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A neulran delector consistng of an KE 110 plasie seinndtatee has been cabibrated {or absolute neutron fluence measure
menls m the gnergy range K0 o 500 ke Efficiencies were delermined by Monte Carlo calewlations € omparisons af mea

sured and cakculdied pulse height specira are presenied

L ]

I Intredaction

Many applicalions in neutron spectroscopy e
guire the absolute determination of newlron
fluxes Some desirable charactenistics of a deteclor
for such measurements are last oming flau re
sponse vs neulron energy and ease and accucacy
ol calibration This report describes the calibration
and testing of an NE 110 sointillation counter ¢a
pable of 1% accuracy owver Lthe neutron energy
runge from 80 to 500 ke¥

In recenl years the development of low nawse
phatgrnultipher tubes and orgamic scintdlators with
large hght output and high transparency have
rnadde possible the use of proton recoml sontdlation
counters for relatively low energy (= 20 keV) ney
tron detection {(see2 for example refs 1 and 2)
Several workers® *) have developed scintillanon de
teclors which are nearly black and almost totally
absorbing These detecuors have been shown Lo
have good time resolution and efficiencies which
vary slowly with energy To date these deleclors
have been studied mostly at neutron  energies
greater Lthan 300 ke¥

Two problems are encountered 1n attempling o
cmploy this type of detecior al even lower ener
gies These are (1) the uncertainties 1n the rela
Len of prowon recol] energy and light culputl and
(2} the need for a converuent and accurate method
of establishing 2 pulse height scale a1 the low light
tevels encowniered

In this paper are presented Lhe results of inves
hpations of the pulse height vs energy curve, gain
determunations using an X ray source and ehso
[ute calibration techniques employing Monte Catlo

T LuEst of assigament fiom Insulale of Alomc Energy Sa0
Faula Brazil

* Operated by Unmon Carbide Corporation for the Depariment
of Energy
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calculations Measurements with a thick WE LD
detector for neutron energies between 80 and
500 keV are presented

2 Expenmental technmjue

In the work reported herz the Cak Ridge Elec
tron Lincar Accelerator (GRELA) was used as a
pulsed white neuiron source Previous investiga
tions®) have shown that 2 white neutron beam
filtered by 20 to Mhem ol pure ron provides an ef
fective tool For measurements in the energy range
from 24 to 10G0 ke¥Y The iotal cross section of
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2 € RENWLER 20 al

wan has pronounced resonance struciure with in
tecference minima productng a senes of  win
dows  which Tor thick {ihers of an transm
neulrons only al discrete energies This allows
concenteation of the counting rate at a number of
well delermuned energies and permils very accu
rale determinairon of backgrounds by measure
ment in the energy regions oulside the windows

Two paramerer data acgquisiiion with on bine
computers was used w simultanecusly oblain
pulse hewght spectry al each of the windaw gner
Eles a5 well 45 background spectra from between
windows A fast signal from the anode of the
photowube supphied the ume of Meght information
negded Lo detecrming newtron energy  Fhight paths
of B0 or 30 m were used An integraied hncar sig
nal fram g dynode was used as a measure of hght
outpul from the scirbiltlator

Schematic diagrams af the two types of delec
tors bsed m o this work are shown m fig ] The
thin soinbillajor (pan b fg 1) was used @ nves
tigale pulse height vs energy relations and to de
velop gaun calibranian procedures Thack scintillators
tsimnlar to part & Nig 1) were studied 10 delermine
the best trade off between tolal absorption and
hght collection A narrow beam {1 6 cm diameten
was used with the thick soinullator in order (o
permil more effective trapmng of neulrons in the
scntllator - For the thin soinndlator we used s
newiren beam with 4 diameter somewhat lacger
than the delector

3 Light oulpust and gain calibralion

As in previous work! ‘] on black detectors the
presenl waork 5 based on the defimen of hight
unis and the hight outpul vs enargy curves of
Vertunskl et al *) These aumhors define a scale aof
ligh! output 1n which the Comptun edge for the
1 275 MeV pamima rays from a *Na source ovcurs
at 0 895 Light units They also give a table of light
culput v§ praten and carbon recotl energy for NE
213 santillators The prolon curve 15 based on
measurements above £, = 200 keV bul 18 an esh
mation based on empincal lormulas for lower en
BTy

Using the thun NE 11§ detector three gqueslions
were addressed

{1 the heht output from the “Na source is very
large (=30 tmes) compared 1o the Lght ouipul
from proton recolts of a few hundred keV and
therefore a secondary standard with more compat
ble ight outpul was needed

15/ Chonnel

-

{2 It was necessary 1o ascertain whether the
light curve given in rel & fur NE 213 was apph
cable 1o NE {10

(3} Measurements were needed Lo test the va
ity of the curves below 200 keV

For convericnee 1o sciting up @ deleclar # 3 ray
source with Light output close to that lor approx
imately 200 keY protons s desirable  Prewvious
work') has shown thatr organwe scnuwllators show
some non lincarity i response o clectrons @t 1he
lower enerpies Therelore after choosing an ap
Propriale ¥ ray source i wds nocessary Lo standand
e this source ugainst the *MNa source This
standardization was carmwed ouy using the thin
seintilater and an amplifier foar the lingar signal
which had an accuraiely measured lactor of 10 n
gain change The lincarity and zero ntercept of
the entire sysiem (pre amp amphfier and ADCY
was measured with a preconon pulser

The » ray source selected was an X ray source®)
m which the K sgries X rays from Silver are pro
duced by MNuorescence with 39 keV 3 ravs from
"Am These X rays have an average cncegy of
23 keV Ewven in the thin scintillawor these X ravs
produced a wvery well defined prak correspending
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AHSOLLUTE HEUTRON FLUX MEASUREMENTS 3

fo the wial energy of 1the X ray The position of
this pedk was at 00146 (=2%) hght units

Figs 2 and 3 show the pulse height distrbu
uon due o the Ag X rays n the thick NE 110
scintidlalor Fig 2 15 & linear plot where the gam
was such that the single phowoedesciron peak 5 he
low the lower cut off Mote that the wial ensrgy
peak 18 well defined and ds posilion can be accy
rdalely and essily determined Fig 3 shows the
satte souree Bul oh & senn log plol where the gamn
has Breen nercased to oallow abservanon of the
simgle double and tnple pholoelectron peaks This
IS 4n imMporianl measdement sinee 45 chscussed
helow photogleciron stallsles 4re mmiportant 1
calculating detector elwenciest] This spectrum
permits determindiion of the average number of
photoelecirons produced per hght unmit for 4 given
scinlllator—pholotube combimation

Using the !™Na source a5 4 calibration and an
wnlilered neutron beam from ORELA putse height
chstributions were meqssured for neutron energies
from | 1o 20 MeV Because the stimudlater was
small multiple scattcring was neghgible and Lhe
posiuien of the hali height a1 the end of the pro

~—7

T -

w o

Counts/Channel

D41 1 1 1 1 1 i

] Mo (L] ) no -] = L, L] 1 30

Charrme !l Humber
Fig 3 Ag X ray spectrumi wilh gan expanded to show ingle
double amcd tniple photogleciion pedaks

1on reconl distrbution was used as 3 measure of
the light output for protons with £, =E, To
within the accuracy (3% of these measurements
the light curve for NE 110 was wdentical o that
far NE 213 gaven n rels 6 and 9 {sce fig 4)

The wron Millered neutron beam and the Ag X
ray source were used Lo 128t the hght curve below
£, =1Me¥ Pulse heght spectra were obtmined
for 12 coergies between £, — 24 keV  and
£, —955ke¥Y The vahdity of the lght curve was
checked by companng calculauens of the pulse
height distmbutions o the measured relative dis
tributions Typical spectra are shown in figs 5 and
6 The calowlation 15 descphed in 4 laler section of
thus report but the man point of figs 5 and & 5
thdt the end paoint of the distnibulions {al which
£, =&, are accurately reproduced by the calcula
tion based on the hght curve of rels & and 9
MNote that multiple scatterning (ncluded 0 the cal
culation) 15 not neghgible butl 15 still rather small
m the thin sanullator a1 these cngrgies These te
sulls are summanzed n fig 4

Fig 6 at £, — 2 keV s ol additienal interest be
cause of s very low energy The peaks in the
lower parl of this specirum arc duc 6 gng  1Wo
three ete pholoslectrons The calculated peaks are
higher than the data because the fast discniminator
used 1o gate the ADC was setl to cut off the single
photoeleciron peak and reaches unit efficiency
only for Light culput grealer than {0 003)

In fig 5 the nse al low pulse heghts 15 due to
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A#BSOLUTE NEUTRON FLUX MEASUREMENTS B

carbon recoils The light curve For carbon ons in
refs B amd 9 was adyusted somewhat 1 order 1o
fit this rise This adjustrment vaned lmom 8 faclor
of 1 at zare cnergy w a lactor of 3 a 03 MeV
{carbon recoll energy)

Mote that lor calculation of the distnbulions n
& 1hick sointillaior the carbon hght curve 15 onky
aof secandary importance

4 Thick scinhllater desipn

There are a numbar of distingl advantages n
having g detector which 15 as close to Ictaily ab
sorbing as posstble Large slowly varving efficien
vies can be calculated more accurately than small

ones FHigh clficiency allows ramd delermination of

low Nuxes

Dur first choee in the design was lo ubihize a
12 3em diameter phototube {(RCA 8854) since Lthes
15 & relatvely large size widely available but
small enough to be ewsily handled For such =
tube 2 10cm diamerer scintiilalor just covers the
pholocathode thus the diameter of the scnntlator
is thereby Mxed The only chowces remarnimg were
the somullator thickness and the gueston of
whecther to use a re entranl hole in the face of the
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Fig 7 Response 10 274 ke newrrons ol o 10 um digngiler by
2um thick sontdlaor Newiron bedmn diamicter 5 1 Bom

scintillator The re entrant hole was rejecied be
cause 1t comphicates Fabrnicaben, causes Jarger var
iatians in hght collection, and resinicts the diame
ter of the neutron beams which can be measured

For the work teported here the incident neu
tron beam was colmated 1o a diameler of 1 6¢m
The beam was incident on the front lace of the
dewector (see Nig {3 Using this configuration pulse
height disinbulions were measured lor detectors
wilh thicknesses of 20 76 and 15¢m Figs 7 and
8 show pulse height distnbutions at £, — 274 ke¥
for the 20 and 7 &cm deteciors

[t s clear from fig 7 that with 2c¢m thickness
the escape probatality lar first collided evenls s
much barger Lhan for the 76cm thickness Perlor
mance of the 13cm detectar was shghily beiter
than that of the T 6 cm deteclor {as determined by
peak ta valley rane of Lhe spectrum} Howewer
hght collection 1= poorer for the 1% cm detecior
f1e fewer photoelectrons per light url} and n
was concluded that the 7 6 om delector represent
ed a pood compromise belween neutron Cnergy
absorplion and hght coilection eflicensy

| . . ——— = _l
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% Caleulstion of efliciency

The absolute distnbution af hght outputl from
the dewecior for each incident neutron energy was
caleulated using Lthe code 055**) This code was
developed about 10 vears ago at ORNL by Textor
and Verbinski who used it to calculale efficiencies
for NE 213 sanullauen counters  Absolute efli
ciency megsurements'™} were made at thal time
using associeled particle techmigues which venfed
the accuracy of the code

For the presenl work three modifications were
made 1o the code First as stated in section 3 the
light curve For carbon recolls was modilied Sec
ond the cut off ¢nergy (the energy below which
4 neutron history 15 fermanated) was lowered
lrom 20 ke¥ 1o 1 keV Third 1he smeanng of the
calculated lLight disinbution was modilied o 0
clude Gaussian smesning afler smearing based on
Poisson slatistics for the average number ol pho
woelectrons for each hight tin Lamaze &1 al *) have
shown that Tor the small guantties of Lght pro
duced by low energy neultons correct 1reatment
of the Pmsson statistics 15 essenual This smeanng
wdas performed after the 055 calculaton 50 that Lhe
smearng parameters could be adposied o a par
tiewlar seintillalor pholotube combimation

The procedure lor malching the calcuiated
specira to the measurement 1s as follows 1he ab
solute response n each light bin s distnbuted

B

C REMNER =1 4l

among the posstble number of photoeleciran
events according 1o a Poisson distribution deter
mwunad by Lhe average number of pholoelectrons
for that hght bin as deterrmined from the X ray
spectrum Isee [[g 3} The result 1s then smeared
by a Gaussian distnbulion which approximales the
varniation mm hght colleciion 10 the sontillalor as
well a5 gain variations o the phototube The med
sured pulse height <distnbubion 15 scaled v pulse
height according to the gain detgrmination using
the AR X ray source A lower himut in pulse height
15 selected (usually it the mimimum below Lhe pn
mery peak) The measured spectrum s then nor
malized ¢ have the same area as Lhe calculation
above this lower hmit A value of x* belween data
and calculalion above the lower imu 15 Lthen cal
culated This process is repeated  varying the gain
of Lthe measurad specira and the resolution of the
Gaussian smeanng unbl the value of 7 has been
mitimized The fwhm of the Gaussian smeanng
was found 1o be between 1B and 20 [or all new
tron energies The gain was allowed (o vary shght
ly from the wvalue determined by the Ag X ray
source because for such a thick scintilator difler
ences n the volume of inleraction for X rays and
neulrons lead to small varations in light collecliion
efficiency The gan for neulrans was within 54
of that pblained wilth the X ray source and vaned

6 I I ] 1 l |
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Fig 9 Measured roialive response 2t 82 keV normabized o calcutsted area above the pulse height indicated by the arrow
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Counve/Unit Light/Incident Heuiran
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with neulron energy 1n a smooth monotonic man
ner

Figs 9-12 compare calculated and measured
pulse heght distributicns at a number of neolron
energies between B0 and 500 keV The lower Limit
described above 15 indicated by the vertical arrow

Measurzd relative response of 274 koh notniaiged L caleulalel gurve

i each figure Agraemenl above this arrew s very
good at all energies Below the Iimul agreement
between dats and calcwlauon 15 not 35 pood This
15 due 0 two problems One zny errors 10 Lhe
hight curve for cathon or proton recoils will show
up n this region singe this parl of the spectrum



U REWNER #1 al

100

S

; I |

Counts/Unit Light/Incident Neutron

| I I

i)

X

Light (X10000)

g 12 Miewsorsd relative response al db by pormehizod oo rloolated curve

15 mdde wp of events in which the newngron escapes
dtter giving up ooly o small part ol M5 energy
Two an this work the Fast discreninator dgatng
the A} was sel o roect the single phownelec
tran events and hes less than wmt ellwieney for
gvents up to about 0003} hght unns

Ta lest the seasivity to the free parameters
the gains and resolutiens were cach vaned 10 pro
duce o Tavtar al 2 wporease 10 the value of ¢f over
s rckaurt The amiegral of the caloulated o
oieney 4nd the number of measured counls above
the jower himil were compared W their vatucs at
the mumwmum of ¢ Differences were |ess than
IIREY

Fur 4 measurement of neutron Mux mm which a
pulse heighl spectrum 15 recorded at each neutron
EneTEY ONg can usg the apalyss described above Lo
deterrmine the newtron flucnce e counts abowve
the Iower it diveded by the ntegral calculated
efficiency above the lower hmit The eflinency for
a grven ntegral electromic bias {as might be wsed

m 4 one pardeter e ol fhight micasurenentt
an be caleulated by scaling the wmtegral o) e
efficicney by the ravo of the wounts above 1 vhoy
en bias 10 the vounts above the lower hmal lor the
meassurements shown m Ligs 9-12 lor the b
sedected the effioency wis constant w433
froam B0 o 450 ke

The resulis of the culibrution desonbed hene e
summarzed m table | Applioations of the tock
nigue n measurements of the 'Lifn 7] cross w0
ton dre desenbed inorel |1

Based on the prosemt accurady of the hydropen
and carbon'¥) cross sections for £ a0 keV on
the good agreement between calculsted and me
sured shapes and on our lests of sensitivily Lo
gafl dnd resolution we cstimate the caloulated el
ficlemuy to be accurdtle 1o about |

6 Conclusions
The resulis presented here show that the calou
latignal technigque gan cabibration  and  hght
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curves of rels & and 9 cdn be used to accurately
calculate the efficiency of thick WE [ 10 saintilla
1ors used a8 nearly black totally absorbing detec
tors  Accuraie cabbranens  good w o oabour 14
have been altwned These detectors which have
good timing charactensiics can be easily used lor
MMuence measurements n the regon of n2ulcon
enargy fram MK to YO0 keV The silver K series
X Ta¥ 15 4 convenent source [or gain catibrabions
m Lhis energy regluon

The authors wish to thank Dr M M Mewr lor
helpful discuss:ons related 1o this work The help
of 1 G Craven with the computers s appreciaied
Il & Todd and the OKRELA operations stafl
helped greatly in the execuuon of the mcasure
menls
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