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Abstract

leams from seversl

for assessing doses in =riticality accidencn a7 the
fourth IAEA intercomparison at Harweil., The 4-zime-ar
were exposed to mixed pulses of neutron and Zamms

radiation gproduced by -he

Aldermaston.

Riss particirated in the intercomparis n

with the routine personnel dosimeters em;loved in

"criticality areas" a* Risg., [hese include th~ "KAiEa
criticality dosimeter for the measuremen® »f neintron
doses and the Rise TLU badge for the measuremens f

gamma doses.

The final results of, the Rise measurements are rre=
sented in this report in a form designed for ease

of comparison with those of other participants.
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« IRRAUIATIONS

The VIFER reactor {(l,:,%, consisis 5f 3 ¢care 2f 2V % enriched uranium
fuel pins in a matrix of aluminium-iocaded epoxy resin and copper surrounded
by a 20 c¢m thick copper reflector, The reactor can either produce a single
fission burst or be operated at steady power for calibration measurements.
In 2 normal tull size pulse of 7.46 x 1017 fissi-ns the power reaches a
maximum of about 20,000 YW and the puise has a full width a% half maximur
of B0 is.

The dosimeters were irradiated at dosime*ry stations situated along an
arc of a circie of radius 3 m from the centre of the reactor (Fig. 1,. The
Josimeters were exposed on two polytnene-bottle man phantoms filled with 2
51503 solution and at a '"free air" station consis®ing of three thin plastic
sheets for the attachment of the dosimeters.

Two irradiations were carried out on two separate days. [he first run
took place on April 9 with a pulse power amounting to 60.2 % of a full-size
pulse (corresponding to 2.1 x 1017 fissions). The second run took place on
April 1k with a pulse power amounting to 100.2 % of a full-size pulse (ccr-
responding to 3.47 x 1017 fissions). The shielding was not altered between
the two runs, sc the pulses differed in size only,

During both runs the Rise dosimeters were positioned on sheet no, 5 of
the "free air" station and on the front and back of phantom no. 2 (Fig. 1).



3. DOSIMETERS USED FOR THS RIS MEASUREMENTS

The Rise measurements were carried ost with the URAEA eriticality doaimster
(§,5,6) and the Rise TLD badge (7). Three criticality dosimsters and three TLD
budges were irradiated in each pulse at the following respective positioms:
in free air, on the front of the phantom sad on the back of the phenton.

The UKAEA criticality dosimeter contains two gold foils separated by s
cadmiue disc for the sessurewent of end int diat ey t
aad a sulphur disc and an indium foil for the of fast
Tw indiue foil also serves as an exposure indicator in the initial phase
following an accidental excursion. During the intercomparison sxperimeat »
LF TLD 700 chip was included im each criticality dosimster in order to provide
an additional weasurement c{ the gaama doses., This measureeent is complicated by
the interfering (n,y) reactions in the gold, indium and cedsiom foils :n the

- lecket. Precise corrections for this effect have not been estadlished, so the
TiDs included in the eriticality dosimeters were viewsd as experimeutal do~
simeters. An exploded view of the URKAEA eriticality dosimeter is shown irn
Fig. 2.

The composition of the Rise TLD badge is ahown in Fig. 3. The TLD badge
tonsists of an identification-coded dosimeter holder and a matching cover
with photograrh and name for visual identificatiom of the esployes. The dosi-
wuter holder contains solid TL dosimeters in four depressions together with
o2 jdentification number and a corresponding binary hole code. A sandwich
shielding consisting of 1 ma alusinium is provided with a bets window situ-
oted 80 that it corresponds to one of the dosimeter positions,

For the majority of the Rise staff the dosimeter combioation is two
Hz),.o?:lh dosimeters for routine gassm and beta recording snd one 7!.1! dosi-
Weter to enable detection of occewional slow neutrom P s and to
proper interpretstion of beta/gasma wonitoring results by comparison of the
UF and Lizlb%:lh responses. A fourth dosineter is reserved for readout
in sase of instrument failure and for verification of unussally bigh doses.

Hovevar, for the minority of workers, who Eay be expossd to newtrons,
tws 7!.1! dogirsters are us»t for p/.,-muorin‘ is order to ensure a proper
p-svalustion, snd an additional l.lzl‘n’zm dosiseter is used for the detec-
tica of slow neutrons. During the int jparison at Bsrwell
147 TLD 700 chipe (3.2 x 3.2 x 0.8 an) were used 1n the 7LD dadge for the
Neliuresent of gamaa dosas,

%,  MEASUNEMENT PROCEDURES

The gold foils and the sulphur discs from the criticality dosimeters
were counted using an vodewindow Geiger-Miller counter. The indium activity
(fast neutron reactics) and the sodium activity were messured by the host
laboratory using gamma spectrometry and all participants were provided with
the results.

The TLDe were read using the TOLEDO TLD reader at Harwell. Calibrations
were made with a 60(:0 source.

5. RESULTS

Table 1 shows the fully corrected counts per ainute for the gold foils
and derived th 1 neutron f1 (01_. and @,°) and intermediate-energy
neutron flusnces per log energy interval ((Eﬂl) and (”1)')' The neutron
fluences were derived according to the formulae given i ref. (5).

The totsl thermal neutron fluences incident on the free-in-air dosimeters

are (from Table I):

Pulse 1: @y + &' = (212 + 1.91) 10"%/ca® = 4.03 x 10"%/ca?
Pulse 2: @ + @' = (5.05 + 8.28) 10'%/ca” « 1333 x 16M%/ea®

From the seasured gold-foil activities the reaction rates for gold (cor-
responding to infinitely thin gold foils) were derived for pulse 1 and pulse 2,
respectively (6)., The results are given in Table IT,

5o2, Bulphur discs
The messured specific phospliorus-32 activities induced into the sulphur
discs are given in the following table:

Dosimeter Sptcific_gp Icti{ity
position dis min™* g™
Tree air 73.1

Pulos 1 Phantos front 70.7 } 7.9

Free air 116,3
Pulse 2] pppctom fromt] 111.5 }“"9
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The average values of the specific sctivity (71.9 and 113.9 dis win™' ;‘1

for pulse 1 and pulae ? respectiviely) were used for the dose estimatiors.
The corresponding resction rates are given in Tabdle i..

& Lﬂdil‘—l&&
The specific indius-1158 activities measured by the host laboratory were:
Pulse 1: X = (111 2 0.07) x 10° dis min™! ¢}
Pulse 2: X = (1.71 £ 0.09) x 10° die min”! ¢!

Sodius

For phentom no. 2, where the Rise personnel dosimeters were positioned,
the sodium activities measured by the host laboratory were:

Pulse 1: X+ 0.9% 0,014 nci 2*Naag e
Pulse 2: X, = 167 % 0,04 uci na/ag Zona

Froe the ed th 1 amd int diate-energy neutron fluences in-
eldent on the froat and back of the phantom {Table I} the cbssrved sodium
activities have been corrected to give the activity (l“‘ (F)) attributable
to fast psutrons (5,6). The corrected sodium activities are

Pulse 1: X (P) = 0,55 1ci *ha/ng Pna
Polse 2: X (F) = 0:98 nct 2*sa/mg Pna

6. DOSE ESTIMATES

531' Becoil surface absorbed doses

The recoil surface absorbed doses were derived according to the neutron
spactrum convention used for the routine evaluation of the UKAEA personniel
eriticality dosimeter (4,5).

According to this convention ths meutron flux opsctrun ie assumed to be
represented by the following three components:

(i) o fast P t repr d by a Maxwellian spectrum of the

fora,

1
N (E)E = (?E-)i Tﬁ'si exp (- ) @8

where { is the mean energy of the spectrus,

(ii) an intermediate spectrum of slowing down neutroas proportional o 1/E
from 0.12 oV to 1 MV,

c
II(S)G =g &

(fii) = thermel neutron component with a Maxwellian distribution of vel=
ocities appropriaste to a temperature 26°C; these have a most probable
energy !‘1‘ = 0,025 e¥,

nEE =L ep - B

5

The thermal and intermediate energy components of the recoil surface ab-
esorbed doses were derived from the incident th 1 and int diat. &y
neutron fluences, respectively icf. ref. (S}).

The fast neutron components were derived using the various methods of
interpretation given in ref. 5. (Standard eethod for sulphur, Maxwellian
sethod for sulphur and indium-115e, and Maxwellian method for sulpbur and
sodium).

The derived recoil surface sbsorbed doses are summarized in Table III
for pulse 1 and in Tabie IV for pulse 2.

The large variation in the fast neutron doses calculated uaing the
various methods of interpretation (Tables IIL and IV) illustrates the dif-
ficulty in measuring the neutron dome vhen the spectrum is rich in intersediate~
energy neutrons.

The "best” peutron doss estimate ie assumed to be the average of the
neutron doses calculated using the Maxwellian method with sulphur and
indium and with sulphur and sciius respsctively, since the former method
(8,In) is likely to underestimats the doss, vheress the latter method (S,Na)
is 1ikely to oversstimate the dose (4).




Hence, the 'best" eatimates of the total recoil surface abgorbed doses

Are:
Dosimeter Becoil surface absorbed dose
ition rads

Fres air 0.5(39.9 + 200,9) = )

Pule® 1 | pnantom front] 0.5(38.3 + 199.3) = ﬁ
Free air 0.5(61.3 + 347.7) = 204

Pulss 2 | pranton frant| 0.5(66.6 + 353.0) = @i‘

- 22, ¥orma and lﬂSnu)zﬁ surface absorbed doses

From the recoil surface absorbed dose and the aversge energy of the
equivalent fast Mexvellian, tbb kerwa end the ‘E(n,y)°H surface absorbed
‘doss can be derived (6).

Table V shows the derived wvalues of kerma and table VI ahows the derived
“¥alues of the 'H(n,y)’H surface absorbed dose (based on Table KII,Fig.  and
Fig. 5 in ref, (6)).

o Gamma doses

The total TLD resdings were torrected for the direct response to thermal
anéd fast neutrons and for the iaflusnce of the TLD badge. Yor LiF 7LD-700 a
ihersal-neutron sensitivity of 1.3 tissus rads per 10°n/ca® (8,9) and a fast
neutyon sensitivity of 0,014 rad gamsa per rad fast neutron for the VIPER
spectrun (3) were assused. In the Riss TLD badge the response of TLDs to an
iscident thermal-neutron fluence is enhanced sainly oving to the aluminium
shielding, For LiF TLD=700 in the Rise 7LD badge the equ’- 'lent response to
. l-neutron £1 of 10'° n/ca 16 2.6 tissus rade (9).

The results of the gamma dose msasurements are given i Table VII,

) of oatimat:

The doss eatimates are summarized in Table VIII, vhere elec the prelie

winary results reported during the Intercomparison Baperiment at Harwell
are included.

7.  DISCUSSION

Before the meeting Delafield et al. (3) measured the neutron spectrum
at a distance of 3 = from the VIPER reactor centre with a proton-recoil coun-
ter, a "'He proportional counter and track plates. Furthersore, neutron and
gamma-ray doses were measured with ionization chambers, TLDs and film dosi-
seters. The results of these preliminary measurements (3) are summariged in
Table IX, They were disclosed to all participants in the intercomparison
experiment when the participants’ preliminary results fros the first run
had been reported.

The derived kerma spectrua for VIPER is shown in Fig. 4 (from ref. (3)).
This spectrum has & mean energy of about 350 keV. In the UKAEA personnel
criticality dosimeter the 25(n,p)’°P and *51In (a,0°)*%1n reactions are
utilized having effective threshold emergies of about 2.8 and 1,2 MeV re-
spectively, so these reactioms will detect only the few, most energetic
neutrons in the upper tail of the neutron spectrus. Even the 2}7Np(n.f)
reaction with an effective threshold snergy of about 0.75 MeV will only re~
spond to the upper edge of the neutron spectrum, so the VIFER neutron spec-
trum provided a most stringent test of the participants® dosimetry systema.

The derived recoil surface absorbed doses given in Tables III and IV
clearly illustrate the difficulties in measuring the neutron dose from a
VIPER burst with a simple personnel dosimeter, The standard method of evalu~
ation (with Au and 5) leads to a considsrable underestimation of the neutron
dose (with a factor of about 5), and the Maxwellian method using Au, 5 and
In only slightly improves this (reducing the underestimation to a factor of
about 3). Hence, for a neutron spectrum rich in intermediate-energy neutrons
it is essentisl to obtain more inforsation than supplied by the UKAEA person-
nel oriticality dosimeter alone. This additional information could be obtained
from a neptuniua or a sodium wessurement (4,5,6), or from a calculation of
the approximate peutrop spectrim (10),

In the present work the sodius measurement (carried out by the host
laboratory) was employed. This method is somewhat uncertain owing to the
corrections for thermal and intermediate-energy neutrons which have to be
applied (4,5,6). As described in section 6.1, the "beat" neutron dose estimate
was assused to be the average of the neutron doses calculated using the
Maxwelliian method with § and In and with 8 and Na respectively, since the



former method (S,In) is likely to underestimate the dose whereas the latter
(8,Ka) is iikely to overestimate the dose (&), This choice of an average as
tha final dose estimate was further supported by the resulting Summa-~-ray
doses, since for both pulses it resulte in a 'H(n,;)’H dose that is reasonable
compared to the gamma-ray doss Wessured in free air and the total gamme-ray
dose measured on the fromt of the phantom (cf. Table VIII).

The measured gsama-ray doses (Table VII) sees to be somswhat ou the high
side whez compared to the preliminary measuremsats carried out by the host
laboratory (3). This say indicate that the corrections for thermel and fast
oeutrons, and for the influence of the TLD badge, were too smsll. The correc-
tions amount to 10 « 30 % of the total TL responses (Tadble VII). In view of
the fact that corfections of this order may be necessary when using the Rine
TID badge for the sessuremsnt of gamma~ray doses in a mixed neutron/gasma
radiation field, the Rise TLD badge is not ideal for nuclear accident dosi-
tTy. A sore idsal gaame-ray Sopimeter would be a ‘LiP TL dosimster shielded
against thermal neutrons with
On the other hand, it is an administrative advantege to use the inatitute’'s

standard basic p dosi for the gasma dose estimation, also in the
ease of sccidents, ’
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Derived recoil surface absorbed doses.

PULSE 1.
Method of evaluation Thermal Intermadiate Fast Total Average snergy
dose dose doas recoil of equivalent
D.! DI dose fast Maxwellian
rada rads « Trads rads MeV
Pree air Standard (AueS) 1.2 15.6 6,0 22.8 1.96
Maxwellian (Au,S,In) 1.2 15.6 23,1 39.9 0.98
Maxwellisan (AuyS,Ra) 1.2 15.6 184,1 200.9 [,
Penton front | Standard (Au.3) 2.7 12.5 6.0 21.2 L 9%
Maxwellian (Au,S,In) 2.7 12.5 23.1 3.3 0.98
Maxwellisn (Aw,5,Ha) 2.7 12.5 184,1 199.3 0.54
Table IV,

Derived recoil surface absorbed doses.

PULSE 2.
Method of svaluation Thermal Intermediate Fast Total Average snergy '
doase doae dose reooil of equivalent
D, D. dose fast Maxwellian
ni- r-i. rada rads MeV
Tree air Stendard (Au,S) 2.9 23.8 9.5 36.2 1.96
Maxwellian (Au,S,In) 2.9 23.8 4,6 61.3 1.00
Maxwellisn (Au,54Na) 2.9 23.8 3210 347.7 0.53
Phaantom froat | Standard (Au,S) 3.1 28.9 9.5 5.5 1.96
Maxwellian (Au,S,In) 3.1 28.9 34,6 66 .6 1.00
Maxwellian (Au,S,Na) 3.1 28.9 321.0f .353.0 0.53




Contribution to d. o
she resulting total kerms.
Thermal Intermediate Fast Total Aver
Dosiaeter Detectors | contribution | Comtritution | Contriwution | kerma total
position Xarea
radh rads ads rads rads
JULSE 1 Tree alr AuyByIn 0.k alS.4 21,3 37.3 szel
Au oSy a .4 15.4 191.1 2w, )
Paanton fromt | Au,S8yIn 0.9 12.3 21.5 34,7 119.5
A8, 8 0.9 12.3 19%.1 2043
LR 2 Tree alr A8, In 1.0 23.4 32.1 6.5
Au,B. % 1.0 23.4 333.8 358.2 207.4
Paston froat | AS,In 1.1 28.5 3.1 61.7 212.6
My ByNa 1.1 28,5 333.8 634
bl .
Desimeter Detectors Thersal Intermediate Fast Total Average total
position Contribution Contritution Contribution 1H(n. n3A ln(n. 3
doas dose
rads rads rads rada rads
POLEE 1 | Free air Auy8yIn 8.3 2ho2 2.7 35,2
A8, 0 8.3 2h.2 3.1 66.6 0.9
Phantom front | Au.8,In 18.6 19.4 2.7 40,7
AuyS,Na 18.6 19.4 34,1 72,1 56,4
PULSE 2 | Free air A1y 8y In 20.0 36.9 3.9 60,8
Aa,5.Ha 20.0 3.9 60,3 117.2 83.0
Phantoa front | Au,S.In 21.4 44,8 3.9 70.1
A SyNa 214 4.8 £0.3 126.5 9.3
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Table IX

S of prelimi U.K. measurements for full size ]

from VIPER reactor. The table ia based on Table VII in ref (3).

Measurexent Data Method

Free air (3 a fros centre of reactor) ] Q

Heutzon kerma (rad) 2% Measured spectrum Vera

. 1 CH ionisation chamber/ (unfuelled)

Incident gamma-ray dose (rad) 73 T/ File ﬁ

Weutron fluence (10°° nca™2)mhersaifl) 6.7 | Gold foil pack i Dosimetry
>0.1 oV 28.3 | Measured spectrum stationa
>1 ke¥- 2.2 - -
50,75 Me¥ 1.5 - -
>1.5 Me¥V 0.3 - -
>2.5 MavV o.11 - -

1,2: Phantoms
3,4,5:Free air ststiona (plastic sheets)

Burface absorbed dose to fromt of phan-
om (2,91 m_from centre of reactor,

Neutron dose (recoil + protom) (rad) 202 Mensured spectrua

Concrete shisld

1i(a, N2 dose (rad) 110 Measured spectrus
Total gamma-ray dose (rad) 160 TL/Fila

Botes (1) Sum of thermal fluences incident on front snd back of dosisster

(2) Doses derived from the d spsctrum include a small ad~
ditional correction for thermal nsutrons

Figs )} Bxposure arrangement in the VIFER reactor esll.
At both pulses the Riss dosimsters wars positioned on free air

station no. 5 and on the front smd btack of phantom no. 2.
(based on PFig. 2 in ref. (3)).
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Tig, 2. Exploded view of UKAEA perscnnel
eriticality dosiseter (from ref. (4)).
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Fig. 3, The Riso TLD badge. At the top: an exploded view of the entire
TLD badge, and at the bottoms a schematic diagram of the TLD holder.
The dosizster cosbination shown ie tk = which is used for the majority
of the workers at Rise. However, for workers who may be exposed to
neutrons, two LiF TLD 700 dosimeters are used for 9/7-mnitoring. At
the intercomparison experiment at Harwell LiF TLD 700 was used for the
neasuressnt of gamma-ray doses.
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