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2. BEDITED SUMMARY OF THE SYMPOSIUN BY R. BATCHWLOR, ALDERMASTON
UNIT&D ITINGDOM

You have probably noticed that the speaker for this
session was not announced until the beginning of the Conference.
The rcason for this was that all along we had hoped that Dick
Taschek would be with us snd would sum up the proceedings. It

is unfortunate for us all and particularly unfortunate for mc,
that he has not been able to come, because this task of recapit-

ulating on this rather difficult problem now rests on my shoulders.

Before I gsum it up, I think it is worth stating again
what we are here for.

The Conference was brought about as a result of a
sugg.stion at the last BAIDC Meeting in Chalk River. I need
haerdly remind you that the major tasks of this Com. ittee are to
review the nucluar data rcquests of the member countries and to
keep an cye on the various measurements and programucs which are
zoing on to neet thesc requests. Now this problem of how to
mcecasure flux which we have discussed here, bears very hcavily on
a lot of these reguests, and unlecss we solve 1it, we 2re going to
have a very uncasy conscience about the numbers which our rcactor
physicists put into their calculations. As has becn saild beiore,
the particular cnergy region which we have been interested in is
particularly important for the design of fast reactors. These
secm to be incrcasing in importance as time goes on sc it is
important that we got to grips with the problem now.

The gucecstion of accuracy requirement was brought up by
John Jesle this morning but in order to get our perspective
right, I an going to put up a couple of rcquests pertincnt to
our discussion, which I have teken out of the latesv EANDC
rcquest list.

U235 o(n,f) 1 keV to 5 MeV accuracy required & 2%

U238 o(n,vy) 1 keV to 1 MeV 1 1 2%

Necr that is how they stand at the moment, but the

I+

accuracics could very well be tightened up in the futurec.
with these and other similar ones in mind I think T

would heve to come to the conclusion that we have not seen an
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immediate solution to the problem of megsurement at this
Conferencec, I do not want to get involved in the pros and cons
of thesolrcquests. This is a mattcr for the reactor physicists
to sort ocut. I take the view, however, that we should regard
the accuracy requirement as a goal and we should assemble our
best avallable techniques, within our rcesources and do as good
a Jcb as we can. We should nct be unduly pessimistic if we
can't quite achieve the desired accuracy. Provided we¢ arc not
too far off our c¢ndcaveurs will have been worthwhile. It is in
this spirit which I am going tc lcave this Confcrence in a fairly
optimistic mood. |

We started off, and indecd we came back to it many
tincs, by showing off our problem. We hecard of the prescent
large discrepancics in the capbure cross-scctions, and particu-
larly that of gold. In the casc of the fission cross-scctions
there dees nut appear to be large discrepancics, but naybe the
rcason for this is that there is much lcss data available than
for capturc cross-scetions. I do nout proposc to dwell too much
on thce gold capturc crcss-scetion now. Nc¢ .nc here has been
ablc tc offer a reascnable explanation of the discrepancics and
I have nothing further to ~dd here, oxcept this. I think it
would be foolish for anyone to ge back to their laberatory and
immodiatoly launch int- anothor menasurcmcent of this cross-scction
using cnc¢ of the provicusly uscd nethods. New wmetheds, yes, ond
we heard of twe cr threc ncw technicues which night help. These
arc the Les alasos idea of using a large sodiun icdide dctector
cnd the twoe German ideas; cne enmploying the nangancsc sulphate
bath and the other utilising the mcasurcment of ncutron decay
tine in o block of:uatcrial. 4s I sce it we are prescently cver-
loaded with .au(n,¥Y) data and I weuld 1ike to sce scucone sit down
and have ancther gocd lo.k at what has been dene. I know that
people have already done this, but maybe these people have then-
sclves been intimately inveolved in cne or other of the cxperinents.
Moaybe it is worth 2 necutral perscn having a go this tinme. For
whot it is werth, I will therc¢fcre put up ny first rccoiricndation -
"Study gcld capturce data”.
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This Synmposium has surely brought cut the fact that we
recally need to consclidate cur position with regard te standard
cross—-secetions ¢n which we base cur flux measurencnts. e have
heard of very fine measurcments of capture and fission cross—
scetions being made on linacs but many of then referred to a
cress—-scetion cn which we have no direct reliable ncasurencnts.
In retrospect this sounds ccupletely illogical and we cught to
reetify the situation as scon as possiblc. Fortunately we have
hcard about scveral diverse schemes for ncasuring standards. It
is thercfore relatively straightforward fer ne te write down a
pregramile of werk on these standards which cught to yield
rcliable data provided we can goeb consistency in the results.

I have already given ny vicws on what standard I like,
of the BlO(n,a) Li®(n,e) and Hc3(n,p) reacticns, but I an going
to be the first to accept that, at this stage, we shruld not
decide on one conly. I think we should accept c¢ach cother's likes
and dislikcs and makc the best neasurencnts we pcssibly can on
all threc.

If we accept this, then it sccouis obvicus that we need
sonc more neasurcments on the ratios of thesc cross-scctions.

There appears te be only one neasurcrnent of these
ratics; T rcfer t. the Hussian neasurencnts using the slowing
down spuectromoter. I think we need another neasurcnent, using
a norc straightferward technique. A pessible way to de it is
tc calibrate heliu, lithium and boren detcctors at 2200 n/secc
and thoen necasure the relative count rates as a functicn of energy
with 2 Linac.

So ny seccnd rcecomaendaticn is "Measure ratios of

Blo(n}g), 1i%(n,a) and He3(n,p) cross—sccticns™.

The next Jjcb to list is a rclaﬁively simplc one - the
ncasurenents of the ratio cBlO(n,go)/cBlo(n,al). WJe presently
assu.ie that this branching ratioc is constant in our energy range,
but this point nceeds checking. N¢ neasurcenent of flux is

rcquired in this experiment.
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we have heard of scveral ncthceds of ncecasuring the
absorption cross-sccticns of HOB, Li® and Blo, and T will refer
to then soon. Since, in the casc of Blo, there could be signi-
ficent contributions of BlO(n,p) and Blo(n,t) to the absorption
cross-secticn, it would be nice to have sonec data on these

%

rcactions. 4& suspect thattheir contributions are small - a few

pur cent -~ so the measurcinents need not be voery accurate.

A

Coning ncw te absolute measuremcnts on the standards
we have first the sphere transmission nmethod fcer 116 and BLO,
The cenplicaticns of this method have becn outlined, but it was
pointed out that the corrccticons required are not cxcessively
large since the capture in these nuclei is a large fraction of
the total crcss—-section. I can add that ny group at 4WRE 1is
now firmly committed t¢ this measurenent and we shall press on
with it. '

Sccond, we have heard c¢f various suggestions for
ncasuring the absorption and scattering in single cxperinents.
I will nention two herc. The work started by Starfelt and co-
workers, using a giant scintillator, is very interesting and I
hope this symposium will give thea cncourageuncnt to cerry on.
Schrnitt's suggestion, which we heard about this rorning, also
shows pronise. (The proposition was to place a siiall 11
samplc in the forward cone of Li7(p,n) at threshhcld and surround
target and sample with the ORNL graphite spherec. The transmitted
and scattercd neutron intensity is thereby measured. If the
sanple is now moved cut of the beas:, the incident flux is
neasured). The difficulty of kecping the neutron conc angle .
sufficicatly constent was nontioned and this point needs further
thought, o . }
4G also nced, what night be referred to as "conventional'
data on scattering by the three nuclei under consideration, i.c.,
we nceed scne angular distributions within our energy range.

Apart frcu yeilding the abscrption cross-scction by subtraction
0f0 oyagtic fronm Ctotal ~ the accuracy would adnittcdly not be
very high - the infcernation weuld also be uscful for multiple
scattering corrections in, e¢.g., the sphere transnission nethod.
#ither 2 linac or pulsed Van de Graaff using a "white source”

could be considered for these neasurciensts.
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Finally, I hope that Frofessor Newscn will follow up
his suggestions for cbtaining data on the Hea(n,p). we all
acknowlcdge his beautiful work on thin sources and he is better
cquipped than enyone to measure accurate data on the T(p,n) source
and hence get Hea(n,p) by detailed balance. His suggestion to
irradiate a proportional cocunter containing both He5 and H is also
very interesting. as we heard this norning, thcre are difficul-
tics in running the counter at low cnergies but one HeB(n,p) ,
point in terms of the hydrogen cross-scction would be very valuablc

This suzs up our ideas for measurcmeants on standard
cross-sections. The methods proposed are quite diverse and if
we can get comsistency in the results, then we should have
reliable information on which to basc our flux measurencnts.

This prograane is one which the BANDC should follow closely and,
as a menber of the Committce, I will urge that it doces so.

S0 much for the standard cross-scction. It would be
wrong, however, to take this gquestion of the standard cross-
section out of the context of the gencral problen of measuring
cross sccticns, £t this meeting, we hove seen that there are
othcr metheds of approach and surely these will play an important
function in the overall progress.

Technically, I believe that we are confronted with two
probleus, that of scurce intensity and that of detcction.

Regarding sources, I have nct heard the Linac physicists
forcibly cxpress the need for greater intensities but I suspect
they would like to have then available. With Van de Graaffs our
efforts in the region below 100 keV are very often hanpcered by
insufficient intensity and I would urge all those who try to
inprove the quality of these machines to go on doing so, because
the nore neutrons we have then the happier we will be. We also
have to nake our neutron producing targets compatible with high
currents and this problen needs looking into.

Ben Diven expounded on the virtues of the bomb method.
He told us quitc clearly that these devices are perhaps the only
ones which at the present time offer the possibility of obtaining

data on the highly radio-—active isotopes.
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+¢ discusscd the detection problem this morning.
Scintillation and seniconductor ccunter advance has becen guite
dramatic in the last few ycars but these and other devices still
leave us with plenty of headaches for our particular problei.
in accurate standard is not going to be much good unless we can =
use »t to ueasure a cross-sccetion, and it was brought out today
that we hove no obvious nethod in view. Je nust continue to !
work hard on detectors and solve the messy problems of .ultiple
‘scattering and assaying the aucunt of sensitive material in the
counter. Concerning the latter it is fortunatce that there are
people at Dr, Spaepen's laboratory who are devoting their time to
the problen of assay and I think their ¢fforts should be borne
very carefully in mind.

we have also heard abcut interesting developnents in
dircet methods of measuring a cross-section not requiring the
use of a standard cross-~secticn. Measurcnent of the strength
of a radio-active product from a ncubtron producing rcaction and
also monitoring the Hed particle from the T(p,n) reaction have
been discussed. My own feeling is that these technigues are
difficult and linmited in scope but will be very uscful for some
applicetions. The French idea to usc the monitored T(p,n)
reaction to calibrate a detector might prove to be extrenely
valuable., '

I would like to conclude with one firm recouiendation
for a measurcacnt of the U235 fission cross-scction. Over the
years nmany pecple have spent a long tine learning how te calibrate
natural sources with very high precision and a lot of experience
has been accunulated. Therc nust surely be a way of applying
this expcrience to our problem and I suggest we do it in the
following way. «¢ first calibrate an antimony beryllium scurce
of sufficient intensity to carry out a dircct mensurcment of the
U235 fission cross—-section. It has bcen stated herc that a 1%
accuracy on source strength could probably be achiecved. For the
neasurcment of fission ovents induced by this source it is
probably best to usc an accurately calibrated foil in a fission
chamber, although a method bascd upon the obgervation of fission

necutrons is worth comsideration sincc we are now getting very
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precise infcrumation in? . Such an experiment night well be
considerced as 2 collaborative venture between loboratorics having
source calibration, foil manufacturc and assay and fission
detcctor cxperience.,
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5. PiPuRS &iHD NCT.LS JRITTED HOR THE SYMPOSIUM

a) THi FPISSION CROSs SHCTION OF Pu?®9 FROM 1 keV TO 160 keV
G.D. Jaues
Atomic Energy Research Iistablishment,

Harwell, United Kingdon
Abgtract

The fission cross secction of Puel? from 1 keV to
160 keV has been measured'by time~of~-flight experiment using
40 ng Pu39 and a 15 m flight path. The experimental nethod is
described and the accuracy of the results is discussed.

1. Introduction

The fission cross scction of Puc39 in the energy range
1 keV to 160 keV is important in the design of both thermal and
fast rcactors. Mcasurements around 30 keV arc interesting also

bzscause they overlap with the range of neasurements possible on

a Van de Graaff generator. The fissicn cross section of Pu239
has been measured from 3 ¢V to 160 keV using one of the Harwell
ncutron projcct time-of-flight spectrcncters. The experimental
mnethod used is described in Section 2. In Section 3 thce accuracy
of the results is discussed and some ways of inmproving the data

are given in Scction 4,

2. dxperimental Method

A meaosurenent of fission cross section by time—of-fligh
cxperinent requires the determinsztion of the fission yield, the
ncutron spectrum and the background for these two gquantities, as
a function of neutron time-of-flight. In the present experiment
the neutron booster(1l) was used as a pulsed source of neutrons and
the flight path length was 15 n. The booster was excited by
0.2 wsec electron pulses and the neutron time-of-flight was
analysed into 4096, 0.25 psec tining channels and recorded on
magnetic tape(2>. The neutrons from the target were noderated
in a 1 cm thick slab of water and traversed 2.5 cn cluniniun
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(beam port and bean btube windows) boefore reaching the detcctor.
The neutron beam was collinated to 5 in diameter at the detector.
i cylindrical gas scintillator, 4.5 in diameter and
© in long was uscd as the fission detector. This held a foil,
containing 40 ng Puc39 at a supcrficial density of 0.5 mg/cm2
on a 0.005 in platinunm backing, in a planc at 74° to its axis.
he detector wos placed in the neutron beamr such that the foil
was at 78%° to the neutron bean direction. This arrangenent
gave a better fission pﬁlse height specetrun than would be
obtained by viewing the fcil end-on and e¢nabled the 56 i4AVP photo-
multiplier, attached to the gas scintillator, to be kept out of
the neutron bean but, at a cost of introducing a flight path
uncertainty of 2.5 cm. Pulses froo the photomultiplicr were
sent to a fast discriminator which converted all pulses greater
than 100 mV intce 6 V pulses. These were used to stop the tiume-
cf~-flight analyser. A gas wixturc consisting of 99.7% heliun
and 0.3% nitrogen, which acts as a wavelength shifter was flowed

'continuously through the detector at a rate of 100 cc/min. The

photonultiplier voltage was choseén so that the alpha pile-up
ccunt rate was about 0.2 per ainute.

Tc measure the neutren spectruw, an cenriched BF3
counter (96% Blo) 1.3 cn diamecter 2nd 5 cn long was used. The
counter voltage was held down to 1.5 kV to kecep the pulse due to
AL-rays from the accelerator at a level vhere it would not satur-
ate the amplificr. an experinent is in progress to confirm that
the base line is nct disturbed for more then a few microsces
after this pulse.

"For both the fission and BF5 cocunters the background
wos determined as a function of time-of-flight (t) by placing a
layer of recsonant scattering material in the neutron beam between

the source and the detector. The rcsonances used were:— Al,
535.2 keV; Na, 2.85 keV; Mn, 335 eV; i, 18.8 c¢V; Ta, 4.28 eV and
In, 1.457 eV, Backgrounds measured in this way are depressed

bccause the transmission of the resonant scattering material to
the background neutrons is not unity. 4 correction was nade

for this effect after determining the transmission by introducing
a sccond layer of materizl into the bean. Threc fission monitors
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in the booster target cell woerce used te normalise the background
runs to the fission and BFz runs. It was fcund that the back-
ground for both the fission and BF5 counters nay be expressed as:

B = B,tR (1)

where B is the number of background counts per timing channel,
n is a constant and By is a normalising constant. The value of
n was found to be the same for both detectors.

The fission cross section as a function of neutron
tine-of-flight was deduced as follows. The nagnetic tape
rccordings were analysed on a computer to deduce the number of
fission, spectrun or background counts per channel.  This number
was corrected, using the Mercury cowputer, fcr the fact that the
timne analyser could record only one e¢vent per neutron burst. b
quantity (8) proportional to the fission cross scetion was then
found for cach timing channcl from the equation:

of A-B
S = % = Wpy = (2)

Here a4 is the nunber of fission counts per channcl and C is the
number of spectrun counts per channel. B and D are expressions
(1) for the background. The constant K was found by normalising
the cross seetion to the data of Bgllinger ot al.(3), The area

under the 7.83 eV resonance in a curve of S against energy was
nade equal to m/2x108.2 barns -c¢V.

The number of spectrui: counts per channel (C-D), can

be expressed as:
(¢-D) = RE(H)E (3)

where R and M are constants and f(t) is the function of ncutron
tinc-cf-flight shown in fig.l. Below 0.1 keV, £(t) is unity
and apart from dips due to resonances in aluminium and panganese,
gradually increases with increasing cnergy. To deduce £(t) the
value usced for: was -1.455, a mean of the values found by several
experimenters on the neutron booster. The function shown in
fig.l. is similar to that given for the neutron booster by Moxon
ond Rae (4),
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3. Discussion of results.

The data f-11 into twe regions, thosc below 35.2 keV |||
for which the background hns becan measured and is given by
equation (1) and those above 35.2 k¢V fer which no background
mcasurcments were possible. In deducing the fission cross
scction above 35.2 keV, it has been assumcd that the ackground
is given by equation (1). In the region below 20 keV whcre the
ncutron spectrum does not show pronounced fine structurc, the

{

fission cross scction is determined for each timing channel by
equation (2). Howover, in the region of fine structure in the
neutron spectrum, equation (2) is valid for cach timing channel
only if the time rcesolution c¢f the fission and spectrum detectors
are equal. In the pruscnt experiment the resolutions of these
two detcctors arc not equal and only average valucs of the fission
cross scction over wide energy bands can be deduced above 20 keV,
Ffurthermore, the neutrons reaching tho Pue39 traverse 0.15 in
nore aluminium (the chamb.r wall thickness) than those rcaching
the BFz counter. o corrcction has been made for the mean
transmission of 0,15 in aluminium whenever the aluminium cross
scetion differs from 1.4 barns, the volue allewed for by the
normalisation. 4 correction has also been made for the devia-
tion of the BlO(n,a) cross section freom 1/V above 50 keV.  The
Blo(n,a) cross scction used was taken from BNL-325 (8).

Fig.2 shows the Puc39 fission cross s¢ction as a
function of neutron energy up to 20 keV as determined for each
timing channel by equation (2). Only one set of data has been
taken and the timing channels have been widened to 1 psec to
improve thc statistics over this ensergy range. Below 10 keV
the data show the sawme fluctuations as those of Bollinger et
al (5>; maxinma at 1.2 keV and 1.8 keV and minima at 1.6 keV and
2 keV. Table 1 gives the mean fission cross secticn over four
energy ranges above 10 keV and alsc the mean fission cross
section fcund from BNL—525(6) and from the data of Allen and
Ferguson(7). The short energy range 55 keV - 75 keV was chosen
because the aluminiun cross scetion reuains below 2 barns and

therefore no fine structure is expected in the neutron spectrumn,
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over this range. The three sets of dota in T2ble 1 arce in fair
agreenent except over the energy range 10 keV to 15 keV where
the agreement is poor. ' '

Table 1

: ay . . .
average velues of the Pue?9 fission cross section above 10 keV

¥
°f (barns)
Encrgy range e -
(keV) Tressnt 3 BWL—325(6> Allen and
5 data § Ferguson
10 - 15 1.8 % o.1 2.35 -
15 - 50 i 1.92 £ 0.1 2.06 -
55 - 75 2.05 £ 0.1 1.82 1.95 ¥ 0.05
50 - 160 1.8 % 0.1 1.78 1.69 £ 0.05

4, Conclusion

The present measurcments of the Pu239 fission cross
section are in good agreement with the data of Bollinger et
al.(7) between 1 keV and 10 keV and show the same fluctuations.
above 20 keV the data are capable of giving the average cross
scctions over wide energy bands only. The data are fair agree-
wment with other measurenents above 15 keV and in particular with
the Van de Graaff neasurements of Allen and Ferguson. Between
10 keV and 15 keV however, the agreemcnt 1s poor. The measure~
nents could be improved above 20 keV by reducing the amount of
aluninium in the neutron beam and by using a speetrum detector
with a tilme resclution equal tc that of the fissicn detector.
Measurencnts with better resolution on a longer flight path
would enablc the background above 35.2 keV tc be ncasured.
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b) THE HYDROGEN GAS RECOIL COUNTER FOR NEUTRON FLUX
MEASUREMENTS BELOW 100 keV

P.H. White
Atomiec Weapons Research Establishment,
Aldermaston, United Kingdom

INTRODUCTION

The proton recoil gas counter has been used extensively
for the measurement of neutron flux up to several MeV(l). Accurate
me?hods of estimating the wall and end effects have been developed
(2), (3) and above 100 keV good agreement between the calculated
and observed shape of the proton recoll spectra have been obtained.
As a result the neutron flux can be measured to an accuracy of
about 2%.

As the energy is reduced below 100 keV aoéurate measure-
ments become progressively more difficult due to 1) the rounding
off of the high energy end of the proton recoil spectrum (P.R.S,)
due to factors affecting the resolution of the instrument and 2)
the enhanced effect of background.

This paper considers these factors in some detail and
shows that after proper allowance for them,‘accuracies of 3 - 5%
in flux measurement can be obtained down to 40 keV and probably
down to 20 kevV,

Description of the counter will be limited to the use a
a proportional counter since the noise level in even the best
present day equipment precludes the detection of such low energy
particles in an ion chamber. \

1l. RESOLUTION EFFECTS
Five factors need to be considered here. They are:
(1a) Target thickness
(1b) Beam energy spread
(1c) PFinite counter size
(1¢) Stekisties of ion production

(1¢) Elestronic Noise
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Other effects such as anode wire non-uniformity and end effects
are certainly present but in this energy region are small compared
to those mentioned above,

To compare thesetpfocesses the extrapolated end width of
the recoil spectrumaE in Fig. 1 will be taken as a measu.e of the
uncertainty*. All spectra will be referred to as if plotted on a
recoil proton energy scale.

(1a) Target thickness

Neutrons at 135 _from the L17(p,n) reaction were used as
a neutron source, For this angle the spread in neutron energy, and
hence-"‘-Et is approximately”0.5 t where t is the energy lost in the
target by the incident proton beam. t may be calculated from the
kxnown rate of energy loss of protons. '

0.13 keV cma/ pg in LiF at 2 MeV proton energ,
= 0,15 keV cm2/'ug in LiBN at 2 MeV proton ener;

(dE/dax)-

Targets of L13N wefe used in preference to those of ILiF

' since for the same energy'spread the neutron yield is over twice tha’

of LiF. L13N is stable in dry air and is therefore easier to handl:
that metallic Li targets, The target thickness measured using the
threshold method /{1), p.161/ gave target thicknesses always

. greafer than expected. The difference was attributed to an energy

spread in the incident proton beam.

(1b) Beam energy spread
As in the case of target: thiclmess the contribution Eb

'to ~E in the PRS will be O. 5 x the beam energy spread. The value

of this spread for the analysing magnet used was calculated to be
4 keV, giving a value of 2 keV for . Ey, and was confirmed by the
measurement of target thickness using the threshold method (see la).

#*If the distribution of proton recoils is given approx1mately by the
integral error functlon then it is easy Yo show that / L/ﬁ is given

by 30/ w(2.93 6/ u). . o
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(1c) Finite counter size
Recoil counters are usually used at distances between 0.5

netres and 3 metres from the neutron source and therefore subtend

an angle of several degrees at the source. The energy spread of

the neutrons passing through the counter can be calculated from tle
feaction dynamics(l). For this work the counter was 5 em diameter a-
and 78 cem mean distance from the target and gave an energy spread

of 3.5 keV, 2.5 keV, and 1,8 keV at 118 keV, 67 keV and 4O keV
respectively.

(ld) Statistics of ilon production

The fluctuation in the number of ion pairs produced leads
to a spreadst in the peak height. This fluctuation is not
entirely random and the detalls of the statistical process have
been discussed (1), (5). Quantitative measurements have been made

for electrons in argon and electrons in xenon.

Quoting the results‘givén by West if V is the variance
in the number of ion pairs produced (m ) then for ionising electrons
VO mo/3. However the low energy protons detected in the recoll
counter have velocities comparable.w1th the orbital velocity of the
electrons in hydrogen. In these circumstances (Fano sub note
6) 1t 1is believed that Vo= m, and will give a variance v! on the
nulse from a proportional counter of v! = 1.68 mys 2 result
different from that for electrons. Table 1 summarises the expectcd
value ofz:ES for different neutron energies.

TABLE 1

End widthf;ES due to the statistics on ion production

S

. . ’
Neutron Energy (keV) | 10 |20 | 30 |40 |50 iéo 70 180 |100

i

!

E, (keV) 2.2 {3,311 4.0 1 4.7 1 5.3 |
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(1e) Electronic Noise
The shot noise and grid current noise in the pulse

amplifier will also contribute to AE, The RMS noise voltage'vn
at the amplifier input is given by

v, =/ b kTR, (1/7)
where Lk is the Boltzman constant (1.38 x lO".16 erg/°C)

i the ambient temperature (300%)

Re the equivalent nolse resistance of the input
% value (300 $2)

T the electronic time constants (0.3 x 10f6 sec)

The recoil proton pulse amplitude v is given by

v = f£fE A
2
IC
where A 1is the gas multiplication (20)
I the mean ionisation potential (36 ev)
o the amplifier input capacity (60 pF)
f the reduction of the pulse height due to

differentiation (0.5) /See ref, L4

The quantityAE as defined is then given by

A = 3.1.0./ LT R, (1/7 ) . (1/A) (1/r)

Substituting reasonable values as given in the brackets
AE~ 3 keV, SinceéhEn 1s inversely proportional to A, a recoil
counter sheuld be operated with as high a value of gas multipli-
cation as is consistent with stable operation.

(1f) Summary

Measurements of AE were made at mean neutron energies of
118 keV, 67 keV and L4O keV, figures 1.~ 3. In all cases OHE could
be accounted by adding (vectorially) the constituent parts as dis—
cussed in 1 a to 1 e. For examplé at 4O keV the observed value
of AE was 6.6 £ 0.3 keV. The value calculated was
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| 20 ug target f 5 ug target?
! i ¢
{ Statistical 2B, 4,7 keV i 4.7 keV g
Beam energy spread OEy ; 2,0 ! 2.0 ;
Target thickness cE, 3.0 ' o.8 |
t H -

Finite Counter size ;&Ep § 1.8 § 1.8 ;
Electronic noise LE ; 3,0 % 3.0 ;
! !

i 6.8 keV 3 6.2 keV |

_ Changes were made in the target thickness 5 ug —~ 20 ug
of both LiF and LiBN, As would be expected from the above figures,
no significant change in&E from target to target was observed.

No attempt was made to reduce the proton beam energy
Pread to less than 4 keV although this would be desirable Ft
energies below L0 keV. |

In one measurement in which the counter EHT was reduced
and hence the gas multiplication A, an increagse in/AE was observed

 as indicated in le and confirms the need for a-high wvalue of gas

multiplication.

The recoil counter was operated with two values of hydrc-
gen pressure; LO cm Hg and 20 em Hg: no significant difference in
performance was noted between these two pressures, Therefore

the higher pressure is to be preferred as it gives the higher rate
of recoil events. ' ’

A pentode input amplifylng system was used for these
measurements. Triode conmection of the input valve would reduce
the noise level to a value not significant at energies greater
than 10 keV,

The recoil proton pulse height corresponding to EO was
found to be proportional to the neutron eneréy down to 20 keVv
neutron energy and any energy defect if preseht is less than 3 keV.
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2. [HE COUNTER BACKGROUND

The background for the recoil counter can be subdivided
into

(2a) High energy neutrons

(2b) Cosmic ray background

(2e¢) Electronic Noise

(2d) ©Neutron induced background
(2e) «v-ray induced background |

Practically all measurements made using a recoil counter
necessitate the use of a shadow bar in order to subtract the back-
ground of wall scattered neutrons, This ftechnique will also sub-
tract off accurately the background due to 2b, 2¢ and that part of
2e due to terrestrial radio activity. Provided of course that
these backgrounds are not too large.

(2a) High energy neutrons

These are present when the recoll counter is used at
background angles, with the LiT(p,n) neutron source and are due to
neutrons backscattered by the target backing. The backing shoulic
therefore be made as thin as possible. Subtraction of the back-
ground may present some difficulty since the PRS for neutron
energies much greater than Eo will, due to wall effects, give a
spectrum departing markedly from the ldeal spectrum,. To give a
reliable subtraction we should measure the neutron spectrum at the
position of the counter using perhaps time of 1fight methods.
However since the background is small, usually 5 - 10%4 a reasonable
estimate of the initial scattered neutron spectrum and hence the
PRS, may be calculated using the known scattering cross sections
for neutrons in the target backing. This may be checked against
that part of the spectrum at energies greater than EO as indicated
in Fig. 1.
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(2b) Cosmic ray background

Particles of charge 1 at minimum ilonisation produce
approximately 8 ion pairs/cm H, at NTP. In a typical recoil
counter with length 19 cm and H2 pressure 40 cm there will be
80 ion pairs produced in a counter length, This is the same
number of ion pairs that would be produced by a 2.2 keV proton.
This background will therefore be small for all recoil proton
energies greater than say 5 keV and to obtain a reliable estimate
of the recoil spectrum down *to Eo/3 the neutron energy Eo should
be greater than 15 keV.

(2¢) Electronic noise

The relative importance of this background is determined
by the absolute rate at which the neutrons are detected. However,
it i1s likely that the noise level will make measurement impossible
for energies less than a few times (5 say) the RMS noise level,
Using the figures in le, measurement would be impossible below
5 keVv. As in 2b the neutron energy should be greater then 15 kev,

(24) Neutron induced background

Inelastic scattering of neutrons and subsequent conversion
of the ¥-rays to electrons is not important below 90 keV neutron
energy for most of the commom materials used in counter construc-
tion (Al, Mg, Zr, Cu, Zn, Au, Ag). The one exception is iron
where inelastic scattering can occur from the 1li keV metastable
state in Fe?!, The use of iron as a cathode material is therefore

undesirable,

(2e) v -ray induced background
This background will include vy ~rays from the high energy
accelerator, from (n,Y) reactions in the target room and from the

decay of terrestrial radiocactivity. The y~-rays are probably con-
verted in the walls of the counter to electrons which are then
detected in the counter gas.
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The specific ionisation for 30 keV clectrons in
hydrogen is roughly 100 ion pairs/cm NTP(7), which is sufficient
to stop the electron in the counter length (19 cm at 40 cn Hg
pressure). This is then roughly the maximun energy which can
be dissipated in the counter by an electron.

: A large part of this background will be due to events
in-which the¢ ionisation has a large radial extent in the counter.
Such pulscs are expoected to-be slow rising compared.to the recoil
proton pulses(4> and the background can be recduced considerably
by the¢ appropriatc choice of differcentiating time constants.

A further reduction could be expected by the appropriate

choice of ¥ -scrcening material for the counter.

(21) Summafi;

A substantial reduction in the background (40%) was
obtained by interposing a 5 cnn thick lcad wall in the line of
sight between the counter and the high vcltage accelerator.

This combined with ekpofiments in which the proton bean was
stopped at various positions in the drift tube indicated that
the najor part of the cobserved backgrcund was due to y-rays fron
the accelerator and that very little if any of the backgrcund
originated in thc target. '

No obscrvable difference in y-ray background was
obscrved between LiF and LizN targets and no significant differ-
ence was obscrved in a change c¢f recoil ccunter gas pressure
fron 40 cn Hg to 20 cn Hg.

The optinal differentiation tine constants were found
t> be 0.7 Bsce for 67 keV neutrons and 0.4 Wwsec for 40 keV
ncutrons and is roughly that given by calculating from the elec—
tron ncebilitices in hydrogen the longest rise time for a proton
rceoil pulse, i.e., the collecticn timc fer the ions produced by
the proton rccril track with thc greatest radial extent.
Incrcasing the time ccnstant by a facter 2 incrcased the back-
ground rclatively by ~ 100%, rcducing the time constant did not
reduce the background nuch and nay well distort the recoil
spoctrun.

Well fitting secreens on the cylindrical wall of the
reccil counter were used to reduce the Y-backgrcund. 41y Cu,

o
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LAgy Pb and coubinations of thesce were tricd. A serecn of

0.150 cnn Cu + 0.025 cu Pb gave a reduction in background of 50%.
Although not actually tried a screcn of 0.075 cn Cu + 0,025 cn
Ag + 0.025 cmr Pb is expected tc give slightly inpreved scfééning
due te the better coverage of the photon energy range cver which
photoslectric abso rptlon can take placce and at the sane tine
give a slightly rcduced thickness of absorber. '

The usce of a screen of 5 cn thick lead gave rather
surprlslngly . backgrcund reduction of only a further lOm. it
was however not a goed fit t¢ the recoil counter.

The  y=screenssuggested will introduce oxtra’ inscatter-
ing of necutrons into the recoil counter. Howecver a calculation
of this c¢ffect gives %% 1nscattcr1ng fur a copper screen 0.15 cn
thick (verified experimentally atniéo keV neutron cnergy) and
any error in the inscattering shuuld anount to less than 1%.

With these C(ndltIﬁHS'thu Bpéctra gqun in flgures 2
and 3 werc obtained. The buckgrcund at.recoilliproton dnergies
as low as O. 3 E, is still cunparatLVle snall (& 20%).and its

Jre— . ————— L L et

subtraction should 1ntroducb no error. greater than 2%.

CONCLUSION
Recoil proton spectra heve been obtained at 67 keV and

40 keV neutron energy. The spectra can be cbserved down to
proton energies of apprcximately 15 keV and quantitative measure-
ments tc an accuracy of 3 - 5% should certeinly be possible.

Methods ¢f shielding fromyerays and the choice of
paraneters arc discussed and conmpared with the neasurcnents.
Light shielding of Cu + Pb + ig together with cptimal choice of
counter multiplication, electronic tine constants and target
thickness are the parameters which give the greatest iaprovenment.

Extrapclation ¢f the results to lcwer energies indicate
that the¢ present design of reccil counter is unlikely to be
useful at cnergics below 10 keV or for quantitative neasurements
below 20 keV.
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c) REMARKS Cif ABS LUTE dw VY-Sl ikBERT NEUTRCN C.PTURE CRO3S
SECTICNS DiTeERLINAD BY THS STHERE TReNSMISSICN amTHCD

H. #. Schmitt
Caek Ridge National Laboratory
Cak Ridge, Tennessee, U.5.:A.

Neutron absorption cross sections determined by the
sphere transmission method are, for kilovolt energies and heavy
elements, essentially equivalent to capture cross sections. The
method, because it does not require absolute determination of
neutron fluxes, allows, in principle, very accurate determinations
of absolute neutron capture cross sections. There are two
effects, however, which prevent arbitrarily small, statistically-
determined uncertainties. These effects concern (a) the de-
pendence of o, values obtained by this method on o., the total
cross section, znd (b) resonance self protection. In this paper,
we shall bring up to date our previously measured 24-keV capture
Cross seotions,(:L> taking advantage of recent total cross section
data.(2> we shall discuss briefly the resonance self protection

problem and the final uncertainties in absorption cross sections.

Recent total cross section measurements(g> have been
used to improve the accuracy of some of the absorption cross
sections reported in Ref. 1. Results of the measurements of
total cross sections for neutrons of 24 keV energy are as follows:
Ag,y 7.85 + C.2% barns; In, 6.11 + C.18 barns; 3b, 5.9% + C.14
barns; I, 6.69 + C.%6 barns; and su, 13.67 + C.28 barns.

The effects of changes and uncertainties in total cross
section are discussed in Ref. 1; performing the necessary analy-
ses, we obtain the following revised absorption cross sections
for 24 keV neutrons:
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Fremens | gibeceziion
‘Ag | 1127 + 80 mb
In 854 + 60 mb
3b . 578 + 45 mb
I 768 + 9C mb
Au 532 + 60 mb

In Spite of the improved accuracy of the new total cross sections,
the uncertainties in absorption cross sections have not been
changed from those given in Ref. 1; uncertainties in the re-
sonance self-protection corrections are sufficiently large that
no change seemed Jjustified.

The problem of resonance self grotection for spherical
3

(

recently discussed the problem for disc samples. In a proper

shells has remained unsolved. Dresner and Macklin ) have
analysis of the problem for either geometry, the multiple scat-
tering and resonance'self nrotection effects must be combined,

as indeed is done in these papers for disc samples. The problem
for the case of spherical shells is a formidable one. Dresner<5>
has discussed the problem of resonance absorption by a convex
body in a sea of neutrons; this treatment has been adapted to

the case of spherical shells.(G’l)

Approximation methods for
evaluation of the integrals were developed, Doppler-broadening
of resonances was included, and a means of avecraging over the
Porter-Thomas distribution of level widths was developed. It
has been pointed out by Dresner(6) that the resonance self pro-
tection effects would appear much larger indeed if Doppler-
broadening and the rorter-Thomas distribution of widths were not
taken into account. The elements listed above are the most
favourable of those included in Ref. 1; the resonance self pro-
tection correction is 15 percent or less in all cases. Un-
certainties conservatively assigned to the correction factor
raenge from 3C to 100 percent of the correction. The absolute
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gbsorption cross sections tabulated above, therefore, are to
~date the best we have available for heavy elements in the keV

energy range, as obtained from sphere transmission measurements.
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d) THE ACCULIl p0iaoU5ualT L NESUTRLN FLUX BY IHE BCHCN IIL”

D. w. Colvin and M. G. Sowerby,
Atomic Energy Research Establishment,
Harwell, United Kingdom.

1. Introduction

The accurate measurement of neutron flux has always
proved difficult. HStandard neutron sources have been used but
only in recent years have these been calibrated to approximately
one vpercent and usually they have a neutron energy spcctrum
markedly different from the neutrons being used in an experiment.
The Boron File experiment was designed to measure accurately the
average number of neutrons emitted per fission (¥). In the
course of this experiment, the neutron detector, the Boron File,
was accurately calibrated as a function of neutron energy. in
this paner the calibration and its errors are discussed. In the
final section possible uses of the pile which would help to im-
prove the accuracy of flux meassurement in the neutron energy
region of 30 to 10C keV are described.

The Boron file has previously been described in detail

(1,2) and therefore only a brief description will be given.

2. Experimental lMethod

The Boron File consists of a graphite stack with cubic
core of side 22C cms in which there is a 11 x 11 lattice of holes.
In each of these holes excent the central one there are two 5 cm

dismcter 10

BY, counters. Round this core there is a 35 cm thick
graphite reflgotor and 2 neutron shield consisting of C.4 mm of
Cd. inside 61 cms. of concrete. The central hole is key-hole
shaped with the circular part 10.1 cms in diameter. This assembly
has a counting efficiency of spproximately 63% for a neutron
source placed at the centre and when thce pile was designed it was
anticipated that the efficiency would vary by approximately 2%
over the fission neutron spectrum.
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, In order to measure the efficiency of the pile use has
been made of a reaction in which one neutron of known energy 1is
emitted, namely the photo-disintegration of the deuteron.
Leuterium in the form of tetra-deutero-methane is contained in a
gridded ionisation chamber which is placed at the centre of the
pile., Using the photo-proton pulses to trigger a gating system
the efficiency of the pile can be determined as a function of
neutron energy using ¥Yrays of different energies. Table 1
shows the ¥yrays that have been used. The proton beam required
for the (py) reactions was obtained from

Table 1
Calibration Y-rays

| A imat
Y ray vy ray Bmergy (MeV) | [ uthor Sneray (liev)
| i
mh ¢t 2.618 0.190 :
2Myra 2.757 | 0.265
9% (povy) 6.14, 6.92, 7.12 1.96
2751 (o) 11.135, 12.915 4.9

the Harwell-B ieV Van de Graaff,. It was necessary to carry the
proton beam to the centre of the pile so that the v-rays were
produced close to the ion chamber.

The gating system consists of two gates of the same
length, the "prompt" and the "background" gates separated by a
delay. The "prompt" gate is opened by the photoproton pulse
and the "background" gate is usually opened 15 milliseconds later,
The difference between the average neutron counts through the two.
gates gives the number of neutrons detected per photoproton pulse
(R)for the gate length used. The choice of gatce length depends
upon the experiment being performed; for a typical value of
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4 nilliseconds approximately 4% of the neutrons are captured after
the prompt gate and the cosmic ray background is C.2 neutrons per
gate. A feature of this system which is essential for precise
measurements is that the background is sampled close to cach
photoproton event.

3. GCorrections to Zxperimental Data

Only a brief description of these corrections will be
given as they will be discussed in detail in a future paper.
Therc are five corrections which will be described:

(a) The count rate effect.

(b) The overlap correction.

(¢c) The effect of the ion chamber and beam tube on
pile efficiency.

(da) The correction for neutrons captured after the
"prompt" gate.

(e) The variation of efficiency with position in
the central channel,

The count rate correction exists because the gating
system has a dead time circuit which does not allow the prompt
gate to open until after the background gate has closed. Since
the prompt gate 1s opened by the first photoproton pulse after
the end of the dead time there is less background in the "prompt®
gate due to photo-disintegrations occuring before the gate than
there is in the "background" gatec. The calculated magnitude
of this correction, which has been verified experimentally,
depends upon the ncutron mean life and upon the photoproton
count rate and is 2.5% for a count rate of 2C photoprotons per
second. The correction can be rcendered infinitcsimal by dupli-
cating the twin gates and triggering cach "twin" in turn, thus
using all photoprotons.

The overlap correction, which must be applied to the
value of R to allow for the decad time of the scalers used to
record the neutron counts through the gates, is small. - Typically
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a dead timec of 5 microseconds is used (3.5 microsecconds is the

c s ' 1
minimum set by the pulses from the 10

B F5 counters) and for this,
a 4 millisecond gate and a neutron background of one per gate the
correction is C.25% of R. This correction may be accurately
calculated for the neutron probebility distributions used and

introduces no error.

The deuterium ion chamber and the beam tube reduce the
efficiency of the pile. Care was taken to minimize this effect
by using, as far as possible, materials with low thermal absorptio:
cross sections but even so i1t is important because the maximum
of the thermal neutron distribution occurs at the centre of the
pile. The effect has been measured by obsecrving the reduction
in the counts of Radio Thorium,D,0, 240y, (spontancous fission)
and Fu-Be neutron sources, placed at the centre of the pile, pro-
duced by the Ion Chamber and the beam tube. The results were
normalised to the thermel neutron density distributions calculated
by Age-diffusion theory assuming the pile had no reflector so
that the c¢ffects could be predictcd as a function of neutron
energy. Table 2 gives the reduction in pilc efficiency obtained.
The errors in the quentities are + 0.15.

Table 2

Reduction in File Efficiency producecd by the

Ton Chamber and Beam Tube

g + Beam Tube
{0.190 (Rd Th D,0) 1.02C0

0.265 (°*a) 1.0197

2.c (9% (p,ev)) 1.0141 1.0273

5.0 (741 (p,v)) 1.0102 | 1.0195
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A small fraction of the neutrons are captured after the
"prompt" gate has closed. It is found experimentally that for
times greater than 2 milliseconds after the opening of the gate
the rate of neutron capture is exponential in form with a charac-
teristic mean lifc which is slightly dependent upon the ebsorptisn
of the ion chamber and beam tube. The correction can bc made in
most runs to an accuracy of + 0.1%.

There are two 10B F5 counters in all the lattice holes
in the pile core except the central one. Because of the counter
construction all the neutrons captured in the B10 within % cms of
the counter are not recorded. This causes a dip in pile ef-
ficiency at the centre which though small must be allowed for in
all thce runs. It is found for instance that the efficiency in-
creases by 1.002 if a2 fission source is moved 3 inches away from

the centre of the pile.

4, TExperimental Difficulties and Possible Errors

Electrical interference caused much difficulty during
the calibration of the pile even though many precautions were

taken. The effect on the neutron counters was not serious but
for the ion chamber much trouble was cxpericnced particularly
when ThC'' and 24Na Y-reays were being used. The problem weas

reduced by only accepting pulses in anticoincidence with pulses
from an aerial and by making frequent '"mo source? runs. This
technique introduces a small correction because there is likely
to be less pick up in the "prompt" gate than in the "background®
gate.

During the experiment i1t was found that the Van de
Graaff becam was modulated at 5C c¢/s because of the interaction
of the beam with the magnetic field of the belt motors. Since
the ¥Y-rays produced by the beam give risc to neutrons this means
that the neutrons recordcd by the pile were also modulated.
The photo~-disintegration are most likely to occur in the peaks of
current and if the "background" gate opens after 15 milliseconds
delay an incorrcct background is obtaincd. This error can casily
be climinated by using a 2C millisccond dcelay.
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1,

Cne of the most importent cffects thet must be checked
is thb pOSSlblO anisotropy in the Boron File LfflClpncy. It is
possible to imegine that because of streaming down the lattice
that neutrons starting out porallel to the lattice will be de-
tected less efficiently than those starting perpendicular to the
lattice. Experiments have been done with 2+ Neo Y-reays making
use of the anisotropy of the photo-neutrons. No evidence for
ony anisotropy in cfficiency was found within the experimental
error of + O.4%. It is therefore belicved that any anisotropy
in efficicncy ceannot affect the calibrotion of on isotropic
source by more than C.1%.

5. Results of Calibration :

Tablc 3 gives the list of errors that oxist in the

calibration of the Boron File ncglecting the stotistical errors.

The statistical crrors vary for the different calibration points,
for Th C'' ~nd Al v-rays (i.c. C.19 2nd 5 iicV neutrons) the
statistical accuracics arc + 150 and 1.7 rcspectively. For 24Na
and 19F (pay) Y-rays the statistical accuracy is negligible in
comparison with the errors (+ <C.5%) in the ncutrons detected

240Pu and 2520f which have bean

from the spontancous fission of
used as stondords. It is found within cxperimental error that
21l the measured c¢fficicncies 2re the same. The absolute
cfficiency is approximatcly 63%% (the cxact value depcnds upon
cxperimental conditions) =nd it is known to an accuracy of
0.5% for a fission spectrum.
Table 3
Errors in Calibration

Error % Zrror in Efficiency

Effect of Fick up . 0.C3
Von de Graaff beam modulation , C.C5
Cverlap corrcection C.05
Efficicency chenge duce to lon Chamber G.1

end Becam Tube
Correction for Weoutrons captured 0.1

after "prompt" gate
Variation of Zfficiency with position C.05
Anisotropy in efficiency C.1l

alectronic Stability C.0%7
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6. lieasurement of Neutron Flux in the energy range 1-100 keV

It hes been secen in the previous section that the Boron
File Efficicncy is known to the order of % for neutrons of ap-
proximately 200 keV. It is not expected that the efficiency
will be altcered significantly for neutrons of 1 keV because
neutron leakage is unimportant and the probability of capture
during the slowing down from 2CC to 1 koV is small. Therecfore
the Boron Pile is a detector whose efficiency is well knownin
the energy region of intcrest and it is worth considering what
contributions it can make to the problem being discussed at this
symposiumn. Rather than put forward a programme of work some ide=a
of thc problems that can be tackled will be given. after the
symposium a decision can be made on the experiments, if any, that
can be done, influenced by any comments you would like to make.

The Boron File can be used to measure the strength of
sources. There are difficulties because many sources used as
standard contain fissile material (¢.g. The Harwell spontancous
fission source contains 179.93 grms of plutonium 9C.6% of which
is 259Eu) and multiplication is caused by neutrons interacting
with the source after thermalisation. A programme of source
calibration is taking place in conjunction with ¥.P.L. and

Avw.R.E
o N e «itoe

The mceesurements made during the past year have included
some measurcments of ¥ as a function of ncutron energy. In
ordér to do this a ncutron shicld zand collimating system have
been sct up so that a collimated ncutron bcam, obtained =t 0°
from (p,n)} reactions produced by the Harwell 5 NeV Van de Graaff, ~
is passed through the central hole in the pile. The neutrons
arc not belicved to be scriously contaminated by scattering from -+
the collimator walls because the beam is only accepted over a
so0lid angle of 16™% ragians. It is possible to measure the
ncutron beam intensity by placing a graphitce scatterer at the
centre of the pile. Therefofe, it is possible in principle to
measure the efficicency of a fast neutron detector. Such
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measurcments will probably be difficult because of the low in-
tensity of the neutron beam but since -high accuracy is obtainable

they would appear to be desirable particularly if a standard
detector is adopted.
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e) STANDARD CROSS—SECTICN PCR NEUTRCH FLUX
MEASURENENTS BETwEEN 10 keV AND 10C keV

R. Batchelor,and J. F. Barry

Atomic wWeapons Research

Establishment, Aldermaston,
United Kingdomn.

1. Introduction

The mcasurement of any partial cross-section for a
reaction induced by neutrons requires the measurement of neutron
flux.

There arc basically thres methods of measuring neutron
flux:-
(1) Absolute methods including, c¢.g.,
(a) Ionitoring the assocliated a particles from the
T(d,n)He" reaction in the case of 14 LoV
ncutrons.
(b) Detection of protons produced by the D(y,n)p
reaction; cach proton corresponds to the
emission of one neutron.

(2) Methods based upon an accuratcly mcasured cross-
scction, which in this rcport will be called =2
standard.

(3) Methods based'upon the use of a previously cali-
brated detection system - a secondary detector,
e.8., lonzg counter, mangancse sulphate bath.

In general absolute methods are very limited in appli-
cation. Secondary dctectors are either limited in application,
cumbcrsome to us¢ or are not capable of yielding high accuracy.
Consequently licthod (2) is that generally cmployed for rcasonably
accurate measurcments over a wide energy range. Fortunately,
the (n,p) scattering cross-section is accuratcly known and this
serves as a very convenient standard for fast neutron flux
meesurements above about 10C keV. However, below 1CC keV a
severe practical difficulty arises since the rocoil protons do
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not have sufficient cncorgy to be detected with precision. Con-
sequently it is necessary to look for enothcr standard appliceble
to this energy region. Such a standard should fulfil the
following requirements:-
(1) The cross-section should be accuratcely known
or should bec capable of measurement - hopefully
to about 1% - over the required encrgy range.
This implies that the cross-section should vary
smoothly with cnergy.
(2) The reaction should have a positive ~valuc.
(3) 4 convenicnt dctector bascd upon the standard
can be constructed. This implics that the
cross—~scction should be of the ordcr of 1 barn.

Thesce requirements limit the choice of standard to onc
of thrcc rcactions:-

Blo(n,a), Li6(n,a) and Hea(n,p).

2. Status of Cross-Scction ILicasurcments and Fossible Future

Improvemcnts

The prcesent stotus on measurcmentsof these cross-scctions

can be sceen in Figurces 1, 2 and 3. we con summerisce the in-
formation in the criticel region 1 kcV to 100 keV as follows:-

Blo(n,a)I- Only one set of dircct measurcments oxist
(Bischel and Bonner 1957). These measurc-
ments arce normalised to the 1/v -value at
2C keoV,. Bergman and sShapiro (1961) suggest
that the constant term of the correction
to the 1/v law is -C.4C + 0.03 barn.

.6 - . .
Li“(n,e):- Scveral independent measurcments exist
with devistions up to 30%.

5 . : .
HcA(n,p).~ There are two indirect mcasurcments:-—
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(a) By Bergman and Shapiro (1961)
suggesting that the constant term
correction to the 1/v law is -1.1 +
0.2 barn.

(b) By kacklin and Gibbons (1958) who
cesured the inverse reaction T(p,n)
to an accuracy of about 1C\..

Cbviously nonc of these cross-sections are as yct known
with sufficient accuracy to be adopted as a standord so we must
now enquire into possible methods of improving thoesc accuracies. .

A paper study at A«RE has shown that the total ab-
sorption cross-scction for Blo could be measurcd to an accuracy
of 2 or 3% using the spherc transmission technique. The Li7(p,n)
reaction would bc uscd as a sourcc of ncutrons and the detector
would be a spherical (2nd hence isotropic), fission counter
(cither U235 or Pu259) of the gas scintillation type as described
by white (1962). Transmission measurements would be made with a
spherical shell 10 cm intornal diameter, 12 cm oxternal diamcter,
surrounding the detector, To obtain a 2% accuracy on the ab-
sorption cross-scction at 3C kecV, it would be nccessary to measure
the transmission to about 1.

Corrections will be required for multiple elastic col-
lisions in the shell and their magnitude will be a function of
the elastic scattering cross-section and elastic sngular distri-
bution for thc nuclci in the shell and also the cnergy variation
of the fission cross-section of the material used in thce fission -
countgr. Calculation hes shown that a 14 error in O olastic
at 30 keV would lcad to a 2% crror in ebsorption cross-—scction. i
If the fission cross-section is known to 10% at 10 keV relative
to the 3C keV value, then the uncertainty in af will lcad to an
uncertainty in transmission of €0.65.

It sppears thercefore that this method is crnable of
yiclding 2 2 - 3% measurcment of the absorption cross-scction of
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Blo. The method is also applicable to Li6 and should lcad to

similar accuracy but is not practical for He? (if helium geas is
considered a shell containing several hundred atmospheres pressurc
would be required).

It must be stressed that this experiment mcasures the
. . . R
total absorption cross-seciion. In the case ¢f ILi~, this 1is

. . , . s
equal to the Li~(n,e®) crosc-section, apart from a negligible
correction for the Li6(n,v) reaction.  However, this is not the

case for Blo

, Since (n,p) and (n,t) recactions are energetically
possible and may contribute to the extent of several per cent of
the total absorption cross«section in the energy region under
consideration. At the pfesont time it is difficult to sece how
the (n,p) and (n,t) rcaction cross-~sections can be measured, even
crudely.

6

Because the absorption cross-section of Li~ is lower

than that of Blo, the thickness of the Li shell would have to be
about 5 cm. This would not introduce eny difficulties, although
considerable carc would have to bc taken in fabricating o lithium

shell of high chemical purity.

3. Detector for Flux iccasurcments, based upon the Standard
9 e

Cross-Sccetion

The previous section has led us to the view that, of
the three reactions under consideration, it is most likcly that
the Li6(n,a) cross—scction can be obtained most accurately.

It 1s desirable for any detector for flux mcasurecments
to have the following properties. (e are primarily considering
the measurement of flux from the Li(P,n) reaction, the protons
being accelerated by a Van de Graacff; these considerations may
differ slightly for LINAC experiments.):-

(1) TFast rcsponse (L10 ns).
(2) Rcasonably high efficiency (about 10—4).

(3) Low vy sensitivity.
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(4) Reasonably small physical size.
(5) B

The fast rcsponse is required so that time of flight
selection can be employed to differentiate required flux from

.6 .
or Li~ content can be determincd accurately.

background flux. It must be borne in mind that to cover the
required cnergy region it is necessary to use the Li7(p,n)
recaction at backward anglcs. The direct flux is thercfore low

whercas the background flux might be relatively high and will be
counted with high efficicncy.

In considering thce efficicney let us takce a represent- 7
ative case for 20 ke¢V ncutrons; Li7(p,n) rcaction, En = 1.97 eV,
8 = 120°, with a pulsed proton beam of pulsc width 10_85, auty
cycle 1 in 10, incident on a Li7 target, 15 keV thick, the flux at
a detector placecd 2C cm away is~5 x 105/0m2 s for 5 WA mcan
pulscd current. The corresponding encergy resolution is 20%
(sufficicnt for time of flight selection). -If the detector is
assumed to bc 3 cm dicmeter, then to obtain a counting rate of 5
per second it is necessary to use an equivalent thickncess of
1.4 mg/cm2 and C.7 mg/cm2 for Li6 and Blo

respectively.

The restriction to a fast response allows only two
types of detector, presently known.  Thesc arc solid state de-
tectors coated with thin films and loaded glass scintillators,
Although the solid state detector is very attractive, it must be
ruled out since thce film thickness has to be restricted to
X 10C “g/cm2 to avoid excessive loss of cnergy by the reaction
prgducts én the film. Glass scintillators, loaded with cither .
Ii L

or B have high c¢fficiency, but the problem of determining
the number of active atoms in them is acute. Failing an accuratc

chemical analysis it should be possible to calibrate at, say, :
C.025 eV with a chopper. Such 2 calibration must be made with o
scintillator having relatively low ebsorption and this reguircment
conflicts with the need for high efficioncy in the 10 kc¢V - 10C keV

6

region. Howecver, a Li- glass is commercially available having

a thickness of %.2 mm and conteining 2.5% natural lithium. This
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transmits about 87%gof thermal neutrons and corresponds to an
equivalent thickness of 1.4 mg/cm2 Li6. Moreover, this scintil-
lator, unlike a boron loaded scintillator, exhibits cxcellent

discrimination against ¥y rays.

Calibration in a 0.025 ¢V beam would nccessarily depend
on a prccise 0,025 eV (n,®) cross-section valuc. No direct pro-
cision measurcments of Blo(n;u) and Li6(n,a) exist although trans-
mission data are available.

4, Recommendations

On the basis of the above reasoning we recommend that
the Li6(n,a) rcaction be'adopted as the primary standard for flux
mcasurements between 1C keV and 10C keV. W#e have choscn this
because

(a) A prccise method of measurcment of this cross-
section is fcasible.

(b) A simple and yet adequate, detector for
mcasuring flux is available.

For theése recommendations to be effective 1t scemshighly
desiraeble that an acecurate measurement of the C.025 ¢V cross-
section for Li6(n,a) be made.
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) °: NEUTRON. CaTTURE IN U228 AND THE RaTIC
OF CAPTURE TC FISSICN IN U235

L. . %ieston, G. de Saussure, and R. Gwin
Cak Ridge National Leboratory™*
Oak Ridge, Tennessee, U.S.A.

Abstract

Large liquid scintillator tanks have becen applied to
the nmeasurcment of the capture cross section of U238 at 30 and
64 keV  and the measuremcnt of the ratio of capture to fission in
U235,  The ratio of capture to fission in U235 is being studied
- over a wide neutron encrgy range (4 ¢V to 7C0 keV) by two dif-
ferent mcthods. '

I. INTRODUCTION
The ratio of capture to fission in U235 and the capture

cross scction of U258 arc being studicd in an effort to satisfy
the requirements of reactor‘physics, as well as to better under-
stand the processes involved. The U238 capture cross-scction
mecasurements are at keV neutron energies where the cross section
is not well known because of thc onset of p-wave and higher 4
wave re~nctions. This cross scction is of "particulor interest
becruse 1t appears td hove an ~bnorm2lly high p-w=ve contri-
bution. The ratio of capturc to fission in U235 ot neutron
energies higher than thermel is of prime importnncc in the design
of reactors with =an appreciable froction of neutrons at inter-
medinte cnergies. This ratio has been mecasurcd in the neutron .
energy range from 10 to 70C keV, ~nd measurcments down to~4 eV
have becn undertaken.

The neutron capturc cross scctions of U235 ~nd U238 are
measured relative to the fission cross scetion of US22, Not
only src these ratios of direct interest in resctor physics, but
for U235 the ratio comcs dircectly from the cexperiment since the
cnpture cross scction is obtained by discriminnting capture events

* COpernted by Union Corbide Corporntion for the U.S. .tomic
Energy Commission.
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from fission cvents. The alternative stondnrd cross sectlon,
Blo(nq a¥ ), is not used in this case because it would cntail the
use of o separate scintilletion detector with resultont aiffi-
culties in comparison of dectector éfficiencies and time of flight.
These difficultics, which arisce because of the low gemma-ray
cnergy from the Blo(n, aY) rcaction, can also be ~voided by thc
usc of In(n, ¥), and this reaction is in fact used here =2s a sccond

stondard.

II. NZUTRCN CAPTURE IN U238 AT 30 AND 64 kcV

Measurcments of the U258 capturc cross scction at neutron

encrgics of 3C and 64 keV werc corricd out by the technique des-
cribed by Gibbons, liacklin, killcr, ~nd Neilerﬂ2>
the CRNL 3-MeV Van de Graaff which were Just above the threshold

of the Li(p,n) and T(p,n) recactions werc incident on = trrget

Frotons from

placed sabout 10 in. from =2 sample located at the centre of the
-~ 2-neter-diam liquid scintillotor tank showm in Fig.l. Kine-
matically collimnted neutrons were thus produced in such a way
that 211 neutrons penetratcd the sample but did not strikce the
conicel centre tube of the scintillator. The proton beam wns
pulsed with o width of ~1C ns at 8-Mscecc intervals so th~t the
time~of-flight technique could be used to distinguish neutron
absorption gomma rays from gomms rays produccd by the (p,¥Y)
rcaction in the target. The time resolution of the ligquid
scintillator using n crossover-pickolf type discriminf{torB’4 was
~24 ns under operating conditions.

Repetitive meaosurements were mede with samples of U258,
s
flux. Both time-of-flight spcectra a2nd pulsc-hecight spectra were
obtained so th~t backgrounds could be subtractcd =md the scintil-

, and In to minimize the c¢ffcet of changes in the ncutron

lation tank efficiency determincd.

The uronium semples were in the form of pressed discs
of Uz0g, ¢ach 6 in. in diamcter and containing 1 wt% paraffin ns
a binder. Eoch disc wes c¢ncasced in 2 steel contalner (C.CCl-in.-—
thick walls). The In sample wns o metallic disc, also 6 in. in
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diameter. Thicknesses of the U258, UZBB, and In samples were
C.00575, €.00280, and 0.0121 atoms/barn, respectively. The

U2 sample was chemically purified a few hours before irradiation
to reduce the amount of radiocactive contaminants which caused
background in the scintillation tank.

The cfficicncy for detecting capture cvents in U258

and absorption cvents (copturc or fission) in U255 above the
2.75-liecV bias was determined by the cxtrapolation of pulse-height
spectra to zero. Mejor contributions to experimental errors
werc the uncertainty (5%) in the relative tank c¢fficiency and the
variation of the neutron flux (5%), the latter being quite sen-
sitive to proton encrgy ncar threshold. The results werc cor-
rectcd for the ratio of the resonancce self—protection(5’6) and
average path length(7) in the samples.

238 235

Ratios of the U capture cross section to the U
absorption cross scction were found to be 0.15C + 0.0l2 at 30 keV
and C.126 + CG.Cl0 at &4 keV. Using values ofczfor'U235 reported
in Section III, ratios of the U200
U255 fission cross section were determined to be 0.206 + 0.017
at 30 keV and C.166 + 0.Cl4 =2t o4 keV. Assuming valucs for the
U255 fission cross section from BNL—525(8) to be 2.58 + 0.16
barns at 30 keV and 2.05 + o.lgsgarns at 64 keV, onc obtains

U

+ G.5% barn 2nd C.34C + C.034 barn, rcspectively. These results

capture cross section to the

corresponding velucs for the capturc cross section of C.531
are compared with previous data in Fig.Z2. Agrecment is good in
most cases, and the sgreement with previous CRNL messurcments

is w¢ll within qguoted crrors.

Measurcments with the In sample provided 2 sccondary
standard n, Y cross scction as a check on the experiment. A
comparison of thc results is shown in Table I, The agreement
is within errors, and it can be concludecd that thcere should be
no large systematic crrors in the neutron monitor.



_6’7_

LIQUID AIR TRAP

SCINTILLATOR

——— TARGET

PHOTOMULTIPLIER (8)

4-in-THICK
LEAD SHIELD

Fig. 1. Scintillator Tank






- 69 -~

Table I. Values of ¢, for U920 at 30 and &4 keV

¢y (30 kev) Ty (6% KD
U222 Nonitor 0.531 + 0.053 b 0.340 + 0.034 b
In ixonitor 0.557 + 0.056 b 0.281 + 0.028 b

ITT. RATIO OF CAPTURE TO FISSION IN yo32

Preliminary mcasurcments of a, the ratio of capture to
fission, for U255 héve been made from 1C to 700 keV. The large
scintillator tank shovn in Fig. 1 was again uscd to dectect the

capturc or fission gamma rays which follow neutron absorption in
all cases., Two basically different methods of discriminating
between fission and capturce cvents werc used. In thoe first
method the liquid scintillator was loaded with gadolinium so
that the fission neutrons could be detected and in the second
method the ~5-g U255 sample was in a fission chamber which was
used to dectect fission fragments.

It is fortunate that in the measurcment of eno dircet
measurcment of thce neutron flux is nccessary. The U255 fission
cross scction cutomatically bccomes the standard cross section
for the mesmsurcments, and, since both fissions 2nd caytures arc
observed simultoneously in the samec sample, effects of resonance
self-protecction and multiple scattering cancel to a large cxtent.

- This method of mcasuring ¢ was developcd and discussed

in detail by Diven et gl.(lo’ll) The major differencc between
their cxperiments and the present oxperiment is the use of the

time4of—flight technique to determine ncutron cnergies below

100 keV. The method is usable sincce fission cvents can be dis-
tinguishcd from capturc events by =2 liquid scintillator loaded
with gadolinium (or cadmium). A capture gyeont is charscterized

by =2 pulse due to a singlc fast cascade of gommo rays while o

fission cvent is charccterized by 2 pulsc due to prompt fission
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gamma rays followed by additionnl) pulses a fow Wsec later due to
amma rays produced by the capturc of fission ncutrons in the
gadolinium-loaded solution. R

In this method for measurdrng e, the neutron-producing
target (Li7) Was‘placed outside the seintillator tank S7 -cn from N
the U255 sample, which was in the centre of the tank. The samplc
consisted of 2C ‘discs, each 2-1/8 in. in diameter and C.Ol in.
thick, speced 0.1 in. apart. Hoch disc weighed 10 g. A col~
lim~tor of Li6—loaded paraffin shiclded the scintillator material
in the tank from dircct ncutrons from the target. Figure 3 shows
oo block disgrm of thc experiment. The scintillator uscd in the
tank was diffcrent from that previously used in that 16 g per
litre of gedolinium 2—ethylhekoate wrs dissolved in the solution.

‘ Above a ncutron encrgy of 1C0 keV the timce of flight
of the neutrons was used to discriminatc ageinst background.
Below 10C ke¢V the time of flight was used to determine the neutron
energics c¢xcept at 30 k¢V at which cnergy approximatcly mono-
cnergetic ncutrons can be obtained with the Li(p,n) recction.

Pulses from the scintillestor taonk corrcsponding to an
2bsorbed gammn-roy energy of more than 2.75 MeV were accepted for
analysis, Two microscconds after an event in the tank 2 32-
bscc~-wide gote was opened to inspect for delayed pulscs <bove
1.9 MeV due to the ebsorption of thermalized fission ncutrons in
the gadolinium. The efficicency for determining an cvent to be
a fission waos 87%. If an cvent was followed by a delayed pulse
(and thus was most probobly n fission ¢vent), the time-of-flight
signal boeing taken in the anszlyzer was transferrced to the second
half of thec analyzer mecmory.

From such data, the rotio of capture to fission (&)
could be determinced with the relation:

(5.7.)p ¥/ -C,(1 - B)7 - [C,(1 - P)7
(S.F.)c (1 - PT) - YPT
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where
vy = ratio of events not followed by declayed pulses to
events followed by delayed pulses, '

C = probability that no delayed pulses would be detected
following fission (0.125 # 0.007),

P, = probability that en cvent would be followed by nn
accidontal background pulse ~5%),

(S.F.)F/(S.F.)C= spectral fraction ratio, i.e. the ratio of the
fraction of fission pulses detected above the
electronic bias to the fraction of capture
pulses deteccted above the bias (1.14 + C.08).

The ratio ZTS.F.)F/(S.F.%P7 was determined by studying
the pulse-~hecight spectra of cvents 2t 30 and 600 keV. Figure 4
shows the pulsc-hecight spectra resulting from capturs and fission
cvents. The fission gamma-raysspcectrum was cxtended to zero bies
with the usc of a coincidence measurcment between the scintillator
tonk and o fission chembcer, Thc capture pulsc-hecight spectrum
wes extrapolated to zero with the help of Ionte Cnrlo calculations
donc by kecklin et El.(lg)

The probability Fqp was measured by observing whether a
pulse occurrcd in o randomly gencrated gate identical to the one
uscd for inspceting for fission neutron cvents. The probability
Co wns measurced with the use of a fission chamber containing~5 g
of U235.

neutron burst, the samc grte that was uscd for the thick sample

Whenever a fission fragment was detected during the

experiment was applied to determine whether there was a detectable
fission ncutron pulsc during the gatce.

For monoencrgetic neutron mcasurencnts, Y was taken to
be the ratio of the area in the time-of-flight pesk characteriscd
by decloyed cvents to the area of the penk characterized by de-
l-yed events. For time-cf-flight runs, a chonncl-by-channecl
roatio or the sum~over-a-few chonnels ratio was uscd. A diffi-
culty which was c¢ncountered in this procedurs is that there
appearcd to be 2 slight shift in tine (~4 ns) between capture
and fission events. This is not completely understool but is
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probably due in part to the cenergy imported to the scintillator
by the scattering of fission neutrons which occurs o few nano-
scconds after the prompt fission gamm~ rays nre emitted.

Preliminary results of the experiment are shovwn in
Fig.b. Signific-nt crror reduction is cxpected as improvements
in the cxperimentol techniques are developced.

Fission Chomber Ilus Izrge Licguid Scintillator hcthod

In this method of mcasuring &, both capture and fission
events wcere detccted by the liquid scintillotor while fission
olone was detccted by menns of 2 parallel-plate fission chnmber.
By tecking coincidencoes ~nd snticoincidcences between the fission
chamber ~nd liquid scintillator, e could be detcermined. This
mncthod was npplied ~t noutron encrgics of 3C and ©4 keV in pre-~
paration for its use at lowver neutron encrgies with an clectron
linenr ~cceloerator. It is limited to those two energics in Van
de Grooff cxperiments beczusce of ncutron intensity requircments.

The technigue was cssentially the same as that used in
the U200
lel-plate fission chomber contoining ~5 g ova255 wos the sample.

measurement described in Section IT uxcept that a paral-

The mensurement consisted of gating a pulsce-height analyzcr over

a "prompt interval™ which covered the time neutrons pessed through
the fission chomber and at a "background interval" in order to
mecasurce the background simultancously. Figure 6 is o time
spectrum illustrating these intervals. Th¢ poor signal-to-
background raotio made thce simultoncous measuremcnt of the back-
ground nccessary. The pulsce<height annlyzer was thus routcd

into four scctions according to time intervzl ~nd whoether there

was a fission-chamber pulsc in coincidcence.

Aftcr backgrounds werce subtracted from the pulsc-height
spectra, 2 rission pulsc-hcight spoctrum end 2n anticoincildence
spectrum conteining prcdominantly capturce werc obtaincd. The
two spectrn requircd correction for the fact that the fission
chrmber wers only~70% cfficient in dctecting fission fragments.


http://predomin.or.tly
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Pulse~Height Spectra of Capture and Fission in

U235 .
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The fission chomber efficiency was determined from the pulse-
height specctra by using the assumption that no capturc gamma ray
pulses should exceed 10 kicV (scc Fig.4). The reclative cfficicency
of the scintillator to deteet the two types of cvents above the
bics was dctermincd in the seme manner as described in the
previous section.

Teble ITI shows the results of this cxperiment and 2

(10)

comparison with datza by Hopkins 2and Diven. The agreement

between the two experiments is exccllent.

Toble II. Valucs of e for U235 at 30 and 64 keV

30 + & koV)  e(6h + 20 keV) 2020 KO

This cxperiment C.372 + 0. 026 0.315 + C.060 1.181 + 0.260
Hopkins and 0.376 + 0.036 0.327 + 0.024 1.115 + 0.1%5
Diven(10) - -

This experiment illustrated the applicability of this
method of mcasuring e over a wide neutron energy range below %0
keV with on clectron linesr n~ccelerator. A co-opecrative experi-
ment between C2ANL and Renssclaer Polytechnic Institute has becn
initiated with the co=-operation of J.E. itussell end R. /.Hockenbury
of REI. Figure 7 illustrates part of the preliminary data.
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g) THE Mn SOy BATH METHOD FOR NEUTRON FLUX MEASUREMENTS TI1 THE
| INTERMEDIATE ENERGY REGION

W. Pdnitz and G. Brudermiiller
Institut fur Angewandte Kernphysik,
Kernforschungzentrum Karlsruhe, F.R. of Germany

Abstract:

The neutron flux from the Li? (p,n) Be” reaction near
The threshold has beeﬁ absolutely determined using-a Mn SOy bath.
Details of the experimental procedure are discussed. A prelimi-
nary measurement of the capture crnss section of gold yielding
670 mb at 30 keV has been performed.

1. INTRODUCTION

The Mn S0y method has been frequently used for the
determination of radioactive neutron source strengths (1 ~ 4)
and for the measurement of neutrron yields in fission (5). In
these experiments, the neutron source is placed in the centre of
a big tank contalning an aqueous Mn SOy solution. A high (and
well-known) percentage of the slowed-down neutrons is captured
by Mn55 leading to the 2.59 h - activity of Mn50. After the
irradiation, integration is performed by stirring the solution
and the activity of a well-defined quantity of the solution is
absolutely counted. 1In this way, an absolute accuracy of about
2 per cent in the source strength determination can be achieved.

It seems worthwhile t» apply the same method to the
absolute measurement of neutron fluxes on collimated neutron
beams, in particular in the energy region 1 - 100 keV where good
standard cross sections for absolute measurements are rare. There-

fore, the investipgations described in this paper were started,

2. EXPERIMENTAL ARRANGEMENT

The Mn S0; solution was contained in a glass sphere with
a volume of about 50 litres, Neutrons entered the sphere through
an enbrarnce channel made of quartz (see Fig. 1). In order to avoid
collimators, the kinematic cullimation of neutrons Znto the
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forward cone close to the threshold of the Li7 (p,n) Bel reaction
was employed. The proton energy of the van de Graaff accelerator
was contrslled in such a way that the half angle of the forward

cone did not exceed 10°E) sn that no neutrons could hit the walls

of the entrance channel before they had reached the centre of the

tank. The neutrons thus formed a narrow energy group around 30 keV
as can be seen in Fig. 2 where the calculated neutron spectrum. from

a thick Li target for several cone opening angles 1s shown.

3. THE DETERMINATION OF THE Mn56- ACTIVITY

After each irradiation and after ztirring the solution,
4,000 -&m> of the solution weré-filled into a perspex container.
-1

The intensity of the 845 keV ¥ peak was counted using two 3" x 3
NaI(Tl) crystals, see Fig. 3.

This counter system had previously been calibrated in the

follow1ng Way Mn 804 . H20 powder was activated by thermal neu-
trons and was carefully mixed after the 1rrad1atlon. From this
materlal pellets as shown in Fig. 4 were prepared The act1v1ty
of these pellets was determined absolutely by the 4“8 Y - coinci-
dence method The spe01fic activity (decays per gramm and per
sec) is given by (6)

aLMn56 = P | ‘,“Y __g_-}__ mf_({»q‘) . (1)

Here, NB* N; end “c are the counting rates in tie B-,
y- and coincidence channel, respectively. G is the weight of the
Mn SO0y . HoO in the pellet and f(d) a correction factor depending
on the sample thickness d., For d-»0, £(d)-»1; therefore, by
extrapolation of1%§%?t to G~»0, the true specific activity is
obtained. Fig. ¥ “shows this extrapclation which should give
a very precise value of the specific activity.

#) The respective setting of the van de Graaff energy control was
found in a preceeding run In which BF3 counters were placed at
various angles.,

-
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From the calibrated Mn S0j . HpO powder, solutions of
various concentrations were prepared and filled into the counter
system. The efficiency

nY - bumber of counts in the NaI(Tl) detectors .o gerived

number of Mn>0 decays

from the counting rate and the amount of Mn S0y present. A%t a
solution density 1.28 g/em” which was normally used in the

experiments,
o

N, = (18.95 * 0.19) . 1077 :
was found. For other cbhcentrations, ﬂY = %%%7. where the
experimentally observed A (3) is shown in Fig. 5.
Between several runs in these calibration measurements
times up to one half 1life of Mn56 elapsed. Therefore, a careful

remeasurement of the half life of Mn56 was made, ylelding

T1/p = 2.587 £ 0.003 h.

4, CORRECTIONS

From the measurement of the Mn56 activity, the number
Qump of Mn56 nuclei formed during the neutron irradiation can be
derived. If all neutrons entering the Mn S0u bath would be
capbured by Mn56, OMn would be equal to the neutrcn source
strength Q. Actually, there are competing effects and the
relation "

NMn cMn
N Mo HM g Sy
a  a a

holds. Here, p is a nonleakage probability®); M®, NH and NS are
the numbers, Mn, H and S atnms per cm? and ng ete., the respec-
tive thermal capture cross sections. p can be calculated using two-
group theory; far E = 50 keV and the dimensions of our tank,

%) In addition, equ.2 should contain a correction for epithermal
capture which is negligibly small due to the low source energy.
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p = 0.99% was found., In this calculatlon, neutrons leakage -
through the entrance channel was neglected this 1s indeed
extremely small. There should also be some losses by neutrons
which enter through the channel -suffer thelr first collision
at the quartz and are scabttered backwards so that they leave
again the tank. A simple geometrical cons1deration ‘shows that
these losses are smaller than 1.5 . 10-2. o

Introducing ot 0.327 b; oS = 0.52 b and oM - 13,2 b into equ. 2, "
a ' a - a

we obtain N

L (1.039 + 0.02477 Mu_jq

p N “Mn
| . (3)

=  (1L.045 + ouoaugoinﬁﬂﬂ ) OMn
Mry

which permits the determination of the source strength from the
measured Mn56 activity. Uncertainties in the cross sections and
the calculation of the nonleakage\probablllty give rise to about

1.5 per cent error in Q/Qyy,.

5. A PRELIMINARY MEASUREMENT OF THE Au197 (n,v) Au198 CROSS SECTIN

A thin gold foil was placed close to the target (see
Fig. 1) in such a manneerhat all neutrons entering the Mn SOy
bath had to cross it. After the irradiation, its activity was
counted with two 3" x 3" NaI(T1l) crystals. The efficiency of
this counting system was determined using a thermally activated
gold foil which had been calibrated by the 4T R-¥ coincidence
method. Relating the gold activity to the Mn SOy activity,

g = 670 mb
was found for the activation cross section of gold at 30 keV.
This value is considered as a preliminary one since, unfortuna-
tely, the proton energy control during this particular run was
not very stable, Thus, the half angle of the cone may have
widened exceeding 10° in which case the sensitivity of the Mn S0y
bath decreases. It is hoped that thils difficulty can be over-
come in future measurements and that good accuracles (~5 per cent)
in the cross section measurement can be achieved.
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hj A GREY NEUTRON DETECTOR FOR FLUX MEASUREMENTS
IN THE INTERMEDIATE ENERGY RANGE

W. Pénitz and E. Wattecampst)

Institut fiir Angewandte Kernphysik ;
Kernforscnungzentrum Karisruhe, F.R. of Germany

Abstract:

A quasi prompt neutron detector based on thermalisation
of neutrons in a Mn SOy ~ Hp0 mixture and subsequent‘radiative
oapture of the thermal neutrons in Mn9> is described. The neutron
detection efficiency is calculated and the detector is calibrated
at thermal energy. This calibration and the smooth variation of
the detector efficiency curve enables one to perform neutron flux
measurements in the energy range from thermal to 1 MeV.

1. INTRODUCTION

Accurate neutron flux measurements in the energy range
1 to 100 keV are difficult to perfarm. The methods applied in
the lower and higher energy range are based on accurately known
cross~sections. These methods cannot be extended to the energy
range of interest due to ti:~ poor accuracy of the directly
measured cross-sections (e.g. measured by the spherical shell
transmission method). Since more accurate experiments have to be
performed in the energy range 1 - 100 keV we developed a trans-
portable, quasi prompt, neutron detector with a calculated neu-
tron detection efficiency which is constant within 1.5 per cent -
for neutron energies between thermal and 1 MeV.

The smooth curve enables one to calibrate accurately %
the detector at energies where accurate neutron flux measurements
can be performed and to bridge the energy interval of interest.
Consequently it is possible to make absolute neutron flux measure-
ments in the energy range from thermal energy to 1 MeV. Unfor-
tunately, the maximum obtainable efficiency, approximately 10"2,
is low.

+) delegated from EURATOM
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2. THE NEUTRON DETECTOR
2.1 The Principle of Operation of the Detection System

The detector is illustrated in Fig. 1. A glass sphere,
with radius R = 23 cm, is filled with a mixture containing 69.2
per cent H,0 and 0.8 per cent Mn SOy . H,0 by weight. A radial
channel, with minimum diameter 3 cm and length R, 1s fixed at the
surface of the sphere. A collimated neutron beam entering the
sphere through this channel is scattered first in the middle of
the sphere. The neutrons originated at r = 0 (spherical co-
ordinates, see Fig. 2) are slowed down by the moderator and due
to their small diffusion length the thermal neutrons are captured
by radiative -capture, Mn55 (n, v ) Mn5®, in the very close vicinity
of the last collision that made them thermal.

A NaI(Tl)-crystal is placed right on the surface of the
sphere and by suitable pulse~height dlscrimination only those
neutron-capture gamma rays with energies between 6 and 7.3 MeV
are counted. This energy interval contains 34.5 per cent of the
total amount of gamma rays emitted per radiative capture in
Mn55 (ref. 1).

2.2 The Calculation of the Detection Efficiency

The thermal neutron flux produced by a point source in
an infinite moderator as a function of the radius r and the
initial neutron energy E,, deduced by a two group diffusion
theory (ref. 2), is given by: N s

| . r
LB = Q 1 1 = 7
Pon (¥s Eo) L -7 - (e e ) (1)

where L is thé diffusion length for theérmal neutrons, Q is the
neutron source strength and Zaiis'the macroscopic absorption
cross-section., £ = T 1.44 (Eo) + &C7 is the Fermi-age of
thermal neutrons. 2"1.M (Eq) was calculated by H. GOLDSTEIN et
al. (ref. 3) as a function of energy Eg. OZ= 1 em® (ref. 2).
With this value of 7~ the calculated By (T, E,) fits very closely
a thermal neutron flux distribution measurement of a Sb-Be neutron
source in a large water tank (with Ey = 24 keV).
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The spatial intensity distribution of the capture gamma
rays equals the thermal neutron distribution. Hence, we ‘calculate
the probability for a 7 MeV gamma ray emitted at S, with co-
ordinates ru‘ﬂg, 79; to reach the surface of the sphere with
radius R. Fig. 2 illustrates the geometry to be considered. The
number of neutrons absorbed in Mnb5 per sec and per elementary
volume dV, giving rise to gamma rays with energy > 6 MeV is

0,345 , = M¥n gth (r, Eg) sin 28 g24a ¥ ar. (2)
a
From this gamma ray source at S the numbér of gamma rays reaching
an elementary surface at P 1s

0345 .xMn g (r,E.) e/ cos Fa cosHaF L ar. (3
a th (o] )-I- g 12

(£ and Y see Fig, 2)

Since we are only interested in gamma rays with energy
larger than 6 MeV, a gamma ray that is scattered once will be
considered as absorbed; thus, /u 1is the total linear attenuation
coefficient of the mixture.

From (%) one deduces the contribution of the total
distributed gamma ray source to the gamma ray intensity at P

I, (Bo) = 0.345 g€ 1
Y a 4.”2 m.

(4
e =l
m r -/u}ﬁ + 2 - 2Rr cos 24 ﬂ
’ (R-r cosdédlgd7pdr.
- TS()-HT R241r2-2Rr cos 2§ /2

—

r«:O .0 ‘ﬂ_-o

The integration was performed and subsequently the detection
efficiency for a neutron of initial energy Eo, can be derived

7 (E) = Bumber of counts v (5)

n o number of neutrons Q

with
Y.—_-k.Feff.'ny.P.IY(Eo) (6)
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k is the number nf Nal-crystals with the effective surface area
Foppe ﬂY is the vy-ray detection efficiency at 7 MeV and P the
photo fraction for the same energy.

v s = kK - Ferf. 1 and
The function T,(E,) is plotted in Fig. 5 for TR

My P =035 . 0.5,

5. CALIBRATION OF THE DETECTOR
5.1 The Method

To callbrate the deteétor at thermal eﬁergy, a thermal
neutron beam is measured by the grey detector and simultaneously
by a gold foil activatinn. Fram the latter, the neutron flux 1is
deduced and by comparison with the counting rate of the grey
detector T, (Eth) is deduced. ‘

A second calibration based on\éﬁdifferent technique is planned at
energy 2> 100 keV by comparison of the grey detector and an absolute
recoil particle method. Once the two measurements are performed,
the calculated efficiency curve will be shifted parallel to the
energy axis in order to fit as closely as possible the two call-
bration points. Subsequently, it 1is possible to make absolute
neutron flux measurements in the energy range from thermal energy
to 1 MeV.

5.2 The Calibration at 0,025 eV

At the thermal column of the FR II reactor a thin gola
foil was placed in a collimated neutron beam which is then
catched by the'érey detector. The number of activated Au-atoms
per sec is: '

-N.°*
N. a.d

Q (1 - e ) (7)

Q
I

with:

i

beam strength /neutrons/sec/
= number of Au-atoms/cm’

= absorption cross-section
foil thickness.

ootz o
|
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Siace N 9, d is small, the exponential function can be approximated
very closely by 1 - N 05 d + % (N T d)2. The energy distribution
of the neutron beam is assumed to be a Maxwell spectrum. '

Thus we obtain:

C=Q'.2C2f?__.ila.d.g[1-‘}_ X o8/ (8)

7 a

(with g = Westcott~factor (see ref, 4) ).

As Z.Y is the number of simultaneously observed gamma ray pulses,
the neutren detection efficiency 1is:

-r . 4

: %y Yo .z .da.g/T-1 .5 a7k .(9)
T&’l (tnermal) —_C_1 ..__g.-_ 2&. gé ?,—-ﬁq-‘za J A

e

The last factor in eq. 9 corrects for the attenuatlon of the
neutron beam by the geold foil.

A The value of C is measured by absolute counting of the
foil with a 47 B=y coincidence method (ref. 5).

A typlcal gamma-ray spectrum from the grey detector is
shown in Pig. 4. From the integrated counting rate between 6
and 7.5 MeV and the gold activation measurement the neutron
detection efficiency at thermal energy with one Nal-crystal was
found to be 3.06 x 10'4 counts per thermal neutron.

The authors acknowledge the considerable contribution
made by Dr. K.H. Beckurts in the conception of this system and
in its subsequent development.
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FIG. 4. OBSERVED GAMMA-RAY SPECTRUM WITH A COLLIMATED
THERMAL NEUTRON BEAM
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i) NEUTRON FLUX AND CAPTURE MEASURENMINWS
USING A TLARGE LIEUID SCINTILLATOR¥

E. Haddad, R. B. Walton, S. J. Friesenhahn and W, M. Lopez
Genegal Atomlc Division of General Dynamics, United States

1. INTRODUCTICN

The major emphasis of the neutron capture cross-section
program at General Atomic has been to. obtain the parameters of
individual resonances in the neutron energy range from thermal
to 1 keV. For the energy range from 1 tn 30 keV preliminary
capture cross section, measurements averaged over many resonances,
have been obtained for Ag, In, Er, and Au,

To make these measurements a large liquid scintillator
was used with a 50 MeV L-band linear accelerator. Neutron
bombarding energles were obtained by conventional pulsed beam
time-of -flight techniques.

2. NEUTRON CAPTURE GAMMA-RAY DETECTOR

The liquid scintillator used is of modular construction
and was deslgned so that a single 8-MeV gamma-ray originating at
the center of the detector would have a probability of 80 per
cent of interacting at least once before escaping from the
detector. For binding energies of 5.0 MeV and greater the cascade
schemes, resulting from neutron capture, are sufficiently complex
to ensure a detection effleciency in excess of 90 per cent.

The detector configuration (see Fig. 1) consists ef a
2-foot diameter central follow lucite cylinder surrounded by a
cylindrical array of 9 in. diameter follow lucite cylinders (logs).
All cylinders (units) contain a liquid scintillator solution.
Samples for capture measurements are placed inside an evacuated
6.0 in. diameter aluminum liner that is positioned inside and
concentric to a 6.5 in. diameter hole that extends through the

* Work supported in part by the United States Atcmic Energy
Commissicn. '
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Fig. 2 --Pulse height distribution of Nat24 source.
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2~f20t diameter cylindef; The collimated neutron beam enters
the detector through a 0.020 in. aluminum window, passes along
the evacuated liner, and then bembards the sample posiltioned
at the. center. of the detectnr.

Each log, as well as the 2-foot diameter cylinder, is
partitioned into three compartments: a center region 60 in. in
length filled with scintillator solution and two end sectilons;
each 9 in, in length, filled with unactivated solution. Each
end of an individual lng is viewed by a 5-in. CBS-7819 photo-
multiplier tube. Each end of the central cylinder 1s viewed
by eight 5-in. CBS-7819 photomultiplier tubes. The total number
of tubes used in the tank is 104. The purpose of the dead space
at each end of a module is tn increase the resolutimn of the
detector by reducing geometrical effects caused by gamma rays
interacting near the phctocathode surface. All units are indi-
vidually wrapped with aluminum foil which is not in optical
contact with the lucite, Pulse height distributions taken with
- a collimated Csl?7 source as a function of position aleng the
axis of each unit varied by less than 5 per cent over the 60-in.
length of active solution.

Pulse height distributions téken with the detector are
given for Na2¥ (Fig. 2), for neutron capture gamma rays assoclated
with the 4.91 eV resonances in Aul97 with the central cylinder
loaded with 10 per cent by volume of methyl borate (Fig. 3), and
for an Aul97 distribution without the central cylinder loaded
with methyl borate (Fig. 4). The pulse height distribution of
Na24 shows the excellent summing properties of the detector.

The small peaks at 2.76 MeV and 1.37 MeV, which are shown in
the figure for Na24, are due to gamma rays which elther escape
from the hole in the detector or are lost in the 0.25-in. thick
lucite walls. Flgures 3 and 4 demonstrate the effectiveness of
the methyl borate in suppressing the 2.2 MeV gamma rays
resulting from in-scattered neutrons being captured by
hydrogen. ’ '
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3. THIN TARGET CROS:~-3ECTION MEASUREMENTS
3-1 Inftroduction
' The accuracy with which an absolute cross-section measure~

ment can be made, using this detector, is mainly determined by how
well one can measure the efficiency of the detector and the abso-
lute neutron flux at the sample position.

3.2 Detector Efficiency

: The efficiency of the detector for detecting capture
events is the product of the sprectrum fraction (the probability
that an output pulse exceeds the bias setting, or in other words
the area under the pulse height distribution above the bias divided
by the total area) and the "zero bias" detector efficiency. The
good summing resolution properties of the total absorption gamma-
ray cdetector make it possible to assign a value of (9O + 4) per
cent to the zero bias efficiency for binding energies ranging from
5 MeV up. For the Aul7 data shown in Fig. & background consldera-
tion required that the detector be biased at 3.0 MeV. At this bias
setting the sprectrum fraction was (35 + 3) per cent. Thus the
efficiency of the detector for detectiné gamma-rays associated with
neutron capture by the 4.50C eV resonance in aut?l is (c2 + 5) per
cent. Many spectrum fractions have been determined with the

197
2

ReN
nr \7,

detector, at different neutron bombarding enerzies, for Au
AglOY, Aglo9, and Th232,. The results show that the uncertainties
in a spectrum fraction measurement, for a given isotope, are
esgentially independent of the cascade scheme.

3.3 Apbsolute Flux Determination

The relative neutron flux, for the energy range from
0.01 eV to 30 keV, was determined by using a bank of 1/v BF3 neutron
detectors. The relative flux curve was made absolute by normalizing
to an absolute neutron flux measurement at 4.91 eV made with the
large scintillator. The absolute flux was determined in the
following manner. A 0.020 in. Au197 sample was placed in the
large scintillator and bombarded with neutrons, The thickness of
the sample was chosen to be black to neutrons at 4.9l eV. Then a
time distribution run was taken with the detector biased to accept
capture events which deposited 3 to 10 MeV of energy in the detector.
The number of counts in the time distribution run occurring at the
peak of the 4.9l eV resonance is related to the absolute neutron
flux by the relationship:
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_{:C.R.
Aed ip = 4.91 ev,

where: F = neutrans/cm@ pgec,

A = sample. target area,

¢ = detector efficiency,

8 = backscattering correction,
R

C.R.= cnunts/ p sec.

Thus knowing C.R., A and 8 and determing the detector
efficiency as described above, the value of the absolute neutron
flux at 4.91 eV can be evaluated, Thus a flux measurement made
in this manner depends only on the detector efficiency and the
1/v dependence of B0, The error in the flux is taken tm be
the same as the error in the efficlency determination up to 1 keV.
Other resnnances which proceed primarily by capture can be used
to obtain absolute flux values at energies higher than 4.91 eV
(7ne interesting possibility being the 1.2 keV resonance in Fe).
The errors in a cross section measurement are cdnsiderably
reduced when the flux can be determined with the sample under
investigation. This results from the fact that the detector
efficiency drops out of the cross section determination when
the same sample is used both for the flux and cross-section
measurements.

3.4 Preliminary Thin Target Cross-Section Data

Figures 5 and 6 show thin target cross-secticn data
for Ag and Au. The uncertainties in the measurements are 1 15
per cent. These data have not been corrected for doppler broaden-
ing nor instrumental resolution. The instrumental resolution
that was used in taking these data i1s shown at various points
along the abcissa of the curves. Average cross sectlons are
given in Figures 5 and 6 for data above 400 eV. At 30 keV the
Aul97 result of 525 millibarns is in good agreement with results
obtained by other workers using neutron attenuation and prompt
gamma cascade detection techniquesl’e).

o o ;
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IV. ISOTOPIC IDENTIFICATION OF RESONANCES

In many cases measurements have been made which yield
values for afh where a is the isotopic abundance of the resonance
in questinn andr'n is the neutron width of the resonance. Thus
being able tn make isotopic assignments to resonances makes it
possible ti obtain neutron widths for many cases reported in
BNL-325,

Isotopic identificatinn ~f resonances can easily be
made by making crass-sectinn measurements of samples varying in
isntopic abundance. The trouble with this method is that it is
often difficult to obtain separated isatopes in sufficient quan-
tities which makes it impractical in most cases. Another
approach is to use the difference in neutrnn binding energy
between isotopes(3’4). This latter technique was used to obtain
the data given in Figures 7 and 8.

Figure 7 shows a pulse height distribution, using an
unriched sample, nf the gamma rays emanating from the 5.2 eV
resonance in Ag. This resonance has been previously repcrted
in BNL-325 as an Agl09 resenance. The binding energy nf Agl®9 i+ n
is 6.45 MeV. The peak of the pulse height distribution in the
figure cnrresponds to an energy (obtained from an energy calibra-
tion curve nf the detector) of 6,5 MeV which conforms te the
BNL-3%25 value. Figure 7 also shows a pulse height distribution
of a previously reported resmnance in BNL-325 at 16.5 eV. The
binding energy of AglO7 + n is 6.98 MeV. The peak of the pulse
height distribution for thils rescnance as seen in Fig. 7 cor-
responds to 7 MeV, which confirms the BNL-325 data. Thus these
pulse height distributions clearly demonstrate the ability of
this technique to make isotopic assignments to resonances, using
unenriched samples where binding energies differ by 300 keV or
more. Thilis method, for practical reasons, is limited to cases
where the amount of the isotope under investigation 1s sufficient
and to where the resonances being studied are resolved. '
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In the above technique isntopic assignments are made
by taking pulse height.distributinns of individual resonances.
When there are 50 to 100 resonanées to investigate this technique
can be quite time consuming.

A method which is fast and which will work for any
number of isotopes of a given element, provided their binding
energies differ by 300 keV or more, is as follows: a time dis-
tribution run is taken over the energy region of interest at a
detector bias of 3.0 MeV. The4measurement is then repeated at
a higher bias setting - in the case of Ag the bias was set at
6.0 MeV, Changing the bias fram 3 to 6 MeV drastically changes
The efficiency of the detector for accepting pulses from Aglo7 +n
and Agl09 + n (see Fig, 7). 1In fact, the efficiency for the
AglO9 + n events will be reduced much more than the detector
efficiency for the AglOT + n events. Ratios are then taken of
the counts at the peaks of the resonances in the 3 MeV run to
the counts at the peaks of the resonances in the 6 MeV run. All
the AglOT resonances should have one value for their ratlos and
similarly all the Ag109 resonances should have one value for
their ratios. The AglO9 ratio should be larger than the AglO7
ratio, as its binding energy is smaller than the AglO7 binding
energy. Figure 8§ shows isotopic assignments which were made to
resonances in Ag over the energy range from 41 to 71 eV. The
assignments obtained using these techniques are in complete
agreement with work reported in BNL-325.
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J) ABSOLUTE MEASUREMENT OF FAST NEUTRON FLUX
WITH A LARGE LIQUID SCINTILLATOR

H., Condé, 8. Schwarz, and N. Starfelt
Research Institute of Natignal Defence, Stockholm, Sweden

Abstract:

A method of making an absolute measurement of the flux
of fast neutrons has been studied. An accurately determined
fraction of the neutrons in a collimated beam passing along a
channel through a large liquid scintillator is scattered into
the scintillator. The detection efficiency of the neutron
detector has been measured in an earlier experiment. An absolute
measurement of the Li6 (n,cz) T cross section is made by placing
a Li6-glass seintillator in the calibrated neutron beam.

INTRODUCTION

In absolute measurements nf cross sectimns for neutron
scattering and far nuclear reactions induced by neutrons knowledge
about the flux of the primary neutrons is required. Because of |
the difficulty in making absolute flux measurements most cross
sections have been measured only relatively to other cross sec-
tions which have been assumed ta be known with sufficient accu-
racy. It 1s thus desirable tn try to develop accurate and, if
possible, simple methods for absolute flux measurements.

The neutron detection efficiency of a large (100 1) li-
quid scintillator was determined with good accuracy in connection
with a measurement of the‘average number of neutrens, v s emitted
per fission in Cf252 (1), This detefmination was made by a
coincidence method and does not rely on any other cross section
measurement, There are twn difficulties involved in the use of
the large llquid scintillator in fiux measurements: its 1@rge
sensitivity to ¥-rays and the fact that the neutron detection
efficlency was determined only for an 1sotopic source located
in the centre of the scintillator tank. In cross section
measurements one is usually not interested in the flux integrated
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cver all angles for a neutron source which does not emit Y-rays.
On the contrary the flux of interest is normally concentrated in
.mall solid angle from a source which emits neutrons of dif-
ferent energies in different directions. In most cases the source
also emits ¥Y-rays. With such neutron sources it is not feasible
to use the large liquid scintillator directly as a flux meter,
A scattéring measurement has tn be performed where a scatterer
mounted at the centre of the scintillatnr tank acts as a secondary
source scattering a known fraction of the r.eutrons out of a
beam,collimated along the channel through, the scintillator. It
is requiféd that this scatterer is a pure scatterer, i.e. all
nther cross sections have to be:negligible compared with the
elastic scattering cross sectibh. In the energy region below
a few hundfed keV lead fulfills this requirement.

It is desirable to use the measurement of neutron flux
directly for the- determination nf a cross section which can . ..
serve as a secondary .standard, Such a determination shmuld be
made without changing the neutrman source or the experimental
geometry., We selected the 1i6 (n, @ )T cross section as such
a standard. A Li6-loaded glass scintillator was then mounted in
the center of the liquid scintillator tank and the number of
(n, @) reactions in the glass was registered for a certain
integrated neutron flux. Time-of-flight techniques had to be
used to select the primary neutrons and discriminate against
neutrons scattered in the glass and thermalized in the tank.
Otherwise these neutrons would sproil the experiment because of
the very high cross section for the (n,a)-reacticn for thermal
neutrons,

Flux Measurement

Neutron Source. Because nf the difficulty in using
the n-p reaction for flux determination below a few hundred keV
the present method is of special interest in this energy region.
The pulsed proton beam of a van de Graaff generator was used to
produce neutrons through the Li? (p,n)Be7 reaction. In the
forward direction this reaction can pravide monoenergetic
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neutrons down to 110 keV and at backward angles it is possible

to get down to about 5 keV. The ¥y-ray sensitivity of the liquid
scintillator made it necessary tn use targets of Li-metal, which
also proves to be of advantage due to the higher neutron yield

as compared to e.g. LiF targets.

Neutron Detector. The experimental arrangement is

shown in Fig. 1. The neutrons from the source were collimated
by a channel, 40 cm long, through a block of paraffin. The
alignment of the collimator with the channel through the scin-
tillator in such a way that the neutron beam is centrally_located
in this channel has to be made with great care. The liquid |
scintillator is described in detail in ref. (1). The neutron
detection efficiency as a functibn of neutron energy for a
neutron source located in the center of the tank is shown in
Fig., 2. To check that the over-all efficiency of the scintil-
lator has not changed, the average number nf neutrons per spon-
taneous fission in C£252 was measured in connectirn with each
measurement with the large liquid scintillator. This was done

as described in (1).

To minimize the background counting rate in the
scintillator the tank was surrounded by a paraffin shield of a
thickness of %0 cm.

As mentioned above the flux in the collimated beam of
neutrons was measured by scattering a measurable fraction of the
beam by means of a lead scatterer maunted at the center of the
tank. Because of the large background from natural radiation
sources a scatterer of a diameter larger than the neutron beam
was used. In this way the neutron flux integrated over the
whole crenss section of the beam was measured. By using a
scatterer smaller than the beam area it would be possible to
measure the flux expressed as neutrons per unit area and time,
but then the signal-to-background ratio would be considerably
smaller than the value of about 1:10 obtained in the present

experiment.
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The neutron capture cross section of lead is of tie
order of 5 mb (2) as compared with a scattering cross section of
about 10 barns at 100 keV. The lowest excited state in any of
the stable lead isotopes is above 0.5 MeV and the angular dis-
tribution for elastic scattering is close to isotopic at 100 keV
(3). Thus lead acts as a pure scatterer and no Y-rays are pro-
duced. Furthermore, because of the large Y-ray absorption cross
section of lead Y-rays from the target are absorbed in the lead
scatterer instead of being scattered into the liquid scintillator.
To make sure that no scattered Y-rays disturbed the measure-
ments the time spectrum of the pulses obtained from the scintil-
lator with the pulsed neutron source was regiéteréd using the
circuits shown in Fig. 3., A Yéray peak due to y-rays penetra-
ting through the paraffin shield was observed but no difference
between runs with the scatterer in position and with the scatterer
removed could be detected.

In thls measurement the amplification of the start pulse
to the time-to-pulse-helght converter was adjusted to the same
counting rate as that registered by the scaler used in the
neutron flux measurement.

The fraction of the neutrons in the beam scattered

by the lead scatterer was determined through a measurement in
good geometry of the transmission of neutrons thréugh the lead:
piece. For this purpose a L16-loadéd'glass scintillator was
mounted at the far end of the channel through the tank and time-
of-flight spectra were record with and without léad scatterer.
By making time-of-flight measurements it was possible to dis-
criminate against neutrons scattered in the lead, thermalized
in the liquid secintillator, ahd subsequently absorbed-in the '
glass with high efficiency because of the large cross section

for thermal neutrons.

In the actual measurement of neutron flux_many'alternate
runs with and without lead scatterer were made and three different
scafterers were used the lengths of which were 2.5, 5, and 10 cm.
respectively. Counting rates and transmission coeffilcients are
given in Table 1.
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Table 1

Typical primary data

Pb scatterer Fraction scattered Liquid count/
sec
0 0 oL
2.5 0.595%0.003 1018
5.0 0.816%0.004 1042
10,0 0.970t0.005 1061

Natural background in the tank 575 counts/sec.

The data in column 2 are mean values of several
30 minutes runs. The data in column ? are mean values of
several 3 minutes runs.

Monitorg; In a measurement of the present type where
the measured quantity is the difference between tThe number of
counts with the scatterer in position and without scatterer and
where the signal-to-background ratio is small an accurate monitor
for the neutron source is required. The monitor should also serve
to connect the neutron flux measurements with the measurement
‘of the Li6(n, a )T cross section'described below., Two types of
monitors were used: a current integrator measuring the total
charge of the.protons bombarding the neutron target and a
Li6I(Eu)—scintillator embedded in a sphere of polyethylene (4).
This counter was mounted as close as possible to the neutron beam
collimator without intercepting the beam passing through the
collimator. In this way the monitor did not disturb the'neutron
flux being measured and the insertion and removal of the lead
scatterers and the Li6-loaded glass scintillator in the channel
in the liquid scintillator tank did not influence upon the action
of the monitor; The ratio between the eource strength as
registered by the current integrator and that obéerved by the
Li6I scintillator was constant to Withile per cent during the

whole experiment.

Qo
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Li6(n,a)T Cross Section. The cross section of the
LiG(n4 ¢ )T criss section was considered as a suitable standard
cross section. Li6~loaded glass is a good scintillator with
good pulse-height resolution, Because of the high Q-value of
the reaction it is easy to separate pulses from the (n, a ) reac-
tion from background Y-rays by pulse-height discrimination.
Pig. 4 shows the pulse distribution obtained from the.Li6—loaded
scintillator with 100 keV neutrons. The position of the channel
of the single-channel analyzer selecting the proper pulses is
also shown. Furthermore, the glass scintillator is fast, making
1t possible to use time-of-flight techniques to reject pulses
caused by neutrons thermalized in the liquid scintillator. A
block diagram of the time-of-flight circuitry is shown in Fig. 5.
Time-of-flight spectra as registered with the Li6-loaded glass
scintillator are shown in Fig. 6. |

From the measurements described above one obtains the
neutron flux integrated over the whole cross section area of
the beam. To use this information about the neutron flux in
the measurement of the Li6 (n, ¢ )T cross section it is neces-
sary to use a L16-loaded scintillator which is large enough to
be hit by all the neutrons in the beam. A scintillator of a
diameter of 1.5" and a thickness of 3/8" was used. This
detector was centered in the channel through the liquid scintil-
lator at about the same position where the lead scatterers were
mounted in the earlier part of the experiment. The maximum
diameter of the beam at this position was 24 mm.

Corrections and Sources of Error. As this experiment

is intended to be an accurate méaSurement of neutron flux the
different possible corrections and sources of error should be
examined in some detail.

In the measurement of the transmission of neutrons
through the lead scatterers both the scatterer and the Li6-loaded
glass scintillator, used as a neutron detector, were located in
the channel through the liquid scintillator. . Thus, scatteringv

“in the scintillator liquid of neutrons scattered oul of the beam
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might increase the number of neutrons detected by the Li6—glass.
The use of time-of-flight techniques limits this disturbance to.
neutrons scattered only a few times and without considerable
energy loss. The fairly large distance between scatterer and
detector, 32.5 cm., helps in keeping this correction well below.
0.5 per cent.

In all applications of the Li-glass multiple scattering
in this detector and the resulting increase in detectimn effi-
clency has to be considered. This problem was studied in detail
by Bollinger et al. (5). An extrapolation from their results
shows that the detection efficiency of our glass scintillator
at 100 keV is 6 per cent larger than calculated when scattering
in the crystal 1s neglected.

Furthermore, scattering of neutrons by the Li-glass
and subsequent scattering in the liquid scintillator may return
neutrons to the Li-glass giving rise to an increase in the
counting rate. An estimate of this effect gives a correction
of 3 per cent. Both these corrections should, however, be
investigated more in detail by Monte Carlc methods.

Results and Discussion. The present measurement was

made at a neutron energy of 110%5 keV. However, as no analysis
of the Li6 content of the Li-glass has yet been made no cross
section result can be given,

It will be of interest to combine the present measure-
ment with a relative measurement of the Li6(n¢ e )T cross section
recently performed by Schwarz (6). This experiment is based
on the assumption that the Li7(p,n)Bel cross section is isctopic
in the center of mass system at proton energies close to the
neutron threshold,

1t is concluded that the large liquid scintillaftor is
suitable for absolute measurement of neutron flux with an accuracy
of the order of 2 to 3 per cent in the energy region'below
about 0.5 MeV. At higher energies inelastic scattering and ani-
sotropy in the elastic scattering in lead will cause difrficulties.
In the direction of low energies the method is limited by the
scarcity of monoenergetic neutron sources,
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Fig. 5. Block diagram of the electronic circuits
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k) PROPOSAL FOR THE USE OF THE ASSOCIATED PARTICLE METHOD
WITH NEUTRONS OF 100 keV OR LESS

H. Beil, M. Le Rignleur, J.L., Leroy

Centre d'Etudes Nucléaires de Saclay, France

1. INTRODUCTION

The associated particle method is very attractive for
absolute neutron flux measurements, and permits a very high
accuracy. It has been used extensively in the field of several
MeV neutrons, mainly by means of the T(d,n) Helt reaétion and to
a lesser extent of the D (d,n) He’ reaction.

The T(p,n)He3 reaction prcduces large yields of low
energy neutrons, as well as an assoclated He? particle. The
purpose of this paper is to discuss the feasibility of the
detection of this associated particle.

2. PROPERTIES OF THE T(p,n)He’ REACTION

This reaction, for neutron emission at backward angles,
gives a neutron of low energy associated with an Hed of higher
energy emitted at a given forward angle which can in principle e
detected. The Fig. 1 gives the neutron energy as a function of
the Hed energy, for different angles of detection. The Fig. 2
and 3 give the energy and emission angle of the neutrons as a
function of angle of detection of the HeJ particle, for different

proton energy.

It follows from diagram (1) that, provided one can
detect a He” particle having about 300 keV at an angle of about
10° we can then establish a one to one relationship with 35 keV

neutrons.

From diagrams (2) and (3) one can see at once that in
order to obtain a good energy resolution for low energy neutrons,
one will be forced %to use a detector having a very narrow width.
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3. PROPOSED EXPERIMENTAL LAY-OUT (4)

From the above it followes that the He? particle can
only be usefully detected at relatively small emission angles
(say 20° or less).

a) In order to be able to count He? particles at
such angles one is forced to use thin target
backings in transmission position.

b) The detector ought to be able to discriminate
between Hel particles and Coulomb scattered protons.

Such a discrimination can be achieved by means of ap- -
propriate deflexion fields, by the use of surface barrier solid
state detectors or by a comblnation of these methods,

The more attractive method is clearly the solid state
detector alone.

This method is based on the following facts:

1) The proton range in the detector is much greater
than that of the He’;

2) The "barrier depth" in the defector can be varied
by means of an applied polarisation potential in
accordance with the formula.

B = 0.5\/‘f (Vo + Vo)

The resistivity of the silicon chosen is low enough so
that B is equal to the range of the He” particles for VO = 0
In such a case, the energy lost by the scattered protons in the
sensitive layer is much smaller than the energy lost there by

He? particles. The remaining part of the proton energy is
- spent in a region of the detector where the collection time for
the charges is long compared to that in the sensitive layer.

%) The amplifier used is sensitive only to the fast
rise time component of the pulse collected at the
detector. At the output of this amplifier, the

scattered protons appear as a background of numerous
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small pulses, and the HeB,.as large pulses. In
order to avoid a pile up of small proton pulses,
one needs an amplifier as fast as possible, asso-
ciated with a fast discriminator.

4. DISCUSSION OF THE POSSIBILITIES OF THIS METHOD

Trials as to the fabrication of Tritium targets on
thin backings made by the Radiochemical Division at Saclay,
indicate no serious problems.

Backings of 1 K of Ni where found to be satisfactory.

Our detectors are surface bharrier (Si-n) type and have
a small rectangular surface (1 x 5) mm and a resistivity of ,f
= 50 ohm.cm. which, for a polarisation of 1 volt gives a barrier
depth of about 4 u .

We have further constructed a fast electronic chain
consisting of a fast low noise preamplifier.

This preamp is followed by three C.R.C, distributed
amplifiers. This chain gives a total gain of == 10,000. An
output signal of 1 volt having a width of 15 ns at half height is
obtained from this chain for a collected energy of 130 keV., The

noise is about 30 keV.

Now the problem is to determine the beam current for
which the pile up rate is of the order of 1 per cent of the He”
counting rate. Calculations, as well as our first experimental
results, show that this current is only of the order of 107,

This current is small but is probably sufficient to
make an absdlute measurement of the efficiency of a Lithium

glass scintillator.

This maximum current can be increased very strongly if
one uses an electrostatic or electromagnetic separator between
the target and the He’ detector. Time of flight selection of
the charged particles may also be very helpful.
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1) He” NEUTRON SPECTROMETER WITH PULSE
RISE-TIME DISCRIMINATION I, #

A. Sayres and M. Coppola
Columbia University, New York, United States

Abstract:

A He? filled proportional counter can be used as a
neutron spectrometer in the range 100 keV to 8 MeV by using '
the He? (n,p)T reaction. The major limitation as a neutron
spectrometer 1s that the He3 recoll distribution, arising from
the elastic scattering of the higher energy neutrons present,
masks the Hed (n,p)T peaks due to lower energy neutron groups.
Since a He3 recoll and a proton of equal energies have different
specific lonizations and therefore different ranges in the
counter filling, one therefore has a means to distinguish
between pulses from the He’ (n,p)T and He’ (n,n)He? reactions.
For appropriate operating conditions the rise-time of the pulses
for these two events will be different. By converting this rise
time to a pulse height and only accepting pulses with long rise
times (which correspond to protons from the He? (n,p)T reaction)
one now has a neutron spectrometer useful in an energy interval
between the maximum neutron energy present and that energy for
which the proton range equals the range of the maximum energy
Hel recoil,

% Supported by United States Atomic Energy Commission.
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He”® NEUTRON SPECTROMETER WITH PULSE
RISE-TIME DISCRIMINATION II.x

M. Coppola and A, Sayres
Columbia University, New York, United States

Spectra of monoenergetic neutrons obtained with a He”
filled proportional counter and the pulse rise-time discrimina-
tion as described in the previous abstract will be presented to
illustrate the energy range over which this detector may now be
used as a neutron spectrometer. From these spectra nne obtains
the relative efficlency of the detectors. For these operating
conditions, spectra of the following reactions were obtained.
M2 (d,n)a125, 5128(a,n)P29, S32(4,n)c153. The merits of this

new neutrnn spectrometer will be discussed.

% Supported by United States Atomic Energy Commission.
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m) NOTES ON SHELL TRANSMISSIOV _THEORY

P.H. Uhlte'
Atomic VWeapons Research Establishment,
Aldermaston, United Kingdom

REFERENCES

Analytical Shell Theory

H.A, Bethe, J.R. Beyster and R.E. Carber
. J. Nuclear Energy 3, 207 é1956)
- : 3, 275 (1956)

. 3 (1957)
ﬁ; 147 (1957)

Computer Methods

R.T. Ackroyd and E.D, Pendlebury
A Report DEG 362 (R)

See also

Proceedings of the Elsventh Symposium in Applied
Mathematics of the American Mathematical 3001ety
Editors G, Birkhoff and E P, Wigner. *

Shell Work relevant to keV region

A,0, Hanson LADC 323 (1952)

V.N. Andreev J. Nuclear Energy 9,151 (1959)

T.S. Belanova Sov, Phys, JETP 34,397 (1958)

H.W. Schmitt and C.W, Cook |
Nuclear Physics 20,202 (1960)

Referenceszesonance Absorption

Resonance Absorption in Nuclear Reactors
- by L. Dresner

Pergamon Press 1960
ORNL -~ L. Dresner

A program of research and calculations of resonance
absorption : :

GA2527 ~ L.W. Nordheim



Sphere Transmission Method

- 162 -

Equation for transmission using multigroup theory
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n) THE CROSS SECTION OF THE
REACTION Aul?! (n, ¥) Aur”° FOR 30 keV NEUTRONS

W. P8nitz
fernforschungszentrum Xarlsruhe,
F.R, of Germany

Abstract
The Au197 (n, ¥v) Au198 cross section is measured at the
threshold of the Ti' (p,n) Be! reaction by an activation method,

The absolute neutron flux is determined by counting the Be7
activity. A preliminary value of 598 + 60 mb is obtained.

1. INTRODUCTION

~ During the last years, many (n,Y) cross sections in the
energy range 1 - 1oo‘kev have been measured, However, values
reported by the different authors show discrepancies which some-
times arise to 100%. In many cases, these discrepancies are due
tfo uncertainties in the absolute flux determination. Therefore,
more reliable methods for absolute flux measurements have to be

found.

A very convenient method which can be used in connection
with the Li7(p,n)Be7 reaction consists in the absolute determination
of the source strength by counting the 53.6 d-activity of the Be7
nucleus. This method was applied to a measurement of the gold

capfure cross section at 30 keV.

2. EXPERIMENTAL ARRANGEMENT

Fig. 1 shows the experimental arrangement. The van de
Graff-proton energy was controlled in such a way that the upper one
of the two BF3 counters gave signals whilst the lower one did not.
In this way the neutrons were confined into a forward cone of less
than 10° with an average energy of 30 keV. The proton beam was
limited by an aperture in such a way that all neutrons generated in
the target had to cross the gold foil. The average proton current
was 2 WA and it was defocused in order to keep the target heating
low. This is important because evaporation and cathode sputtering
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will introduce errors into the source strength determination,

3. COUNTING PROCEDURE
The gold foil was irradiated for a period of 6 hours
The number of Aul?® nuclei at time & after the irradiation is given

by

1).

U ga @ et T oaau®
Bau = xAz [I-e- Y7 e v (1)

QU [Eéc"£7 is the source strength, T the irradiatioﬁ time, A the
decay constant, d the gold foil thickness and Ea the activation
cross section, The number of Be7 nuclei present in the target at
time ¢! is -
- T - t!

- Q’ne []__'-e kBeJ e ABe (2)
The Au198 and Be7 activities were counted with two 3 in. x 3 in.
Na I (Tl) crystals. Only the'photopeaksAcorresponding to the
411 keV line of Au198 and the Y477 keV line of Bel were used. The
ratio of the counting rates is given by |

ZAu _ Mu By ) (ny v) Au
ZBe ABe BBe (a 'n«( y)Be .
(3)
= YauL, ~ Yaut
-5 q, {i=e Ag ) e Az' . (My Py) au
(1-e Ype ) o 'Be’ (an, P )pe

= 0,12 is the fraction of Be7 decays which yield a 4§77 keV
Y —quantum(l). ﬂY is the probability to register a y-quantum and
P.Y the photopeak-to-total ratio. In our case,

(mPY)Au

.138 (2

1) Actually, it was irradiated six times one hour and after each
run, the target was turned in order to get a homogenous irradiation.
The respective corrections are stralght forwairrd and will be omitted
here for simplicity reasons.



- 166 -

4. RESULTS ‘ | _ |
Evaluating the measured counting rate ratio with equ. 3
yields '
- b
. 598 m

for the activation cross section of gold at 30 keV. Errors
resulting from counting statistics and from uncertainties in the
ﬂy PY ratio are very small. The decay scheme of Be'!

a considerable error since a is known to only about 5%. An

7

introduces
additional uncertainty is caused by evaporation of some Be' nuclei
from the target. The total error on G;_is estimated to be + 60 mb.

It is believed, however, that the method outlined in this
raper can yield much more accurate results. ILoss of Be7 nuclei
from the target can be safely avoided by a very thin protective
layer on the targeﬁ. a could be determined with good precision,
for instance by the use of a IMn SOH bath method for neutron source

strength measurement.

I thank Dr, X.H. Beckurts for the suggestion and his
interest in this work. Moreover, I am grateful to Prof. K, Zimmer
for the possiblility to use the van de Graaff generator of his
Institute. '
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