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A COMPOSITE DAMAGE TRACK-ALBEDO
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Abstract

No knowa detector Jr series of detectors in personnel neutron dosimeters have correct dose equivalent
energy~-depandence., Useful dosimeter performance is assumed by calibrating dosimeters for the exposure
spectrum, This method implies chat the exposure spectrum will be coustant within a given facility or the
wearer will not be exposed to different spectra In other areas, Since exposure spectra are known to vary
widely a composite damage track-albedo personnel neutron dosimeter was developed to separately respond to
the softer and more emergetic parts of various spactra, The relationships of the responses of the ele~
ments vary with different spectra and are uscd to convert dosimerer readings to dose equivalent, Measure~
ments indicate that dose equivalent deviation was less thag ~30% for unshielded lucite and steel shielded
HPRR spectra, monoenergectic spectra from 4.7 to 15 MaV, & 232¢f spontaneous neutron spectrim and an AmBe
gpectrum. Dosimeter sensitivity waa similar to presenc NTA film methods. The couposite personnel neutron
dosimeter was also tesced with calculated spectra by simulating badge response through known energy-
dependence of the badge elements. Dose equivalent deviation was leas thaa ~20% for 19 significantly
different aasumed spsctra. Thus, the experimental and calculational results support adherence to the
doge equivalent for common exposure spectra,

Introduction

The prototype Jrookhaven neutron dosimeter, BND, was a composite damage track and thermoluminescent
datector. Thorium fission was used to respond te > 1 MeV geutrons and high sensitivity TLD 600 and 700
ribbons responded to softer neutrons. Previous experimencal work(l) at the Alternating Gradient Syachro-
tron, AGS, a 33 GeV proton accelerator, utilized the energy dependence of the ratio of thermotuminescent
responses TZ, to Thorium response, sparks. This ratio is defined as spectrum softness., Softness variation
was related to a correction factor used to adjust a TLD response to properly account for the dose equiva-

lent below 1 MeV.

An invitation was extended to participate in the 1974 HNL intercomparison of personnel neutron
dosimeters. Exposures involved neutron spectra produced by a 14 MaV neutron generator and the Healch
Physics Research Reactor (HPRR) in its chree configurations.

Participation in the study required the determinacion of different BND calibration conmstants for the
much soiter reactor spectra. It was assumed that the neutron energy was limited to ~15 MeV., For this
energy, the thorium calibration value was 7,1 mrem - sparka”" and the problem was the interpretation of
the TLD responase.

Thermoluminescent Response

No known detector or series of detectors im BND or any other personnel neutron dosimeter has correct
dose equivalent energy~depend Acceptable dosimeter performance 15 usually assumed by calibracing any
dosimeter to the exposure spectrum. A gingle exposurs spectrum reflects few calibrations, while general
applicaction requires many spectra calibracioms. This study was made manageable by computer simulation of
BND response. The mechod required the energy dependence of the dosimeter elements to be folded with known
or agsumed spectra producing integral response values for the detector elements. Results were used to
determine an energy dependeat relatfonship to correct che clements and thereby provide dose equivalent

values,

TLD 600 and TLD 700 consist of nearly pure 6I.!.F and TLLF material respectively. The most probable
neutron interaction SLi(n,2) occurs below a few electron volts.(2}) Personnel exposures involve che ime
pingement of neutrons on the hydrogen rich torso of man. The back scattered neutrons, albedo, form a
continuum tailing to thermal emergies. Thus, tha TL resgonse was mainly due to albedo neucrons from the
wearer's body and incident thermal neutrons, Alsmiller(3) calculated the albedo neutron fraction for
neutroné of < 400 MeV (Fig. l). Sinca TLD 600 is a thermal neutron detector, and the albado groups cal~
culated by Alsmiller cover the near thermal and thermal region, a simple T4 energy rvelationship should

exist.

*Research carried out at Brookhaven Nacional Laboratory under contract with the U.S. Energy Research and
Developmant Admi{nistration. By acceptance of the article, the publisher and/or recipient acknowledges
the U.S. Govermment's right to retain a nonexclusive, royalty-frec license in and to any copyright
cencerning this paper.
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Fig. 1

Thermoluminescent pair, TZP, is-defined as the neutron TZ response and is determined as the gamma
calibration based difference between TLD 600 and TLD 7GO pairs. It is expressed in y eguivalent units,
mR (n,vy), In general, the TLP response to neutrons is:

TLP = P #(E) o (E) 1)

where the response constant P equates the differential energy spectrum, ¥(E), and the (n,o) cross section
vector, o(E), to TLP. TLP for any spectrum can be related to the thermal response, TZP(th), as follows:

b
g (E) d E
a (2)

& aVv
I c (E) d E
<01 eV

TLP (a,b) = TLP(th) «

A dirvect under cadmium calibration in the BNL sigma

pile pravided a value of 1.29 E~4 + 5% mR (n,v) per unit fluence. The ocher less direct method utilized
a Var de Graaff calibracion with 15.5 MeV D-T neutrons contaminated with 102 3 MeV D=D neutrous. The

d TLP p was due to the sum of a small incident fluence effect, I, (4) and che effect of the
three albedo groups, A, Az, A3, and of the energy fzgges given in Pig. 1. Employing equation (2) and
the bound macroscopic cross section data from Sanna'"’, TLP(th) was evaluated to be 1,39 E~4 + 5% mR(n,y)

as follous:

TZP(th) was measured by two different methods.

TLP = #(15,5) = © * TLP(th) + #(3.0) + & TLP(th) @

o Io(15.5) . E(2) g(3)
wherse 8 a(th) + Al + Az F(chy + A3 5(ch)
TAP(th) = 1.39 E - 4 # 7% mR(n,y) wa. taken to be the mean of the sigma pile and Van de Graaff
measurements.

Three TL configurations were :I.nveac:l.gn:ag The first consisted of the TLD 600 and TLD 700
dosimeters shielded by plastic of ~200 mg cm' The presence of the plastic was ignored end the T2
vas considered us unshielded, T4P,




Cadmium, 0.76 mm, was used to alter the zesponse. T2 material placed in front of the Cadmium was
termed back cadmium,BCd and TL located behind the Cadmium was termed front Cadmium, FCd.

TL vesponse per unit incident # of energy E for three albedo groups considerad (Fig. 1) is:

TLP = TLP(ch) x g%i' TlPl . A.L(E) + Tle . AZ(E) + TIP_.’ . AJ(E) (%)

FCd = TLP(th) x % + 'J.‘!Pz . AZ(E) + ‘l.'lP3 . A3(E) (S)

5cd = Tapcen) x KB+ T, - 4,(E) + TRy ¢ AyE) )

*E 24 x 10'7 MaV Where AI(E)' Az(i) and A:!(E) are the spectrum veighted albedo groups.

The TAP and BCd elemancs respond equaliy to incident neucrons while cedmium absorption aliminates
TLP] and part of the .4 eV to 2.5 eV albedo group T4P, rasponse. TLP; accounts for this attenuated energy
group.

The TS constauts used were decermined by equacion (2) and are:

TZP, = 1.39 E-6 uR cm® * a"}; E-8 ta 4 B-7 MaV

1
4P, = .796 E~% uh ca? « a"Y; 4 B-7 to 2.5 E-6 Mev
TLP, = .402 E~é wR cm® + 5 }; 2,5 E«6 to 1.6 E=5 YV

3
T, = .595 E-4 mR cu’ - a°}; & E-7 to 2.5 E~6 MeV (TP, atta. by Cadmium)

The three functions (Fig. 2) have some relative energy dependence., [Cd and TLP differ in the thermal
energy reglon., The more extended differences of BCd and TAP wers used to davelop a T2 correction system
as described herein, and FCd was considerad unnecesssry.
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The valus of che ccmputer sizulaticns depends on the quality of the responss functions. This was
evaluaced by paring six wd cases with the correspsnding calculated values (Fig. 3). Five BND
perameters per case were congidersd and all are within a factor of 1.6 of the calculated values,
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Test Spectra

()
Pifteen hypotheticel spectrs vere genereced using the HPRR lucite shielded spc::n-( ) as a sterting
One softer and thirtesn harder spectrs were composed (Fig. 4) aad used to calculeted the BND

point.
The T correction, k, is discussed later and vas svaluated ee follove:

conserats,
T4 - orewt = k, or k, = MADE - 7.1 x sparks [¢a)

7he hypothaetical spectra produced the reletiouship k] vs. TLP + sparke 1. Lliuetrated as poiats in Fig. S,
and used for the HNL intercompariion messuvements. Thorium and unshielded T4 pair elemencs indiceted the
unshielded HPRR dose equivalent to +5%, steel shielded to =44% and ths Jucite shielded core to +50%. Soft=
nese racios of >20 reflect & strongly diminishing sperk tesp . M getic neutron fields of <1 MaV
efford nearly zaro thorium p » T ly suggesting a soft spectrum. Addicionslly, the 562 agres-
mant for the steel shielded HPRR spectrum should be improved. For the above ressons an additional energy

dependent relscionship was tried,

The BCd element fevors the chermal portion of an incident neutton spectzum, while the TLP gefns
addicional response from the albedo TLP) (equation &).  For this resson, s ratioc of BCd to (TIP - 3C4)
cen ba used to supplemant and replace tha TLP + sparks™ ' softness racio. The BCA derived softness velues
(open circles ¥ig. 5), scaled by 140, agrae closely with ths previous TLP - lp.rlu'1 dependence in the
softness range of 1) o 20. A smooth curve definee the TLP correction velue for s corresponding TLP -
spark~!, kj, or corresponding 100 Bcd « (TLP - BCd)~l, k.

The scandard method used to eveluata tha TZ and thorius elements of the BND bedge was,
MADE = 7,1(sporks) + T4P - k (L))
whare MADE is the maxizum dose equivelent, and k the TLP correction factor. Values of kj vere taken

from Fig. 5 for TLP .+ sperk-l values <15. Softness valuse D20 require the determinstion of 100 BCd -
(TLP - scd)'l and the corresponding ky correction. Arithmetic everage k corrections, .5(k) + k3), were

’



used for the intersediace TIP - lpark'l range batueen 15 and 20,

Fig. &
%.
2
s
v { 1 T 1 T T T 1 T

Fig. 5

o

¥ or K,, mrem-TaP"
5

N

[«

0 15 2
s TIRSPARKS' or 100BCd(TIP-BCd]




L L e i it oliiats i

Discussion and Rerules
Experimental Exposures

Resulca aza givan for 8 veal spectra (Fig. 6)., The HPRR sptc:tn(”. dusimetry, sad exposuras wvere
derived fzom participstion {n the 1974 Intercomparison of Personnel Msutron Dosimeters. A Sonner mulci-
aphers spectrometer spacifisd the Californium and AzBe exposures, and s precision long counter and liquid
scincillation spectromater the remaining mono-energetic spactra, NTA film results were computed for every
case by folding d NTA reap with published or zeasured spectra. AND avaluation was accom-
plished by applying ths avandard method,

EXPERINENT =
NTA FIAL‘::‘—-

CAreyr,
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Good agruemant was abserved batwasn calculated and meassured BND values {n all but one case,
Considering the luycite shislded HFRR exp » BIMAIUL 3 indicate ~50% excess responss while calcula-
tions pradict an equal under responsa.

BND dsrived dose aquivalant veluses generally agras with ths givan doss equivalent bectar than the
calculated HIA values,

Poar tesulls vers obtainad for the L.1 MaV spectra. This {s dus to the nesr zarc responés of the
cthorium fission elemant in BND and the greatly uiminished NTA response.

Calculated Exposures

Five crtciclutym'n sod the LS hypothatical spectra (Fig. 7) wers used to computer predict TLP,
BC4, thorium spatks end NTA film values.

Using the standard mathod of BND evaluation, results are genarally consistent with the experimencal
exposurss. PFission sources, shielded by 2 cm H30, S cm D0 and 5 ca iron are similar to the unshielded
HFRR case; vhile the 30 cm H30 shiald roughly corresponda to tha lucite shielded HPRR exposura. However,
the 50 cm iron shislded synthesia providas a BND over [ of a £ of 2 and an NTA uader rasponae
of ~§, This does not comp with a d under response of a faccor of 1.2 for BND and 3 for NTA
fila calculated for the 13 cm steel shislded UPRR sxposura.
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The 15 hypothetical exposures are expected to afford good agraement since they vere used to derive
the TLP corraccion mechod,
A

Summary

Ae Differances ia energy dependence cen be used vo adjust the fnterpretation of the TLD dosimeter
elemants to more correctly conform to the dose equivalent.

B. Computer simulacion of bazdge element response, for any spectra, sllow the determinacion of a system
of cor ion for & adherence to the duse squivalent,

C. Accuracy in personncl nencron dosimeery cam be improved by including the different energy dependent
dosimecer elewents of thorium and TLD in e persopnel style badge.

D. The method is genersl and could apply to eny system of dosimater elemencs of known response to largely
diffevent parcs of an exposurs spectrum,
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Thermoluminescent pair, TLP, is-defined as the neutron TL resp aad is d ined as the gaszma

calibracion based difference between TLD 600 and TLD 700 pairs. It is erpressed in v equivalent unics,

aR (m,v)s In general, the TLP response to neutrons is:

TLP » P ¥(E) o (B) [(¢)]

whers tha response constant P equates the differencial energy spectrm, ¥(E), and the (n,¥) cross section
vactor, o(E), to TL{P. TLP for any spectrum can ba related tc che thermal response, TLP(th), as follows:
b
[ s@®ace
TLP (a,b) » TLP(th) & S
(a,b) (th) YT
J c(E)dE
.01 eV

(2)

TLP(th) was messured by two different methods. A direct under cadmium calibration in the BNL sigma
pile provided a value of 1,29 E~4 + 5% aR (n,v) per unit fluence. The other less direct method utilized
a Van de Graaff calibration with 15.5 MeV D-T neutrons contaminated with 10% 3 MaV D-D nautrons. The

ed TLP p was due to the sum of a small incident fluence effect, I,(%) and the effect of the
three albedo groups, A}, Az, A3, and of the energy it?g" given in Fig. 1. Employing equation (2) and
the bound macroscopic cross section data from Ssana‘®’, TLP(th) was evaluatud to be 1.39 E-4 + 5% =R(n,y)

as follows:

TLP » $(15.5) * 8 + TLR(ch) + 9(3.0) » § TLP(th) S
- [2(15.5) L2 ET
where Sceh) A + Ay ety * A3 F(ew

TLP(th) = 1,39 E - &4 + 7% mR(n,y) was taken to be the mean of the sijma pile and Van de Graaff
measurements.

Three TL configurations wars invescigated. The first consisted of the TLD 600 and TLD 700
dosimetars shielded by plastic of ~200 mg cm™“, The prasence of the plastic was ignored and the TZ

wvas considered as unahielded, TLP.




Cadmium, 0.76 mm, was ussd to alter the response. TL material placed in front of the Nadmium was
termed back cadmium,BCd and TL located behind the Cadmium was termed front Cadmium, FCd.

TL response per unit incident ? of ensrgy E for three albedo groups considevad (Fig. 1) is:

- c(E) . oLp, - . A :
TP = TLP(th) x 3cch + 'rl.p AI(E) + .IPz Ay(B) + ‘l:ll’3 Aq(B) &)
Fod = TeRen) x ZEL 4 TR, - A (E) + TPy - Ay(D) )
z(ch) 2 3 A
BCd = TLP(th) x g‘(G:F)' *TIB, ¢ Ay(E) + TLBy © Ay(E) )
*2 >4 x 10'7 MeV Where A, (E), A,(E) and (E) are the spectrum veighted albado grouvs.
2 4 2 A

The TLP and BCd elemsnts respond equally to incident nsutrons while cadmiwm absorption eliminates
TLP) and parc of the .4 eV to 2.5 eV slbedo group TLP, respounss. TLIP, accouncs for this attenuated energy
group.

The TL couscents used vwere determined by equecion (2) and are:

TeR, = 1.39 €< aR ca’ + 0™); E-8 to & E-7 eV

TLP, = .796 B= aR ca® - 07); 4 E-7 to 2.5 E~6 Mev

TR, = 402 E~% =R ca’ + 0} 2.5 E-6 €0 1.6 E-5 ¥av

TLB, = .595 B~ mk cu’ * u'l; & E-7 to 2.5 E-6 MaV (L2, attu. by Cadatum)

The three functions (Hg. 2) hlv- some relative snergy dependeaca. FUd snd TLP differ {n the thermal

energy region., The move dif of BCd and TIP ware used co develop a TL correction system
as descoibed herein, and FCd ves considered unnecessery.

1 ¥ 13 L 1 13 ¥ 1 * M
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The value of the computer simulations depends on the quality of the response functions. This wvas
evaluazed by comparing six measured cases with the corresponding calculated values (Fig. 3). Five END
parameters per casa were considered and all are within a factor of 1.6 of the calculated values.
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Fiftaen hypothetical spectra vers generated using tha HPRR lucite shielded spectrum as a starting
point. One softer and thirteen harder spectra were composed (Fig. &) and used to calculated the BND
constants. The TL correction, k, i3 discussed later and was evaluated as follows:

1. kl or kz = MADE - 7.1 x sparks M

TLP * mrem
Tha hypothecical spsctra produced the relationship k1 vs. TLP spnrkl'l, {llustrated as points in Fig, S,
and used for the HNL intercozparison measurements., Thorium and unshielded TZ pair elements indicated the
unshielded HPRR dose equivalent to +5%, steel shielded to «44% and the lucite shielded core to +50%. Soft-
ness ratios of >20 reflect a strongly diminishing spsrk response. Monoenergetic neutron fields of <l MeV
afford nearly zero thorium response, erroneously suggesting & soft spectrum. Additionally, the 56% agree-
oent for the steel shislded HPRR spactmum should be improved. PFor tha above reasons an additional energy
dependent relationship was tried.

The BCd elemenc favors che themal portion of an incident neutron spectrum, while the TLP gains
sdditional response from the albedo TLP) (equation &),  For this reason, & vatio of BCd to (TLP ~ BCd)
can be used to supplement snd replace the TLP ° aplrkn'l softness ratio. The BCd derived softneas values
(open circles Fig. 5), scaled by 100, agres closaly with the previous TLP splrkn'l dependence in the
softnesa range of 13 to 20. A smooth curve defines the TLP corraction value for a corvesponding TLP
spark~l, kj, or corresponding 100 BGd - (TLP - BCd)"1l, k.

The standard method used to evaluate the TL and thorium elements of the BND badge was,
MADE = 7,.1(sparks) + TLP * &k (8)
where MADE is the maximum dose equivalent, and k the TLP correction factor. Values of k) were taken
from Fig. 5 for TLP .+ spark™l valuas <15. Softness values >20 requive the datermination of 100 BCd +
(TLP - BCd)~! and the corresponding ky correction. Arithmetic average k corrections, .5(k; + kj), wers




used for the intermediate TLP - spuk’l range batween 15 and 20.
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Discussion and Results

Experimental Expostures

Results are given for 8 real spectra (Fig. 6). The HPER spc::ra(s). dosimetry, snd axposures were
derived from parcicipatiun {n the 1974 Interccmpsrison of Paraonnel Meutron Dosinmeters, A Bonter multi-
sphere spectromecer specified the Cal{fornium and AmBe exposures, and a precision lung counter and liquid
scintillaticn speccromater che remaining mono-energetic spectra. NTA film cesults were cozputad for every
cage by folding measured NTIA responses with published or massured spectra. BND evaluation vas accome
plished by applying the standard method.
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Good agreenment wes observed botwesn cslculated and measured BRD values in all but one casa.
Considering the lucite shielded HPRR . s indicate ~50% excess response while calcula«
tions predict an equal under responaa.

BND derived dose equivalent values generally agrias with the given dose equivalcnt better chan the
calculuted NTA values,

Foor results were ohtained for the 1.1 MeV spectra. This i{s due to tha near zero response of the
thorium fission alement ir BND and the greatly diminished NTA response.

Calgulated Exposures

Five criticlltty(s'” and the 15 hypothetical spectrs (Fig. 7) vere used to computer predict TLP,
BCd, thorium sparks and NTA £ilm values.

Using the standard method of BND avalustion, results ace generally consistent with the exparimental
exposures., Fission sources, shislded by 2 cm H30, 5 cm D30 and 5 cm fron are similar to the unshielded
HPRR case; while the 30 em Hy0 shield roughly corresponds to the lucite shielded HPRR exposure. However,
tha 50 cm iron shielded synthesis provides a BND over response of a factor of 2 and an NTA under respouse
of ~8, This does not compare with a measured under response of a faccor of 1.2 for BND and 3 for NTA
£4lm calculated for the 13 cm steel shielded HPRR exposure.
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The 15 hypotheatical nxposures are expected to afford gouod agreement since they were used to derive
the TP correction method.

Summary

Ao Differences in energy dependence can be used to adjust the interpretation of the TLD dosimeter
elements to more correctly conform to the dose equivalent,

B. Computer simulazion of badge element response, for any spectra, allow the determination of a system
of correction for batter adherence to the dose equivalent.

C. Accuracy in personnel neutron dosimetry can be fmproved by including the different energy dependent
dosimater elemants of thorium and TLD in a personnel atyle badge.

D. The method is general and could apply to any system of dos{imeter elememts of known response to largely
different parts of an exposure spectrum.
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