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FOREWORD

Radiation dosimetry is a fundamental part of all radiation protection
work. The measurements are made with a variety of instruments, and
health physicists, after professional interpretation of the data, can assess
the levels of exposure which might be encountered in a given area or the
individual doses received by workers, visitors and others at places where
the possibility of radiation exposure exists. The types of radiation
concerned here are photon radiations, ranging from soft X-rays to
gamma rays, and particulate radiations such as B-rays, o-particles,
protons, neutrons and fission fragments. The type of technique used
depends not only on the type of radiation but also on such factors as whether
the radiation is from a source internal or external to the body.

Radiation dosimetry is not only used at nuclear facilities; it has
diverse applications, for example in determining doses when radiation
sources are employed for medical diagnostics and therapy, in safeguarding
workers in any industry where isotopes are used, and in assessing the
effect of both naturally occurring and man-made radiations on the general
public and the environment. The advances of modern technology have in-
creased the variety of sources; an example can be given from colour
television, where the high potential necessary in certain colour cathode-ray
tubes generates a non-negligible amount of X-rays.

The Symposium on New Developments in Physical and Biological Radi-
ation Detectors was one of a continiuing series of meetings in which the
International Atomic Energy Agency furthers the exchange of information
on all aspects of personnel and area dosimetry. The Symposium was
devoted in particular tc a study of the dose meters themselves — their
radiation-sensitive elements (bothphysical and biological),their instrument-
ation, and calibration and standardization.

Several speakers suggested that the situation inthe standardization and
calibration of measuring equipment and sources was unsatisfactory, and
saw an important role for the Agency.in furthering international inter-
comparison studies. This would in particular help the developing countries
who were not able to set up specialized standards laboratories, while pro-
viding a check for all Member States on the reliability of quoted measure-
ments and their associated accuracies,

The final section on biological dosimetry evidenced the growing interest
in this topic. The use of physical dosimeters has certain shortcomings:
it is, for example, difficult to determine the dose received by one part of
the body from a reading of a dosimeter worn on another part. It is possi-
ble that biological changes in the body could be used as a direct measure of
the radiation insult received, without the need for interpolating data
obtained by physical dosimeters B1010g1ca1 dosimetry is, however,
already being used a a "null indicator" in cases of suspected h1gh expo-
sure. This section is rounded off by a brief discussion on general topics
related to biological dosimetry.

The Symposium was attended by 170 participants from 29 Member
States and 5 international organizations. The papers are given in full
together with the discussions.



EDITORIAL NOTE

The papers and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency's edi~
torial staff to the extent considered necessary for the reader's assistance.
The views expressed and the general style adopted remain, however, the
responsibility of the named authors or participants.

For the sake of speed of publication the. present Proceedings have been
printed by composition typing and photo-offset lithography. Within the limi-
tations imposed by this method, every effort has been made to maintain a
high editorial standard; in particular, the units and symbols employed are
to the fullest practicable extent those standardized or recommended by the
competent international scientific bodies.

The affiliations of authors are those given at the time of nomination.

The use in these Proceedings of particular designations of countries or
territories does not imply any judgement by the Agency as to the legal status
of such countries or territories, of their authorities and institutions or of
the delimitation of their boundaries.

The mention of specific companies or of their products or brand-names

does not imply any endorsement or recommendation on the part of ‘the

International Atomic Energy Agency.

B



CONTENTS

SECTION A. NEW DEVELOPMENTS IN DOSIMETRY
FOR RADIATION PROTECTION

.Luminescence and exoelectron dosimetry in personnel monitoring
(IAEA-SM-143/25) ........... eeeeereaieee ettt seae sttt esienesttaesararnanns
F.H. Attix

‘Investigations on exoelectrons with a special proportional counter
(TAEA-SM=143/5) o.ooeirutieeriinieitiaieeiiiaeiaeneereeeeainiereneessnieees
HJ.Kriks
$0,E-Tu1b1=1-3 1o « PPN .

New exoelectron dosimeters (IAEA-SM-143/37) ....cccoooiiiinninninnn..
K.Becker, J.S. Cheka, K.W. Crase and R.B. Gammage
Discussion ......c...veu. L N

BBICOKOUYBCTBHTE/bHH i PATHOTEPMO3K303MHUCCHOHNEIH 3JIeMeHT
raMMa-gosumerpa (IAEA-SM-143/69)............ fereen e et aaaaeen
A.¥W.Beckopckuit, I'' A, Xeranuna, B. B, KyspMHuH,
E.E.Munaesa, H.Il. Msices u A, ,II Cokonos

Surface dosimetry using thermolummescent discs

(TAEA-SM-143/6) o..ccuinierrnsessriiareennineneninenrensnsssesasnenens cereenns .

J.A.B. Gibson, M Marshall and J. Docherty

Digcussion ............... Srereeteititiveitiasnneans Fesesiretacaccerrienncnanisnsane
IAEA International Glass D081metry Intercompanson, 1970

(IAEA-5M-143/87) cccvvvrreennn... Ceeeeeneeserereaieetestinatieoannns cereeenes .

G.A.Dorofeev and 8. Somasundaram

DiSCUSSBION cevveriviiiiiiiiiiiiiitirirerir e enenes TR T vereasaaes
-A sealed thermoluminescent dosimeter employing R.F. heating for

routine individual monitoring (IAEA-SM-143/7) ..... ceeeranans ceereeans

R.T.Brunskill and W.A. Langmead ’

DiScUsSSIioN ...cciviviiiiiiiiiiiii it eeeaa DN D
Development of thermoluminescence dosimetry systems at

AEE Winfrith (JAEA-SM-143/9) ,. ceremenereitieneenes

T.F.Johns, C.O. Peabody, HE Preston and
K.E.G. Perry

Discussion ............ eteestneiieteeitieeitenaiisiratestsannanennon creceaiienss .
A new thermoluminescence dosimeter of high sensitivity using a
magnesium silicate phosphor (IAEA-SM-143/11) ............... cerene

T.Hashizume, Y.Kato, T. Nakajima, T. Toryu,

H,Sakamoto, N.Kotera and S8.Eguchi

Discussion ....... e s u e e e et ettt areanteanestenn e taraorannbneanrenotresaneos
A combined lithium borate and lithium fluoride thermoluminescence

dosimeter for routine personal monitoring (IAEA-SM-143 J19) .

P. Chr1stensen

Discussion ....... fetesesataniessetonsenirntacenene veesanrans Geesrerenveesassansas .

17

24
25

35

37

45

57

59

65

67

75

77

87

g1

-9¢

101



Read-out instruments for solid thermoluminescence dosimeters,
using hot nitrogen gas as the heating medium (IAEA-SM-143/20)..
L.B¢tter-Jensen
DiSCUSSION .ievveeserssrcassssasesrsenrsosnssssssssesnnssrssasncssosssnsssssrssessen

Effects of residual thermoluminescenc¢e in fluorite and lithium
fluoride thermoluminescent dosimeters (IAEA-SM-143/24) ......
C.M.Sunta and S.P.Kathuria

DiSCUSSION ..vviiiivrerniereerenrereeretarisionesnsostuoicncsessesnens seecereseesiae
Thermoluminescence dosimetry studies at the Philippine Atomic
Research Center (IAEA-SM-143/29) ....cccvvuinnnn. Cererereria ereuns

Norma T. Bustamante and Z.M.Bartolome
HekoTopbie HOBhIe pPa3paboTKU AOSUMETPHYECKHUX AETEKTOPOB

{TAEA-SM-143/88) 4iutvevrrtererinrntontnercoivnsrsrraeraessstasoionsrananincees

B.U. UBaHOB

DisScUSSION ..eitiereirserersenirrerenncnonsecerans eesteieaieaieaiaarersaas
A new high-sensitivity thermoluminescent dosimeter for short-term

personnel dosimetry (IAEA-SM-143/32) .....cccoevenenen, ceerenarreeean

G.A.M. Webb

DiSCUSBION ..vvevinressncssvnarsaniosessssossivans teeieaienianes veeens PR, cernees
Dosimeétres radiothermoluminescents au LiF réutilisables sans

régénération (TAEA-SM-143/55) ...ccocvuniiriunneiriiiiiinnncninneenninans

G. Portal, F. Bermann et Ph, Blanchard

Discussion ........ P b o e nbsasneetet enee s e rasesenabesareaan aanasnrarenoan

lIyBc-an'reanmn JJieMeHT pannorepMoanHHecueHTHoro
AO3MMeTpa raMMa~HeATPOHHOTO U3/TY4YeHHS
(TAEA-SM-143/T1) tiviieiiiiiniianininitiriieernsiresnemersnsararasnarneasnenes .
B.B.Kyassmuu, H.II.Muces u A.I.Cokonos

Recent advances in radiation protection measurement techniques

(TAEA-SM=143/10) sueiivruruneernnersensnurnesreroronsersnssnsesessnnnons
H. Brunner
DiScUSSION ,iveereinnnroersersernoresirearenaris Ceeieimasssereetirstiesiateiaien

Absolute measurement of fluence and flux densxty of low energy
X- and y-fields by semiconductor detectors (IAEA-SM-143/14)...,
M. Gossrau and G, Drexler
Discussion ...... e enreeeense e s e e eaaane s ehateanca e entaa s aennssanas
Planar distribution of low-energy 8- nuclldes using computer
controlled equipment with a semiconductor detector, and

comparison with other methods (IAEA-SM-143/22) .......ccveeneenn.. .

R. Tykva

DiSCUSSION 4uieeuuusrtunsienssniinsisiessiinertioennionerineeasersasriosssees anvans
In vivo measurement of plutonium and other very low energy

emitters (IAEA-SM-143/33) ..cccvvivvriiienvnennn. O .

G,C.Huth and P.J. Moldofsky

Discussion ....ceeirieaierersvenscesirinienraceroineroeens e erri e e, .
New approaches for fast neutron solid-state dosimetry

(IAEA-SM-143/34) 4.iiirinieienierernrnrenennnnuenes Csereriieneeiiiennanateas

P.R. Moran and J.R. Cameron

DiscUSSION tiviciiriiirtiiineniiiinerrisereerierosianeens Crreeeinanas Seversesanes
La spectrométrie des rayons X mous par des semi-conducteurs

fonctionnant en régime d!avalanche (IAEA-SM-143 [45) weiiiiinnnn. .

A.Peyre-Lavigne, Monique Peyre-Lavigne, D. Blanc,
B.Cassanhiol, J.-P. Guelfucci, M. Petel et G, Soudain

113

124

125

132

135

145

148

149

157

159

171

173

181

203

205

210

211

224

225

233

235

240

241



Assay efficiency and response for cylindrical scintillation crystals
and large-area gas counters applied to whole-body counting
(IAEA-SM-143/1) eoerivrveennerenens cerseeses cveeesnas ressssseieiitioninaes ceees 253
Samira M. Morsy, M.Y. Abu-Bakr, A A, Aloush and
S.XK. Youssef

JosuMeTpUYeCKHe XapaKTePHCTHKH KPeMHUEBHX AETEKTOpPOB
ramMa-uany4eHUA (IAEA-SM=143/60)......cociriiiieieeniieeirenernsenens 269
E.N1.Cronapora, C.H.Bonoanu, B.B.Cawmenos
u C.T'. $ponos

CHnekTpOMeTpHIeCKHe XapaKTePUCTHKH I'€ PMAHHEBHX AE€TEKTOPOB
C paznauuoHHEMHU AedexTaMu (IAEA-SM=-143/61).......cocvvnininrnnnn, 277
E.J.Ctonaposa, C.H.Bonoauu, A.H.Hnartoe
u B.B.Cameuxnos ‘

Mesure directe des contaminations pulmonaires par le plutonium

{IAEA-SM-143/49) 1 X

P.Boulay

D) E-T o153 Lo ¢ R 297
A detector for the measurement of dose distributions at a bone- .

tissue interface (IAEA-SM-143/36) ivvviiiiiiiiriiieinieriiiniinninneinenns 299

JW. Poston

1B E-T o303 Fe 3 « R T 309

Apphcatlon i la dosimétrie de la mesure par resona.nce para-
magnétique electromque des radicaux libres créés dans les
acides aminés, Réalisation d'un dosimétre equ1valent au tissu

4 base d'alanine (IAEA-SM-143/50) ...... P 311

F.Bermann, H.de Choudens et S.Descours

Discussion ........ e e eeetie et e et te st e et r e e rareraetnrarrrraens . 324
Multlcompteur proportionnel d gaz pour la cartographie de

radioéléments (JAEA-SM-143/57) .icuuiiiineiinniiiiiienieeeeeeeeeennnnns 327

R. Allemand, C.Brey, J.J.Gagelin et M, Laval

DiSCUSSION tirttiiiatiiiiiiieiii ittt e et er e et eaans 334
MccnenoBanne TKaHeSKBHBANIEHTHOTO cdepHUecKoro

NponopuUHOHANBHOTO cyeTunKa (IAEA-SM-143/59) ......ococvvvnvvnnnnn., ., 335

U.M.IMmurpuesckui, 10. I.JIsicak u B. B. ®#ponos
Neutron dose estimation using a natural uranium fission fragment

-track personnel dosimeter (IAEA-SM-143/2) ....ccc...eueenann, ceesenss 343
M.A.Gomaa and G. Hassib

DB CUSSION tiittiiiiiiiiiitiiee e ttotiete ettt eeeier e e e reeneeenaaanneans 346
The applicability of track detectors in neutron dosimetry

(TAEA-SM-143/17) tviuiieiiinieneiinieneensiinereeenaernssenssnneesenesenins . 349

G.Burger, F.Grfiinauer and H. Paretzke

DB CUSSION tiatttiiiiitietienineeeerinieiatseverenaneeesrrnnnceesnnnnsessnns cereses 358
Réalisation d'un dosimétre 4 neutrons utilisant les traces

ionographiques dans un solide isolant (IAEA-SM- 143/42) ........ ..o 359

N.Carfi, R. Dugnani Lonati et M. Mangialajo
H3aMepeHHe CNeKTPOB GHICTPHIX HEHTPOHOB C MOMOMBIO NOPOI'OBLIX
aeTexTopos (IAEA~SM~143/64) .........covuini, et 365
E.A.Kpamep-Areesn, B.C, Tpomun,
E.T.Truxouos " C.H., Ymakos
DISCUSSION tuiuiiiitiiiiitiii et cee e e e oo 370
Neutron dosimetry with radiation elements (IAEA SM-143/41)..... 3173
R.Hosemann, J.Haase, D.Junker and D. Melde
DISCUSBION tiuuitiiiiiiiit et e ee e e e ... 380



du3uvecKre XapaKTEPHCTUKH JNETEeKTOPOB NpAMOH 3apsaaku

(TAEA=SM=143/85) .euureiiniiieneiiaee e er et e eeaee et eeieeeaer e enaannas

B.UW.¥sBanos, I'.B,.Kynakos u I"'. . Maxauesa
HonusanuonHbie KaMeps C AKUAKHM AHSEKTPHKOM

(IAEA-SM-143/66) ...cocvvenn. ‘e eee st et ettt reeetae aaaaeananee

B.U.HBaHoB, E. 1. Knemexnko H B. B. ®ponos

DB CUSSION tiiutiiiiiiiiieieiiiiat ittt e e e
Development of new neutron detectors for accident dosmetry

(IAEA-SM-143/31) ...... verenns rerirseas Ceeraiieiiieia, e reiiier e aeaaes

E. Piesch

Discussion .......cccun.en e it b enetae b et n e es et s res st et atacannanaree
Calculations of dose fractions of slow, intermediate and fast

neutrons behind different shields, as well as readings of

selected dosimeters (IAEA-SM-143/40)

S. Makra and E,Békés

Discussion ..icciceviiiivieinineiivininnnn., reeeieirr e ereiiriieraaes
A direct method of measuring total radiation dose to the brain

using the Fricke dosimeter (IAEA-SM-143/12)...

A.Werner and B. Modan

Discussion ........... O
A monitoring system for the assessment of reactor shield

performance (IAEA-SM-143/30) ..uviiiiiiiiiiiiiiiiiiiiiiraiiee i aieeeenins

J. R A, Lakey and A, Martin

...................................

Systéme de détection et d*alarme des excursions nucléaires
accidentelles (IAEA-SM-143/52) .uieuuvuiiiiinrinininiiianinennnininsanenes
G.Benezech, A.Gey, P.Guillot, R. Prigent et
C.Renard

SECTION B. NEW DEVELOPMENTS IN CALIBRATION METHODS
AND TECHNIQUES

Spectra and conversion factors of neutron calibration sources
(TAEA-SM-143/15) tuiitriuiriinsitnnriearaienrararaiaaetenesranesensareuenenes
G.Burger, W, Eckl and H.Gredel

Discussion ........... e ea s et en et e et er et r e v re e s e raaree
Energy calibration of dosimeters for gamma and X-rays

(IAEA-SM-143/16) ..ccuveunn.n.. ettt b et aa erraenaenaas

G.Drexler and M, Gossrau

Discussion ....... L N .

O BHNONHEHHH 3E€KTPOHHOI'O PABHOBECHS IIpH KanH6poBKe -
AO3HMETPOB B NMy4Kax FaMMa-H3/ly4yeHus
(IAEA-SM-143/6T) ...... ereeetrenitcnararsiontatansotacassiones .
I0.T. Kocteinesa u H.Il. MsicesB
DiSCUSSION tiuiivaresieniineersseriaseiasernsisieersenesrnesseesnernsrnnsressrnses

Comparison of germanium and sodlum 1od1de. in vivo measurement
systems (IAEA-SM-143/35) uiviuieniinrirnrrrrinennteniersinssiersireeneennns
B.V.Andersen, P.E. Bramson and C.M. Unruh
Discussion ....

.................

......... L D R T I T IR T I o Y

396

399

423

425

432

435

443

445

451

453

467
475
4779

482

4850
494
495

504



The energy response of some commercial beta/gamma and
neutron survey instruments (IAEA-SM-143/38) ....cccovviinnniininnn. .
I.M.G, Thompson, A. Lavender, R.G.Shipton and
Jane Goodwin ’

An intercomparison of the characteristics of beta/gamma and
neutron survey instruments (JAEA-SM-143/39) vovevvieiiiiniieriinnenns
H.V. Larson, R.LL, Kathren and I.M.G. Thompson
Discussion .......ceovvvunne e eireesieeniieneersesitaaretoecsnsnctiecisitsntrnanans

‘Caractéristiques dosimétriques d'un mélange Téflon-carbone
en vue de la réalisation de chambres i cavité mesurant la
dose absorbée dans 1'air (IJAEA-SM-143/44) .cevvvvnvenrennrinenennnn
J.P.Simoen, L, Sklavenitis, G, Troesch et L. Pages
Discussion ..........ce.u.. ettt eete et e s e e e et tabaessatie st aaaaeaes

CpaBHeHNe M aHAIHM3 NapaMeTPOB KIHHHYECKHX CINIEKTPOMETPOB
uanydeHHil Yenosexa (IAEA-SM-143/63) ...... eererieraeeetraerans
T A denopoe, H. E. KouctaHuTuHos, II. . CnaBsarux,
U. & Moucees u B. A, AHTOHOB

SECTION C. DEVELOPMENTS IN BIOLOGICAL DOSIMETRY

Use of chromosome aberration frequencies for biological dosnnetry

in man (TAEA-SM-143/T7) iviiiniieiiiiiiiieiiiiinirateienterieeneennias

H.J. Evans

Discussion ....... teriessraesinie Creeees P eeee et e iaiiata et e aetttanenre weresies
Use of radiation-induced chromosome aberrations in human

lymphocytes for dosimetry (IAEA-SM-143/8)...cccovviiniiiiiiiiinnnae.

G.W.Dolphin and R.JJ. Purrott

DiSCUSSION 41 iiitusnetnsuteeestneresnetonieranessnsareessesseesnnsnscessgerenssnsonn

The relevance of chromosome aberration yields for b1010g1ca1
dosimetry after low-level occupational irradiation

(TAEA-SM-143/13) eiivvuurneeieeeeinenesetaeeeeeeeseneeeaaeeereeesiaaaeaane
M. Bauchinger, E.Schmid and O.Hug
DiScusSSion yiveirireiarrinreiriinmniiirtinininiennenacens Creeeesettrirsnntarens

Formation de chromosomes dicentriques dans les lymphocytes
humains soumis in vitro i un flux de rayonnement mixte (gamma,
neutrons) (JAEA-SM-143/48) .i.civuercirrireineninennrnns Crveriraeeeeea .
Marie-Thérése Biola, R.Le Go, Ginette Ducatez ,

Janine Dacher et Mireille Bourguignon
DiSCUSSION suviiseivinsirinsssusisunrsserianesissesinnseennss feresreeiiiiiissiaeaes

HcnoneaoBaHHe BO3MOXHOCTEH XPOMOCOMHOI'O aHAa/MH3a B LeNsX
6HONOTrHYeCKOH NO3UMETPUH NPH MHUMAEHTE C paaueM-226
(IAEA-SM=143/76) 00vietttrtnriesecrarenineecnennes
C.Toanopos, I.Kecnes, B.CraTenos,

I'. Bacunes u B, UBaHOB

Application of the plasma-quenching effect for emergency and
accident radiation monitoring (IAEA-SM-143/21) .....co.oceiniiannnns
K.A. Mahmoud and M.A.M.Kotb

Unfolding of experimental alpha-particle spectra for determination
of the specific activity of alpha-emitting nuclides in bioassays
in the milligram range (IAEA-SM-~143/4) .ccoviiviieininrinniineennnnnnn.
H.P. May
L =T - U

5050
5330
561

567 0
578

579

593
608
611

622

623

631
633
645

647



Application de quelques méthodes particuliéres de dosimétrie
biologique & 1'Institut des sciences'nucléaires Boris Kidrig
(IAEA-SM- 143/26)
B. Aleksié&, D.Veljkovie, O. DJord]ev1c et
Z.Djukit

Neutron dose determination with activation and biological

detectors in the Boris Kidri¢ Institute (IAEA-SM-143/27) ...........

M. Trajkovié, Ivanke Miri¢ and Z. Ubovié

Discussion ...... crverean eaerenieaeeieenaniaaeas P PPN
Biochemical indicators of radiation injury: Present status and

prospects (IAEA-SM-143/28B) ...civicuiiniinernronieernenreiareeiinansseenes

G.B.Gerber ‘
General Discussion on Developments in Biological Dosimetry ........
List of Chairmen ................. crebeeeteestaianaaaaias Cereteiiieiiiieiainreaas
Secretariat of the Symposium .....oviviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiienieane,
List of Participants........ P vereee
Author Index ....... 4o et reeetertetinresaaseeeiicn et henaas st eaasastetanararnanns

727



Section A

NEW DEVELOPMENTS IN DOSIMETRY
FOR RADIATION PROTECTION

Exoelectron — Thermoluminescence — Radiophotoluminescence
Pages 3-180
External Counting (Semiconductors — Proportional Counters —

Scintillation Counters for Determining Body Burdens of Two Emitters)
Pages 181-380
Direct Charge Detectors — Ionization Chambers with Liquid Dielectrics —
Luminescence Beta Detectors for Specific Volume Activity
in Aqueous Solutions — QOther Methods
Pages 381-464



Sessions I-VI

CHAIRMEN: F.H. ATTIX (United States of America)
Z. SPURNY (Czechoslovak Socialist Republic)
V.I. IVANOV (Union of Soviet Socialist Republics)
H. FRANGOIS (France)
B. GROSS (Brazil
and R. HOSEMANN (Federal Republic of Germany)



IAEA~SM-143/25

LUMINESCENCE AND EXOELECTRON
DOSIMETRY IN PERSONNEL MONITORING *

F.H., ATTIX
Naval Research Laboratory,
Washington, D.C., United States of America

Abstract

LUMINESCENCE AND EXOELECTRON DOSIMETRY IN PERSONNEL MONITORING.

The acceptance of luminescence (especially thermoluminescence) dosimeters for routine y~ and B-ray
monitoring has been progressing in a number of establishments, and the development of automatic read-out
equipment will no doubt accelerate this process, A number of useful dosimeter phosphors are available for
this application; however, lithium fluoride continues to be the most widely employed. In the area of neutron
dosimetry, luminescent dosimeters have not been so successful, because they are insensitive to fast neutrons.
Various methods have been tried to overcome this deficiency, and these are discussed. It is pointed out that
it should be possible to achieve a useful luminescent dosimeter for registering the combined y-ray + intermediate
neutron dose by adjusting the thermal -neutron/y-ray response ratio. Several recent attempts at achieving
a more acceptable fast-neutron response are discussed, including one based on an exoelectron emission
dosimeter,

1, Introduction

In preparing this paper I was faced with a choice between
a rather broad and detailed survey of the virtues and faults
of the principal luminescence and exo-electron dosimetry
systems, and a selective discussion of certain problem areas, .
I found myself attracted to the latter approach because the »
former has been done so many times before, and I feel that
more can be gained at this time from reviewing specific )
aspects in depth. 1In particular I will devote most of this
paper to a discussion of the neutron dosimetry problem, since
this has been the area where luminescent dosimeters have heen
least successful so far.

2, Thermoluminescence Dosimeters

Lithium fluoride {1] is clearly in the lead among the TL
phosphors, as evidenced by the fact that about half of all the
TLD publications abstracted during 1969 dealt with that mate-
rial (see Fig. 1). This results partly from its early start
as a commercially available product, but there are other
reasons as well, Table I summarizes some important character-
istics of the principal TLD phosphors. 1It.will be seen that
only lithium fluoride, lithium borate [2], and berylliun
oxide [3] approximate tissue in atomic number, thus not
requiring a shield to avoid over-response for v rays below
100 keV. Of course the techniques are well known for design-
ing such shields, to provide a nearly constant response per

* This paper was prepared through the support of the USAEC, Division of Biology and Medicine.
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TL,RPL, AND TSEE LISTINGS IN
IN NUCLEAR SCIENCE ABSTRACTS
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FIG.1. Scientific publications on thermoluminescence (TL) radiophotoluminescence (RPL), and thermally-
stimulated exoelectron emision (TSEE) dosimetry, as cited by the Nuclear Science Abstracts Subject Index
for 1962-1969, References including specific mention of lithium fluoride thermoluminescence are represented
by the "LiF TL" curve; "Other TL" includes all the others.

TABLE I. RESUME OF CHARACTERISTICS OF
PRINCIPAL TLD PHOSPHORS

Utility Low Low High
at “th “th

Phosphor Low Z 10 mR Fading Response Response
LiF TLD-700 X b X X
LiF TLD~-100, 600 X X X X
CaFy :Mn X X X
CaFy (Fluorite) X X X
CaF, :Dy X X
LigB,O, :Mn X X X X
CaSO, :Mn X X
BeO X X X X
2Mg0- 810, : Tb X X X

roentgen from 1.2 MeV down to about 40 keV for the TLD phos~
phors of higher a'tomic number., However such shielding has
disadvantages in the context of personnel monitoring:

(a) increased unit cost, (b) increased size and weight, (c)
exaggerated dependence of response upon direction of incident
radiation, especially at low y-ray energies, and (d) elimi-
nation of PB-ray response, whether desired or not. '
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Again referring to Table I, these three low-Z phosphors
are all sensitive enough to measure 10 mR by normal procedures,
and their signal-storage stability is generally adequate for
personnel monitoring [3-6], although Scarpa [7] has reported
20% fading in three days with one specific type of hot-pressed
BeO, .

Lithium borate shows a strong response to thermal neu-
trons, comparable with that of LiF TLD-100., It probably cannot
be manufactured sufficiently free from !°B to allow its use
for y-ray dosimetry in the presence of thermal neutrons without
the dose contribution from the latter being greatly exaggerated.
Since low thermal-neutron sensitivity has been regarded as an
important requirement for many personnel monitoring applica-
tions (8], lithium borate would be handicapped in this respect.
However it has been studied in a number of laboratories (6,9,
10} and found to be generally competitive with LiF, and even
to. offer certain advantages: (a) ease of phosphor manufacture
in the laboratory, with resulting economy, although it is also
commercially available, and (b) even less x-ray energy depen-
dence than LiF, Hence for personnel B-vy dosimetry in the
absence of significant thermal neutron fields, one may expect
lithium borate to be more widely used in the future, especially
where initial material cost is a strong consideration, Its
possible use in mixed n-v fields will be discussed later.

3. The Neutron Dosimetry Problem

Having brought up the subject of neutron response, I would
like now to pursue the matter at some length in an attempt to
clarify the significance of the neutron data gquoted in the
literature for various TL dosimetry phosphors. It seems to
me that the most important part of the problem of finding neu-
tron dosimeters among the luminescent materials is to define
our goals, Otherwise we may fail to recognize useful neutron
capability even when it exists, .

Table 11 summarizes the thermal neutron response of
several phosphors, as measured in three different laboratories
[3,7,11]. It is interesting to note that CaF, :Mn, fluorite,
and BeO all have even less thermal neutron sensitivity than
does LiF TLD-700. Ayyangar and his co-workers [11] have
clearly demonstrated that this phosphor typically contains
about five times as much ®Li as the 0.007% originally speci-
fied by the manufacturer, which accounts for its slightly
elevated thermal neutron sensitivity, :

The significance of the data in Table II for personnel
dosimetry applications can best be seen with the aid of Figs.
24 and -2B. In Fig, 2A "small" masses of LiF(TLD-700), LiF .
(TLD-100), BeO, and soft tissue are shown being irradiated in
free space by a combined field of 4x10'° thermal neutrons per
cm® and 1,04 roentgens of ®°Co vy rays., The usual charged-
particle-equilibrium considerations apply.
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TL RESPONSE
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FIG.2A. Response of TL dosimeters to mixed y-ray + thermal neutron fields in free-space geometry,

TL dosimeter-reader is calibrated for each type of dosimeter to give a meter reading of one scale unit for®Ceo
y-1ay exposure of 1. 04 R, or a kerma of 100 erg/g in a small mass of tissue (= 1 rad under charged-particle-
equilibrium conditions).
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FIG,2B, Response of TL dosimeters to same mixed fields as in 2A, but wom on the front of the body,

TL dosimeter-reader calibration is the same as in Fig, 2A, for each type of dosimeter, Mean quality factor for
ngp capture in the “N(n, p) C reaction is assumed to be 11, 9 [12], to compute the dose equivalent (DE),

The $9Co y-ray dose in tissue at the surface is 1.1 rad.

In the soft tissue the absorbed dose due to the 6°Co
v rays is 1 rad. The dose deposited by the thermal neutrons,
primarily by secondary protons from the '*N(n,p)'*C reaction,
is also 1 rad. The 2.2-MeV v rays from the H(n,vy)?D reaction
essentially all escape without local energy deposition, Thus
the total tissue dose is 2 rad, '

The TL dosimeters in Fig, 2A are each assumed to be cali-
brated to give a response of one scale unit per 1.04 R of °Co
v rays (i.e., 1 tissue rad in free space). Table II1 then tells
us how they will respond to the thermal neutrons, and thus
what their total readings should be in the mixed field (assuming
no synergism takes place). The spread of thermal neutron
response values shown in Table II for LiF(TLD-100) and BeO
suggests variability in the degree of self-shielding and of
sample impurities, respectively, We will assume the average
values 4,4x10° for LiF(TLD-100) and 1.0 for BeO, for present
purposes. It will be seen that the BeO dosimeter then gives
nearly the correct value for the total nth + y absorbed dose
in tissue, with the LiF TLD-700 2.5 times higher, and the
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TABLE II. THERMAL NEUTRON RESPONSE OF TLD PHOSPHORS

8%Co -ray tissue dose in rad required to give the same
TL response as 4x101°nth/cm’(~ 1 rad in small tissue mass).

Phosphor Tochilin et al.\'_3]"r Ayyangar et al.[ll]”iScarpa [7f
LiF TLD-700 4.0 3.8 4.0

LiF TLD-100 6.1x10° 4.4x10% 2.6x10%
CaF, :Mn 2.2 0.8 -

CaFgz fluorite - - 0.64

CaF, :Dy - 2.8 -
LizB,O, : Mn - 2.2x10° -

BeO 0,76 - 0.68-2.8

- .
Peak height measurements “Integrated light output up to 300°C

1'Integrated light output up to 400°C

TLD- 100 much higher still, because of its natural 7% ®Li
content, Note also that the TLD-100 and TLD-700 dosimeter
readings, together with the knowledge of the relative sensi-
tivity of each for vy rays and thermal neutrons, allows the
straightforward algebraic calculation of the Dy and Dnth values
in tissue.

Next we consider (in Fig. 2B) what these dosimeters would
read when worn on the front of a body exposed to the same mixed
field of radiation, The thermal neutron flux density, and the
associated y~ray field due to the 'H(n,y)2D neutron-capture
reaction, are taken from the measurements of Boot and Dennis
{12]. The TL reader calibration is the same, for each type of
dosimeter, as in Fig. 2A, It will be seen that the y-ray dose
in tissue at the surface is about eight times greater than for
the small tissue sample, primarily due to capture vy rays,
Backscattering from the body nearly doubles the flux density
of thermal neutrons, and the tissue dose they produce, at
the surface,

The BeO dosimeter still provides a direct measure of the
total surface dose in tissue, while the LiF(TLD-700) dosimeter
reads about 3/2 of this value. Neither phosphor has negligible
response to thermal neutrons, as called for by Saxby and White
[(8]; instead their thermal neutron response is comparable with

that for ¢y rays, However the r~ray dose may be easily deduced
from simultaneous measurements made with a dosimeter of rela-

tively greater thermal-neutron sensitivity, such as LiF TLD-100,

4, Luminescent Dosimeters for Intermediate-Energy Neutrons
+ v Rays.

Let us now explore the possibility of adjusting the ®Li/
7Li ratio in LiF (e.g., by mixing some LiF TLD-100 powder in
with TLD-700) to make a personnel dosimeter which would read



