgia Inat:it:ut:e of Technoloay 
Dr . Frank Asaro , University of California , Berkeley 
Dr . lloman Schmitt: , Oregon St:at:e University 
Dr . Samuel A .  WerDer , Univers ity of Hiaaouri 
Dr . Ot:t:o E .  Harling , Kaaaacbuaet:t:a Inat:itut:e of TechnoloiJ 

IQIISBOP QR SIIVICI 

Dr . John Poat:oa , Chairun 
Dr . John S .  LaupU.n , ILapport:eur 
Dr . Edwin L .  Zebroaki , Electric Power ILeaearch Inat:itut:e 
Dr . ILonald IDaua , Louisiana St:at:e Univers ity 
Dr . Donald Felt:& , Tezaa A&H Univers ity 
Dr . George Nelaoa , Univers ity of Ariaona 
Dr . Gary Sandquist: , Univers ity of Ut:ah 
Dr . Donald H .  Alger , Univers ity of Hiaaouri 
Dr . George Hiller , Univers ity of California 
Dr . George Chabot: , Univers ity of Lovell 
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PANEL ON CONTBOL$ .  SAfEGUARDS . AND IIGULATIONS 

Dr . Edwin L .  Zebroaki , Chairman 
Dr . Geoffrey Greene , Rapporteur 
Dr . Bernard Vehring , North Carol ina State Univers ity 
Dr . aobert F .  Burnett , Nuclear legulatory Commiss ion 
Mr .  A .  F .  DiMeglio , Rhode Is land Nuclear Science Center 
Dr . Herbert J . C .  Kouts , Brookhaven Nat ional Laboratory 

lABEL 01 RIACTOa SUllOIT AND SQBVIVAL 

Dr . Hihran J .  Ohanian , Chairman 
Dr . Will iam Kerr , Univers ity of Michigan 
Dr . Tom Williamson , Univers ity of Virginia 
Dr . Don V .  Hiller , Ohio State Univers ity 
Dr . Otto K .  Barling . Massachusetts Inst itute of Technology 
Dr . George Nelson , Univers ity of Arizona 
Dr . Rat ib A .  Karam . Georgia Institute of Technology 
Dr . Arthur Johnson , Oregon State Univers ity 
Dr . Herbert J . C .  Kouts , Brookhaven National Laboratory 
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Addit ional Part icipants in the Vorkshop on Research Reactors 
Lawrence Berkeley Laboratory , February 2 - 4 ,  1987 

Dr . Luis Alvares 
Lawrence Berkeley Laboratory 

Hr .  Ken Bogacik 
Babcock & Vilcoz 

Dr . Vill iaa a .  Boyle 
Oak Ridge Associated Univers ities 

Dr . Gilbert Brown 
Univers ity of Lovell 

Hr .  Keith Brown 
U . S .  Departaent of Eneray 

Dr . Merle 1 .  Bunker 
Loa Alaaoa National Laboratory 

Dr . Robert E .  Carter 
U . S .  Nuclear aeaulatory Comaiaa ion 

Dr . David Clark 
Cornell Univers ity 

Dr . Franklin Clikeun 
Purdue Univers ity 

Dr .  Michael Jl .  Denton 
Univers ity of California , Berkeley 

Dr . Gary Erhardt 
University of Jliaaouri 

Dr .  W. Glaser 
Inatitut Laue -LanaevtD , Grenoble 

Dr . Russell Baath 
Idaho Falla , ID 

lira . Antionnette Grayson Joseph 
U . S .  Departaent of !Dergy 

Dr . Wa�ter Y .  lato 
Brookhaven National Laboratory 

Hr .  Jill Kina 
Babcock & Vilcoz 

Dr . Glenn F .  Knoll 
Univers ity of Michigan 

Dr . Jay F .  Kunze 
Univers ity of Missouri 

Dr . Tek Lill 
Univers ity of California , Berkeley 

Dr . Hugh Hillard 
U . S .  Geological Survey 

Dr . Robert J .  Neuhold 
U . S .  Departaent of Energy 

Hr .  Thoua Newton 
Vorceater Polytechnic Inst itute 

Dr . Harry Pearlun 
Northridge , Cal ifirbua 

Dr . Jaaea P .  Phelps 
Univers ity of Lovell 

Dr . Hu Da-h 
Ta ing Hua Univers ity , Beij ing 

Dr . Tawfik a& by 
Nat ional Bureau of Standards 

Dr . Steven a&tt ien 
National Research Council 

Jlr .  John buacher 
Tezaa A&K Univers ity 

Dr . Alan Robinson 
Oreaon State Univers ity 

Dr . lfaurice RobktD 
Univers ity of Vashinaton 

Dr . Richard Valent in 
Araonne Nat ional Laboratory 

Dr . Villiaa Venetson 
Univers ity of Florida 
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Dr . Marcus Voth 
Pennsylvania State Univers ity 

Dr . Will iaa Whitteaore 
CA Technoloaies 

Dr . John G .  Williaas 
Univers ity of Illinois 

Dr . Carl Withee 
U . S .  Nuclear Reaulatory Commiss ion 
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Dr . A1 Wohlport 
Oak Ridae Associated 

Univers it ies 

Dr . Will iaa Yelon 
Univers ity of Missouri 

Hr . Harry Youna 
u . s .  Departaent of Eneray 
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CLOSSAllY OF TECBRICAL TEIUIS 

Accelerator . A machine des igned to accelerate charged part icles to 
anergy levels suitable for bombarding a target and studying the 
raaultina nuclear react ions . Amon& the types of accelerators are 
Van de Craff electrostat ic accelerators , linear accelerators , 
cyclotrons , and synchrotrons . 

Alpha part icle . A pos itively charged part icle cona iatina of two 
protons and two neutrons , identical with the nucleus of the hel iua 
atom , emitted by several radioactive substances . 

Atom . The smallest unit of a chemical element , cona iat tna of a central 
nucleus surrounded by orbital electrons . The atom ia held together 
by the electromagnetic force . 

Atomic nuaber ,  Z .  The nuaber of protons in an atomic nucleus . 

Atomic apactrua . The apectrua of radiations owing to trana itiona 
between energy levels in an atom , e ither absorption or emiss ion .  

Beta decay . l.adioact ive transformat ion of a nuclide in which the 
atomic nuabar increases or decreases by unity with no chana• in the 
mass number ;  the nucleus emits a beta particle durina beta decay . 

Beta particle . A aynonYJI for an electron or a pos itron when it is 
emitted in the process of beta decay . 

Btndtna energy . A measure of the strength with Which a aiven physical 
system ia bound ; it ia the amount of energy needed to break the bond 
in question and separate the particles . 

Chain reaction . A aelf- auatainina aeries of nuclear reactions in Which 
the products of the react ion contribute directly to the propagation 
of the process . 

Charaed particle . A part icle whose nat chara• ia not zero ; protons and 
electrons are examples of charged particles ; neutrons , by contrast , 
are uncharged . 

Cold neutron . A very low energy neutron , typically 1u << 10 eV . 

Condensed matter phys ics . The phys ics of the solid and l iquid states . 

Cryatalloaraphy . The branch of sc ience that daala with the aeometric 
description of crystals and their internal arrangement . 

Curie . A unit of measurement deacribtna the
1
5adioactiva diaintaaration 

rate of a subatance ; 1 curie • 3 . 700 x 10 diaintearationa/ 
second . 
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de Broalie wavelenath . A measure of the wavel ike nature of movina 
matter ; the wavelenath ia determined by h/mv where h ia Planck ' •  
conatant and m and v are the reat maaa and the velocity . 
respectively . of the movina part icle . 

Defect ( or lattice defect ) .  Any departure from crystal symmetry caused 
by disorder , impurities . vacanc ies and interatit iala . dislocat ions . 
and other imperfect ions . 

Detector . Any device that can detect the preaence of a particle or 
nuclear fraament produced in a nuclear reaction and measure one or 
more of ita phys ical propert iea . 

Deuterium .  A naturally occurrina isotope of hydroaen . A deuteron . the 
nucleua of the deuterium atom . cona iata of one proton and one 
neutron ; hence . it ia approzimately twice aa heavy aa ordinary 
hydroaen . 

Electron . An e l ·�entary particle confi•tina of a charae of neaat ive 
electricity o _  about 1 . 60219 1 10 - coulomb and havlna a reat 
maaa of about 9 . 109534 z lo -

2 gram (or about 1/1836 that of a 
proton) . 

Electron volt , eV . The aaount of energy acquired by any particle with 
a unit e lectric charge when it ia accelerated throuah a potent ial 
difference of 1 volt ; keV • thouaand electron volta ; MeV • million 
electron volta . 

Elementary particle . A particle that , aa far aa ia known , haa no 
internal atructure and can be divided no further ,  thua ia one of the 
fundamental conatituenta of all matter . 

Epithermal neutron . A neutron with ktDetic energy typically tD the 
ranae 1 keV < 1u < 1 MeV . 

Faat neutron . A neutron with kinet ic energy typically in the range 
1u > 1 MeV . 

Fertile material . A nucl ide which ia capable of convera ion to fiaa ile 
material upon abaorption or capture of a neutron . 

Fiaa ile material . Material that ia capable of undergoina fia a ion .  
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F is s ion .  The divis ion or splitting process .  e ither spontaneous or 
induced . of a heavy atomic nucleus into parts of roughly comparable 
mass . accompanied by the convers ion of a part of the mass into 
eneray and the release of part icles (usually neutrons ) ;  usually 
restricted to heavier nucle i such as isotopes of uranium .  plutonium .  
and thorium . 

Fission reactor . A device for init iating and maintainina a controlled 
nuclear chain react ion of fiss ile material for the product ion of 
neutrons . other radioact ive material . or energy . 

Fluz . A quantity measuring the intens ity of particle radiation ; for 
neutron radiation . fluz is typically measured in the number of 
neutrons per square cent taeter per second . 

Gamma ray . An eztremely energet ic photon emitted 1n many nuclear 
reactions and in the decay of many radioactive nucl ides and unstable 
part icles . 

Half - l ife . The ttae it takes for half of all the nuclei in a 
radioactive sample to decay to some other material ; each type of 
radlonucl lde has a characteristic half- life . 

Heavy water . Vater in which ordinary hydrogen la replaced by the 
deuterium isotope . Deuterium ozide . o2o .  la important in nuclear 
reactors aa both a coolant and a moderator . 

BEU . Blah enricbaent uranium fuel . the amount of radioactive U-235  
contained 1n the reactor fuel . By common usaae . BEU describes 
reactor fuel in which the U-235  content la greater than 20 percent . 

Hohlraum . A caa lna surrounded by a radiated source . 

Isotope . Any specific uucleua of a alven chemical element . Elements 
are defined by their individual atomic proton number :  isotopes of a 
alven atoalc nucleus differ from one another in the ir neutron 
number . 

Lattice . The pattern of arrangement of fuel elements within the core 
of a reactor . 

LEU . Low enrlcbaent uranium fuel . the amount of radioact ive U - 235 
contained in the reactor fuel . By commoa uaaae . LEU describes 
reactor fuel in Which the U- 235  content la leas than 20 percent . 

LOCA . Loa a of coolant accident . 

If& a a number . A .  The number of protons plus neutrons (A • Z + B) in an 
atomic nucleus . Nuclei of different elements can have the aaae maaa 
number . 
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Moderator . A material used in a fiss ion reactor effect ively to slow 
down or thermalize the ( init ially) fast neutrons produced in a 
fiss ion reaction .  Neutrons lose •n•ray in a moderator primarily 
throuah elas t ic acatterina . Typical moderators are water , heavy 
water , and carbon . 

Molecule . A aroup of atoms held toaether by chemical forces ; a 
molecule is the smallest unit of matter that can exist by itself and 
retain all ita chemical propert ies . 

Monochromat ic beam . A neutron beam in which all the individual 
neutrons have the same kinetic eneray or wavelenath . 

Neutron . An uncharaed part icle with mass sliahtly areater than that 
of the proton . The neutron is a stronaly interact ina particle and 
is a constituent of all atomic nuclei except hydroaen . An isolated 
neutron decays to a proton , an electron , and a neutrina with a 
l ifettae of about 900 seconds . 

Neutron number ,  N .  The number of neutrons in an atomic nucleus . 

Nuclear phys ics . The study of the characteristics , behavior , and 
internal structure of the atomic nucleus . 

Nuclear reaction . Any chana• brouaht about in the states of one or 
more nucle i as a coll is ion or spontaneous decay . 

Nuclear spectroscopy . Study of the detailed structure of nuclei - ­
the ir spectrum of eneray levels , associated phys ical properties , 
decay modes , and other properties . 

Nucleus . The small , dense pos itively charaed core of the atoa , 
cona iatina of neutrons and protons held toaether by atrona nuclear 
forces .  

Nucl ide . An atomic nucleus characterised by the number of 
protons , the number of neutrons , and eneray content . 

Ozyaen enhancement ratio (OEa) . A measure of the radiation dose 
required to produce a aiven bioloaical effect as a function of the 
ozyaenation level of cellular material . Sens itivity to irradiation 
aenerally increases as the level of ozyaenation of the cell material 
increases . 

Phase . A port ion of a phys ical system ( solid , l iquid , or aas )  that is 
homoaeneous thr�hout , has definable boundaries , and can be 
separated phys ically froa other phases :  the type of state of a 
systea , such as solid , liquid , or aaa . 

Phase trans it ion . A chana• of a substance froa one phase ( e . a  • •  sol id , 
l iquid , or aas )  to another . 
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Phonon . A quantum of an acoustic mode of thermal vibration in a 
crystal lattice . The energy of a lattice vibration is quantized . A 
phonon , in analogy with the photon of the electromagnet ic wave , ia 
the quantum of energy of latt ice or thermal vibration in crystals .  

Photon . The quantum of energy assoc iated with the electromagnet ic 
wave ; a massless particle , the quantum of the electromagnet ic field , 
carryina energy and momentum . 

Pool aeactor . A reactor des ign in which the fuel elements are 
suspended in a pool of water that serves as the reflector , 
moderator , and coolant . 

Protoni4 
A pos itively charged particle with a maaa of about 1 . 6 72510 z 

10- aram or about 1836 t imes greater th!J that of the electron ; 
the charge on the proton ia 1 . 60219 z 10 - coulomb . 

Quantum . The smallest poss ible unit of energy associated with any 
chana• in a phys ical system . 

Radioact ivity . Any of several proces ses in which a nuclide changes to 
another nuclide by the emiss ion of one or more particles . 

ladioaraphy . The technique of generating radiographs or pictures 
produced on a sens itised surface or film by a form of radiation , 
typically z- ray radiography or neutron radiography . 

aeactor blanket . A region containina fertile material surroundiDa the 
reactor core that contains fiss ile material . 

&elat ive biological effectivenes s  (aBE) . A comparative aeaaure of the 
absorbed doaea necessary to produce the s... degree of bioloaical 
response by two different types of irradiation . 

Scatterina . When two particles coll ide , they are said to scatter off 
each other durina the collis ion .  

Semiconductor . A solid crystalline material whose electrical 
conductivity ia intermediate between that of a aetal and that of an 
insulator ; the electrical conduct ivity ia usually atronaly 
temperature dependent . 

Semiconductor laser . A laser in which the source of the coherent 
l iaht beam ia a aeaiconductor material . 

Solid . A substance that has a definite volume and shape and rea iata 
forces that tend to alter its volume or shape ; a crystalline 
material , i . e . , one in which the constituent atoaa are arranaed in a 
three dimens ional latt ice , periodic in three independent directions . 
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Spectroscopy . The branch of phys ics concerned with the production , 
measurement , and interpretation of the electromaanetic spectra 
aris ina from e ither emiss ion or absorpt ion of radiant eneray by 
various substances . 

Superconduct ivity . A property of some metals , alloys , and chemical 
compounds such that when they are cooled ( in some cases approachina 
near absolute zero) , the ir electrical res istance approaches zero . 

Thermal neutron . A neutron with kinetic ener11 typically in the ranae 
En <  1 keV . 

Transmutation . A process in which a nuclide of one chemical element 
is transformed into a nucl ide of a different cheaical element . A 
common transmutation process is neutron capture followed by beta 
decay . 

Tritium .  A radioactive isotope of hydroaen , 3u or T .  The nucleus of 
the tritium atoa cons ists of one proton and two neutrons ; hence , it 
is approztmately three times as heavy as ordinary hydroaen . 

TaiGA . A reactor des ian developed by GA Tecbnoloaies , Inc . The desian 
offers the ability for short pulse operat ion at hiah peak power in 
addition to comparatively low power , steady state operation . 

X-ray . Hiahly penetratina radiation emanatina froa atoaic trans itions 
of an element ; z-rays are produced , for ezample , by electron 
bombardment of a metallic taraet . 
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