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NEUTRON DOSIMETRY WITH ACTIVATION FILTERS AND TLD(a)

. - by

L. F. Kocher and G. W. R. Endres

Battelle lermorial Inétitute
Pecific llortawest Laboratory
Richland, Washington '

September 1968

' ‘ (a)This paper is based cn work performed under United
m 2140 [ States Atomic Energy Commission Contract AT{('5-1)-1830
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IEUTRCI DC3INERRY WITH ACTIVATICH FILTERS AND TLD

ABSTRACT

. A TLD cosimeter technique has been developed to quantitatively determine
rast and thermal neutron doseges from mixed radiation exposures. For fast
neutror dosimetry, this method takes advantage of the scattering of therma-
"1ized neutrcas from a hydrogenous noderator.

The dosimeer hcousing consists of a standard Hanford vete-gamma film
badge dosimeter. Three filters, consisting of combinations of lead, stainless
steel, tin, ceémium, end rhodium are matched so as to produce equal TLD res-
ponse from thoton radiastions. The fast and thermel neutron cxposure is deter-
mined from <he TLD response produced by the cepture of moderated neutrcas in
the filter raterial. Wnere heterogencus radiation fields are encountered, a
portion of the thermal neutrons is absorbed in one of the rhodium filter sand-
wiches. This differential forms the tesis of e system to distinguish between -
fast and thermal neutrons. Rhodium was picked as the prime element of the
filter system because it has an unusually large resonance abscrption for
neutrons of 1.26 eV. The capture cross secticn at 1.26 eV is 4500 barns. Any
neutren with a. energy near the 1.26 eV resonance will be preferentially ab-
sorbed causing the rhodium to become activated. For a particular incident
neutron energy, the activaetion of the rhodium should be directly proportional
tc the exposure or totel flux.

Curing design and expesure, a large piece of polyethylene was used as a
phantcm. Dosimeters were attached to the polyethylene end exposed to radia-
tion from verious isotopic neutron sources (PuF, and PuBe) and monocenergetic
neutrons generated by a positive ion accelerator. Thermal neutron exposures
were conducted in a2 calibreted paraffin tank using the PuF, source to supply
the neutrons. The dosimeter can also serve for photon dosimetry.
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5 centinued for at lescst the last ten years.
ford Labs, Dultelle-ilorihvest, and auCh other AEC
cokhaven, Ouk Fidge, and Argenne has led to & nwnoer of

icsirmet systems., But a&s yet, no pessive device
is avallaale th at is suitebly sccurate over the rejuired neutron energy spec-
trum without an undesirsble =en31t1v¢ty to garma rgalatlou.

The use oY .4TA nuclear erulsicn centinues today at many universities end
atomic enb*gy sites, where the properties of the emulsion are not detrimental
+o the accurate measurement of high energy neutron and charged perticle radia-
+ion. At instzlletions where radiaticn fields are a mixture of neutron eand
other types cof radiaticn, tae interpretaticn of nuclear track emulsion is at
vest difficult and in many instences impossible due to the interference reac-
tion in the emulsicn. In many ceses near reactors vwhere a degraded fission
neutroa spectrus is mixed with germa radiztion, no logical results cen be
obtained from the n“TA system since the low energy cutoff of the emulsion may

"be es high es 0.8 eV, which is spproximately the most probable energy of the
fission neutrca spectrum, _

The shortcomings of emulsions have led to numerous investigations of
various luminescent materials, fissioneble nmateriels, TLDs, and elements which
may be activated by neutrons of various energies. A particular element
(rhodium) has veen investigated to determine its characteristics when exposed
to mixed redistion fields end is of universal interest. This report includes

"what is known at this time zbout the charccteristics of a rhodium~TLD combina~-
tien dosimeter developed with the intenticn ¢f replacing auclear emulsion

film.

s

b
v

History

In carly 1963, investigations of the use of varicus combinations of rho-
dium cadmium, tin, and iron as filters in front of ordinary veta-gamma dosi~
metry film started, Figure 1. ~rfhodium was picked es the prime element of the
filter system because it hes an unusually large ebsorption resonance for neu-
trens of 1.25 eV, The cross section of 1.26 eV #s 4500 barns compared to the
2200 meter/sec cross section of 150 barns. The basic idea of the rhodiunm
system is then to cause high energy neutrons incident on the dosimeter and
human body to be moderated and backscattered into the rhodium. Any neutren
with energy near the 1.26 eV resonance will be prefercntially absorbed causing
the rhodium to tecome activated. For a particular incident neutron energy,
_the activetion of the rhodium shculd be directly preoportional to the neutron
"exposure or total flux.

The path of an incident fest neutren is as follows:

(1) Penetration through the dosimeter components into the body, or pene-
' tretion in the body near the dosimeter.

(2) Mcderstion in the body tissues.

(3) Beckscatter from the Lady to the neutron dosimeter.

(L) Capture by an activaticn foil in the dosimeter.

Film wes first chosen for a number of reasons aT the sensitivity material
to detect the decay products of the activated foils. Tilm is extremely
senzitive %o the beta and gamna radiastion emitted by rhodium. The energiles

of this radiation occur at the peax in the unshielded respcnse of the filnm

The film is identicel to f£ilm used in the routine beta-gamma desimeter used
Tor perscnnel nonitoring; thus, no unusual processing vas required for the
neutron dosimeter Tilm. When LD materials became readily available, it was
chosen as the sensitivity material because of its characteristics.
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Several combingiions of tre sbove rmetals were u in variocus thicknecsces
+c achieve +he proper respcnse .o veta and gamma ro jaticen., These radiaticons
~ust be taren into ececount to achieve uniform respence at ecch Jilter locaticn,
rme early work from 1963-16€5 censisted largely of working cul the proper com=

pinations.

ony preliminary desipgns using metal folls of varying thicknesses,
i os ceternmined by calculation zné experimentation in mid 19€5.
The configireticn of the dosimeter is given in Figure 1. The filter materials

- yFilter Fast lieutron Thermal lieutron
Badge Frent Sn-0,040" Cd-0.030" Sn-0.030"

) Stn Steel-0,003" Fh-0,010" Rh-0,010"
Bedge Back Pb-0,010" Fb-0,010" FPb-0,010"

Sn-0,010" Rh-0.010" Rh-0,010"

With the sbove filter combinations, the TLD response behind the three filters
due to germa rediation is essentially equal for energies lying in the range
0.020 lMeV to 3 MeV.

The response behind the tin-iron filter is produced almost entirely by
thoton reéiation. The response behind the cadmium-rhodium filter is produced
by gamma rediation and "body mederated” fast neutrons. Scme response is, also,
due to prcupt gamma radiaticn after thermal neutren capture in the cedmium,

The response at the tin-rheodium filter is produced by gaama racdiation, fest
neuvtrens ané thermel neutrons. .

With <his syster, three quantities are meesured and related to three types
of radiation (ghoton, thermel neutron, and interrediate to fast neuiron)
througs a set of simultaneous squetions. Tne filters are of sufficient density
+hickness %o yield esserniially zero response behind all three filters Jor beta
particles of energies <3 ¥eV, The respoense to beta radiation is assumed to
be zero in the following Jderivations. Generally, in a mixed radietion field,
the follcwing equations describe mathematically the TLD response benind each
filter region: (L)

D + D, + = :
M T W (1)
D + + = ’
Y3 DNfB DNtB D, (2)
Dc* Dyt ye=2c (3)
TR £ t .
whore
DYA = Response behird filter A due to photon radistion,

DH AT Pesponse behind filter A due to intermediate end fast neutron
! radiation

DK , = Fesponse benrind filter A due to thermal neutron radiation

t
D, = Total response behind filter A.
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The oymicls in equaticns 2 end 3 are defined in g similar wey for filters
5 ownd C.

The ¢
rocnense b
P 1

dicticn on

Dya = vz = Dy¢ (k)

1l three filters is such that the
he system is expcsed to rhot

.r '

3}

Filters

3 and C ave chosen so the resgonse is equel vwhen the systenm is
cxposed to interme .

diate and fast neutrons.

Ppes = %ic - (5)

PR3
<4

All three filters provide unequal responses to thermal neutron.

. Dyoa # P13 ? Pc (6)

q.. .
Using the condition given in equatiom L and subtra-ting equations 2 and
3, the result is a relation between densities due to tuermal neutrons.

(Pg ¢ - %) =P -0 = | - (1)

As long as the assumptions nold, this relationship cun be used to measure
thermal neutron exposure, since the differcnce (Dc - DB) is due only to thermal
reuvrons. ; .

After subtracting equations 1 and 2 end -pplying condition 4, the result-
ing equation gives the relationship of the response éue to fast and thermal
neutrens.

- = - 1 - - , {
VfB “"fA) Dp - By (Dnts Dy ) (¢)
put  (Dy 5 -2, ) = k(D D, o) (9)
BB T THLA 7,87 "B
The gquantity (D = Dy o ) must be determined by w=xposures in a "pure"

therrial neutron -1e7a. Tne Ecnstant K can be determined and equation 8 modi-
fied to:

(By,z - Dy ,) =Dy -2, - k(D (10)

Ne XeA B A NeC ™ utB)

Thus, once k is determined, it is possible to separate the difference due
to fast and intermediate neut*cns from the difference due to thermel neutrens.
These differences are then relatel to the neutron exposvre. For gamma and low
energy phcton radiation, responsc reading at the tin-iren filter is celibrated
to exposure.

Three cueantities of importance can be determined: enposure to electro-
nagnetic ra""lon, to thermal neutrons, and to fast and intercediate neutrons.
The basic prcdlem with this tyrz of neutron dosimeter is its nen-lincer energy
response. The non-linearity makes necessary a calibraticn of the dosimeter in
& fast neutrcn field clcsely duplicating the neutron sucetrua to be encountered
in the cdosizetry applicction.

To taxe the pisce of the hunan body durirng cdesi

"piece of polvethylene was used. Dosimeters wers att

Bgﬂzqq%ene and exposed to variwus radiztions frem

gn ard exposure, a large
acr.ed to the piece of
isotopic neulron scurces
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Therrel neutron exposure

‘e

e

using the FuF, and Pulde sources 1o supply the neutrens. The pereffin tanx
ras celidbrzted bty exposing gold foils in the tank and in a standard graphite
pile where the thermal neutron flux is known.

ion from radium and cobzlt-C0 sources and X-rays from 16 keV
e used in develceping the filter system end meesuring the response

meter design. A number of X-fluorescent X-ray sources up to
e, while above 43 keV, filtered X-razys vwere used.
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Txposures snd Fesultis

The first step in developing the dosimetry system is to achieve garma
equivalence for all three metal filters. This is a process of calculetion and
trial until a satisfactory compromise is reeched. For experimental purposes,
the X-rey sources and radium and cobalt-60 sources were used. A large numter
of expcsures were rede to various energies cf gemma and X-ray radiation. The
germa enerzgy response was then determired by measuring the relative sensitivity
as a function of energr while reeping the exgosure constant. The result is
shown in Figure 2. The TLD respense readings for this study ere shcwn in
Taole I. :

To de‘ermine the theruzl neutron response and obtain a value for k to

se in evaluating fasti neutrcn exposures, a set of thermal neutron exposures
was rade using the PuF, sourc. in a large paraffin tank. The amount of para-
Tin between the source and the badge is adeguate to moderate most of the fast
neutrors eritted from the source, but a few Test neutrons are still present.
Thus, the fetermination of the comstant ¥ is somewhat -inaccurate. The results
for thermal neutron exposures are shown in Figure 3, For the neasurements
made, the zverzge value of Xk was Zfound to be 1.6.

Cxposure response for fast neutrons was meesured using a Pqu source with
varying lengths of exposure time. The response is linear with exposure. The
minimun detectzdle exposure is sbout 10 mrads for the PuF, spectrum. These
data are shown on Figure L. The fast neutron energy response was measured
using a pesitive ion accelerator. Exposures were made to fast and intermediate
energy neuirons Trom C.027 leV to 5.0 MeV and the difference in the cadmium-
rhodium and the tin-iren filters determined., This difference is related to
the fast neutron exposure zs shown by the equations in the design section of
this report. Vhile this response is related to fast neutron exposure, the
“agnitude of the diffc~ence for a given exposure of 100 mrads is a function
cf{ the incident neutron energy. The observed neutron energy response for the
experimental exposures oetween 0.02T MeV to 5.0 MeV varies by a factor of
avucut 100, In all fest ncutron exposures, there was no significant thermal
neutron ceatribution. lieutrcn doses were calculated using the curve in L3S
handbook €3. Total neutron Tluence needed to accumulate the desired dose was
calculated by using knewn long ccunter and 37-3 tube responses available from
the Radiological Pnysics group. Errers in' this information are not (under
usual condiions) greater than +207.
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Conclusion

In the preceding discussion, the various formulae and expurimental mea-

surements lezding to 2 personnel neutron badge have been presented. The parti-

cular filter systenm described has been developed and checxed to a logical
termination., The rhodium filter bzdge does provide an excellent improvement
over the ITA film badge, in that it offers good sensitivity for thermal and
intermediate reutrons (whereas ITA offers no sensitivity at these energies)
and improved sensitivity et high energies. As has been stated before, the
accuracy of this system is geod if the neutron spectrum is xnown. The fact
thet TLD is used, permits cenvenient hendling of the badge, and does not
present the normal problems associated with film--those of heet fogging and
gorma~-ray background. ’
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FIGURE 1
Activation Neutron Dosimeter
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