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ABSTRACT

Measurements of the spectrum of the fission neutrons of 25

. are described, in which the energy of the neutrons is determined
from the ionization produced by individuel hydrogen recoils. The
8low neutrons producing fission are obtained by slowing down the
fast neutrons from the Be-D reaction of the Stanford cyclotron.
In order to distinguish between fission neutrons and the remaining
fast cyclotron neutrons both the cyclotron current and the pulse
emplifier are modulated. A hollow neutron container, in which
slow neutrons have a lifetime of about 2 milliseconds, avoids the
use of large distances. This method results in much higher in-
tensities than the usual modulstion arrangement. The results show
a continuous distribution of neutrons with a rather wide maximum
at about 0.8 MV falling off to half of its meximum value at 2.0
MV. The total number of neutrons is determined by comparison
with the number of fission fragments. The result seems to indi-
cate that only about 30% of the neutrons have energies below .8
MV. Various tests are described which were performed in order to
rule out modification of the spectrum by inelastic scattering.

This document is for official use.
Its issuance does not constitute authority
for declassification of classified copies
of the same or similar content and title
and by the same authors.
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FISSION SPECTRUM

1., PRORLEM AND METROD

The neutrons emitted in consequence of the fission of Ugg have
been rtudied by varicus investigators. Zinn and Szilardl) have recorded
the proton and « recoils in an ionizaﬁion chamber. Proton recoils from
fission nsutrons have alsu-beeh observed by Chadwickz) in a photographic
smulsion and by Bennett and Richardss) in & Wilson cloud chamber. A rough
determination of their energy haus furthermore been obtained by Christy and

M&nley4) from the absorption cosfficient in waters The results of
Chadwick give a distriﬁution with the maximum at 2 MV and a half width of
about 1.3 MV. :ths absorption date yield an “effective"” ensrgy of 2,2 A"
and the tvracks observed in the cloud chamber originally seemsd to indicate

a considerable number of nedtrons even sbove 4.5 MV,

The object of the present investigation was to redetermine the

ener;y distribution of the fission neutrons of Uasg making use of the

cyclotron as an abundant source of primary neutrons. Thie has the obvious

aedvaniage over the methods previously applied to obtain good statistics
within short running times and to avoid the cumbersome geometrical
sacrifices necessitated by low intensities. On the other hand, becausse

of %4:: great number of primery neutrons from the cyclotron target with
/ -

.eneriies in the same range as those of the secondary fission neutrons to

be cbserved, a rather intricate arrangement and method of recording had

6 bs devised.

1) Fﬁys; Rev. 86, 619, 1939,
Zaport B-86
. o
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Tﬁe method of detection is essentially the éame as that used by
Zinn end Szileral). The fisgion neutrons, emerging from a disk of tub-
alloy, produce proton recoils in a hydrogen-filled ionizafion chamber. The
ionization pulses of these recoils are amplified and those lying between
an energy E and E+AE are selected and recorded. Assuming for the moment
that the range of the recoils is small compared to the linear dimensions
of the chamber, so that its wall effects can be neglected, and letting
R(E) be the number of recoils in the chamber per unit energy and time, we
find the number N(E) of fission neutrons per unit energy and time emerging
from the disk to be

(1) N(E) = - _E d
Sbh (p) 4E

where S is the effective fraction of solid angle uﬁder which the recording
volume of the chamber is seen from the disk, D its effective depth, and
h the number of hydrogen atoms per unit volume, (p) 1s the scattering
cross section of the proton for a neutron of energy E. It is furthermore
assumed in (15 that, over the invéstigated range of energy, the neutron-
rroton scattering is isotopic in a reference system moving with the
center of gravity of the two particles. This cross section is sufficiently
well known, both from experiment and theory5), and with all the other
quantities in (1) given, the problem reduces to the determination of the
recoil distribution R(E).

The source of primary neutrons wes a Be targe£, bombarded with
a beam of 2,6 MV deuterons from the Stanford cyclotron. In order to

eliminate in R(E) all those recoils due to primaries, the neutrons from

5) See paragraph 10 of the Hendbook, L. A. 11, and the more detailed
discussion of an unhumbered Berkeley report by Bohm and Richman,
Dec. 21, 1942, catalogued in the L. A. library as UCRL-320.
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the target were slowed ddvn in paraffin and by the well known method of.
delayéd modulation of source and detector6) onl& thoée'effects due to
purely thermal neutronsrwere observed. Since thérmél neutrons canhét
induce fission of the isotopevUéB, our investigation-of the fission spectrum
refers to Ué5 alone. |

Before entering into a more detailed'description of our method
it is necessary to discuss the essential determining factors. Since it
was to be foreseen that the spectrum would extend well above 2 MV, it was
important that the gas in the ionization cheamber should have the relatively
high stopping power of sbour 8 times that of air. This requires a con-
siderable pressure of the gas which, with a feasible electrode spacing and
collection voltage, leads to collection times of thé fons in the neighbor-
hood of one millisecond. It is true that the collection time could be
considerably shortened by collecting unattached electrons; since,
however, the induced voltage pulse in the chamber is proportional to the
average distance from the collecting electrode to the region where the
electrons are liberated, recoils of the same energy would give pulses of
different size, depending upon their position relative to the next
positive electrodes. This would spoil the resolution to such an extent,
that electron collection mast bé deliberately avoided and care must be
taken that not only the positive but also thé hegatiVe charges collected
are attached to heavy ions which have approximately the same collection

time,

.

6) L. W. Alvarez, Phys. Rev. 54, 609, 1938.
C. P. Baker and R. F. Bacher, Phys. Rev. 59, 332, 194l.

!
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With the comparatively poor resolution which one gets with .a
collection time of one millisecond it becomes necessary to work with thé
'oonsid_erablev time lag of several milliseconds between the mcme.vi’c at which
the source ceases and thet at which the detector starts to operate. I%
was found that the pfimary fast neutrons togethef with the capture
‘¥ -rays give during the "on" period of the source an acocumulated pulse
of the order of 100 MV; although this pulse was largely neutralized by
. & feed-back cirouit, it still was necessary to wait about 6 milliseconds’
after "turning ‘off" the source before it ceasged to interfers with the
recording of the comparatively few and small recoils from fission neutrons.
During this time a neutron of 1/30 V energy would travel 15 meters; to
work at such distances from the target would cause an excessive loss of
“intensity and we had to use a different arrangement to maintain good
intensity in spite of the necessary time lag.

This arrangement consists essentially of a hollow container
with walls having an albedo as close to unity as possible into which
slow neutrons enter from the cyclotrons Let ¥ be the average number
of times a neutron of velocity v can be reflected from the wall without
‘being captured and let the linear dimensions of the confainer be L; then
it is obvious that after a timv © = _,I%_’,. from their entering, the
density of slow neutrons inside the container will still be of the ori-
ginal order of magnitude. ¥ is connected with the mean number N of free
paths which a neutron traverses in the reflecting substance before

-capture by

.

(2) 9:@‘
o >
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For paraffin it is N ¥ 150, Y¥6 o that with L= 100 om,
v = 2.5x10° om/sec one should expect a delay time © = 2x10™° sec;
if instead graphite with N ¥ 1000 is used, the delay time can for the
same dimensions bs increased by a faoctor 2.5.

A more quantitative theory of the coutainef can be given by

solving the diffusion equation

(3)

for the density j° of neutrons with velocity v and mean free path 1l.
Agsuming all radii of curvature of the wall to %e large'compﬁred to £
and its thickness large compared to vﬁfﬁ. one can eaesily see that

while no neutrons enter the container the densityrinside will be uni-

form, and as a function of time will decrease according to

(4) /’ =ﬁ c.
where
(5) L. 23 .

A

with V and A standing. for the inside volume and wall area of the con=-
tainer respectively.

For a container with walle of uniform material the quantity
Y in (4) is given by (2). In ocur case the ﬁall material was not uni-
form but consisted of 0il in tin cans {this having the same albedo as
paraffin) lined on the inside with 12 e¢m of graphite. This lining did

not cause an excessive use of grapnite~and yet helped consideradbly to

increase the albedo. One obtains in this case of a lined wall, instead



() = (N, 5/2) 1+ (Nl/ﬂa)i tanh ((3/N1)§A/£)
L+ (Np/8))% wamh ((3/81)R0/0)

where in our case N; and N, stand for the number of froc paths hofore
capture in graphite and oil respectively,.g is the msan free path in
graphite and A the thickmess of lining. Taking £= 2 om, one obtains

A = 12 em, ¥ = 9.5, i.6. increase of the delay time LY over that without
v
lining by about a factor lé.

For the discussion of the most suiteble moduletion scheme and
dimensions of the container it is best to note the ratio of slow neutrons
striking a body of surfrce S per unit time (averaged over a full modula-
tion period) to those entering the container per unit time while the

source is in operation. It is given by

V6o /AL vt AL ~vt5 AL
2/ 1/ A
e (1-s Hi=e )

(7) £

el
"5"
c'.

where t is the period of the medulation cycle, %) and tz =re ths tinus
dufing which source and detector respsctively are in cperation and to i
the time lag between them. In thig formula %p can be congidered ns glvin
by the method of recording, V) by the material of the walls. The otiiar

quantities remain to be chosen in the most convenient manvar. Gur oo

tainer was cubical with an inside edgs of 120 cm: thig glves A=
L= 69 cm and, with v= 205x1050m/he¢ and ¥ = 0.5, the characherisiic
time of the contalner becomes

(8) © = Ly_2.6x10"% gec,
v

-
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In our final measurements the modulation was made with 60 cycle A.C..
giving for its period ¢ = 1/60 sec = 16.67x10~5 sec; we had further
tp = 5.85x1070 sec. t) = 1.73z10"° sec, and tz = 8.02x10°° sec.

The deéay of the neutron density in the container was checked
experimentally by varying the time lag tp between the end of the source
and £he start of the:detector operation. As indicators for slow neutrons
we used the & -~particles from the By, reaction in a BF3 chamber, the
fission fragments of Usg from a thin enriched target in a fission chamber
and finally the fission neutrons, observed by thé recoils in the hydro-
gen-containing ionization chamber. The exponential decay was verified

in all three cases with the best experimental detérmination of © giving
(9) ®bs = 1.8x10°% sec.

The reason for this %alue being about 30 per cent less than the calculated
yalue (8) has to be sought mainly in the corners of the container which
have besen nezlected in the caloulation and act as neutron traps; particularly
the paraffin-walled entrance channel represents & rather deep cavity and
will tend to decrease the effective albedo of the container wall.
The experimental arrangement is shown in Fig. 1. The deuteron-
Be neutrons, emerging from the target T of the cyclotron are slowed down
in the paraffin howitger H; /rom here they pass through an entrance .
in the container.
channel E, like wise of paraffin, which joins to an opening Q/ This open-
ing is 120 cm high. The chamnel E isframed in wood and can be pulled
up to allow access into the container. The ionization chamber 1 with the
first stage amplifier F is hung §n springs at the center of the container
with the tuballoy disk, 12 om in diameter and 1.3 cm thick, suspended in
front of the chamber. This disk can be pulled from outside to the top

of the container in order to take background counts, The dlstance from



«10-

" the center of the disk to that of the collecting volume in the ioniza=

tion chamber is 16.3 c¢m. With the center of the chamber having 60 com

as the nearest distance to the wall of the container, a conservative

estimate of the relative probability for a fission neutron to pass through
the chamber after being reflected by the wall, compared to that of direct
passage, would be given by (E%éé)a = 7 per cent. It was therefore

safe to assume that with this geometry the distortion of the fission
spectrum, due to inelastic scattering at the walls would not be eppreciable;

as will be seen later this fact was also experimentally verified.

25 APPARATUS

Ionization chamber.

The considerationa of paragraph 1 show that, in the construc~
tion of the linear amplifier and ionization chamber used for the recording
of the recoils produced by the tuballoy neutrons in the gas of the chamber,
it is of greatest importance to have the highest possible resolution:
this requires & minimum of characteristic time and therefore a mimimun
collection times On the other hand, the gas pressure in the chamber should
be high in order %o insure high stopping power which minimizes the wall
effects of the chamber. Obviously the three requirements contradict each
other and one has to choose a reagonable compromise, unlsss one uses
extremely high collecting voltagss in the chamber. Previous experiments7)
of this nature have shown that voltages up to about 10 KV can be |
surficientiy'wéll filtered at reasonable expense and that the insulation
problem iz not insurmountable. For the dimensions of the chamber we

chose very closely the ones of Banghall and Kariners9 since it was felt

7) E. Baldinger, P. Huber and H. Staub, HelveiEFhys. Acta 9, 245, 1938.
also: P. Huber, Helv. Phys. Acta i4, 163, 1941.

8) H. Ho Barschall and M.Ho Kanner, Phys. Rev. 58, 590, 1940

[}
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that here experience on stability and microphoﬁi@s would be the pre-
dominant fectors. Thus the counting volume was fixed to be a cylinder
of 8.5 em diameter and 8.5 cm hsizht. This volume was divided into §
sections by means of transparent electrodes (Fig. 2). The electrodes
connected to the high voltage ars simple brass rings supporting a woven
mesh of vacuum~-heat-annealed copper wire of 8 mils diameter, the mesh-
width being 1/%". The transparency of every grid is thusg about 87 per
cont. Top and bottom high-voltege electrodes were solid plates. The
collecting electrodes are of the guard ring typs. A thin drass ring
1/8" wide and 1/16" thick supporis & wire mesh similar to the one of the
voliage electrodes. This system in turn is supported by a wider btrass
ring,the guard ring, through two small ewber beads so that there is a
distance of 1/16" Between collecting electrode and zuerd fingQ At &
third point of the collecfing electrode & brass strip protrudes through
& slot of the guard ring into a grounded shielded tubing containing the
common lead for all the collecting electrodes. In the course of the ex=
poeriments two steel contminers for this ionization chamber struchure were
used. The first, which is able to stand pressures up to about 80 atmo-
spheres, has o base plate 1 1/8"thick and a half-spherical dome 1/4%
thick and a c¢ylindrical part 1/4" thick, 7" in dismeter, and 3" highe
Its total weight is 61 lbs. The second container isg for about 20 aitm.
and has e base plate of 3/8" and a 1/3 spherical dome 1/8" thick. Its
cylinder of 1/@“ well thickness is otherwise similar to the first omns
(Fige 3). The weight of this container is 19 lbs. Since our {first
experiments obtained with the 61 1b, container showsd thet the averags
enorgy of the tuballoy neutrons is considerably lower than expected it
wag decided to use less stopplng power and conseguently reduced preossurs,

which onabled us to use the much lighter couisiner, thus reducinz the

b . 2 e P ar men e L E DV O A I PR
denger of inelagtic scatbering in ivso walle.
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The gas f£illing of the chawber . the high pressure required
somz particular precauticns. Direct fillings of the hydrogen from the
tank showed that the gas was too impure, containing probably high amcvntu
of oxygen and moybe condensible materiels in the form of small drops,
end also dust particles. We therefore cléaned the geses very thorouzaly
by burning the oxygen in hydrogen over hot Pt ashesbos. which alsc served

2 \

es & mechenical Pfilter, and by subsequent cooling with liquid elr. This
purification was done very slowly et ebout a rate of one litrs atmosphoric
pressure per minute. The same procedure was followed for tho deuterium
£illing. The argon used, among others, in our last exporiment was very

pure and therefcre passed only through a dry-ice-cooled copper spiral. A

schemztic diagram of the purification train is gi: ven below.

- PT. Asbestos PT. Asbestos
2 ) {Frifiz7 éi ™ L‘zz’l 2/; 55 T z
%_, g]‘ j: chemboyr
- 5 Licui ~ -
Dry ice 1?uld Lignid e
eir X pump
air

This purification was actually so effective that we succesdsd in collscting
freo clectrons. A careful counsideration of the collectiom process in an
ionization chamber shows that such a fesbure iz guite undesireble, resulds
ing in exireme differvences in pulse size according to the location of the
charge ss described in paragraph l. A minuds amount of oxygen was there-
fore admitted to the chamber allowing the ettachment of free elscirons

and s¥ill giving hlgh mobll as. This oxygen contaminstion waé of the

order of 1 part in 10°.

(Y]
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Recording clreults.

It is obvious that the construction of the chamber raesuits in
en unusually hizh capecity which together with the grid capacity of the
first tube amounts to SgggFQ; this of course tends to produce a very
unfavorable ratic of electric noise to signal (this ratio being propor-
tional t0,7C ). This can only be counterscted by & careful selection of

L
tube type and operation condition of ths first stage, and the grid-leal
rosistor. The use of such a resisior was felt to be necessary in order
to prevent fluctuations of considersble duration of the working point of
the tube due to inevitable fluctuations of the ionization chamber high
voltage supply. The resistance was chosen as large as possible, viz.,
lO%fL resulting in a time constant of the first stage of 60 milliseconds.
In the. first part of the experiment we had to use & type 38 tube for the
first stage since any special type was not available. In this case the
noise level of about 18, volts was largely due to the tube. We were later
able to secure a type 1603 (special tube for low noise, microphonics, hum) .
reducing the noise level to about 8, volts which was provably about
equally due to tube snd roesistence ncise. The filament supply was 6.3 voits
D.C.

FProm the first sitaege which is directly attached to the chamber
the pulses ars fed (see Fig. 4A) %o a conventicnal 3 stége voltaze amplifier
whose first tube is a low microphonic type 1620, the other two 6J7. Greaw
care’w&é taken to operate the tubss strictly within the linear part of tho

characteristics. Aflter the firs% GJ7 the amplification ch&nnel splits
into two branches, the first leading to the last 6J7; the other to & sepa-
rate voltage emplifier using a type 63J7. The output of the latter is fed
throuzh a discriminating circuit and over a diode rectifier back to the
cathode bies of the first tube thus representing s feedback with a feed-

back fector 30. This [esdback iz only in operation during the "off" period



“1k-

of the selector, shown in Fig. 4B. It was necessary tc incorporate this
feed back circuif since the charge collected in the ionization chamber
from the fast-neutron burst is so big that even after many characteristic
amplifier-times there would still be an appreciasble disturbance present
giving rise to an unsteady intensity-dependent level over which the use-
ful fission pulses are super-imposed. However, with the teedback in opera-
tion the voltage between grid and cathode of the first tube is kept at a
small fraction of its original height. Obviously the feedback can only
work if fhe feedback voltage pulse is a true image of the original pulse.
Since the amplifier does not transmit any D. C., whereas the original
pulse certainly contains a D. C. component, it is obvicus that a non-
linear distortion has to be introduced. This is achieved by applying

the feedback pulse to a condenser, 021’ whence the charge leaks off through
a variable resistance. This latter has to be adjusted until the time con-
gtant is the same as that of the original pulse, In order to avoid
oscillations it was necessary to make all the time constants quite large.

The modulation of the feedback is accomplished in the following
way. A type 6SJ7 tube, ) is connected across the output of the last
6SJ7 voltage-amplifier tube, V3. At zero grid voltage this tube acts as
an effective short circuit of appfoximately 2000 £ impedance across the
output, reducing the output voltage to a fraction of a volt compared to
the original voltage of about 30 volts which 1s present if the shorting tube
is at cut-off (approximately -10 V grid voltage).

The advantage of this type of discrimination over the convention-
al screen or suppressor grid modulation is the absence of square-wave
modulation of the plate current of the modulated tube; In the present
arrsngement we get only a very weak modulation voltage (approximately 0.1

volt compared to 30 volt pulse size) developed across the output of the

v,

w
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65J7 veltage emplifier, whereas with the vsual modula@;on it would bo
of the order of the pulse size itself.

The output of the voltage amplifier, which is set to give
pulses of approximetely 10 to 50 volts, is fed to & disoriminator modu-
leted in the same way but opposite in phase to the one just described.
This discrimimator éuppreasas ihe remaindsr of the fast-nsutron pulse.
At the same time the pulses are shortened to a time constant of 2“10"'3
sec. After pessing through an additional amplifier stage (necessary
since the discrimination cannot be performed at the grids of the record-
ing thyratrons) the channel again branches and leads to two separete
invgrter tubes which restore tho pulses to their original height and
positive sign. One channel leads to a single thyratron and recording
device, recording all the pulses above 2 certain height, depending on

the bias setting ot the thyratron. This integral counter served as an

- additional monitor since its bias is-left constant during a measurement.

The other channsl leads #6 a so-called selector, similar in

construction to the one described by Robertsg). The selector consists of

a pair of slightly differently biased thyratrons; their bias can be
varied without changing this difference. Pulses actuating none or both
thyratrons are not recorded; only those are recorded which actuete only
the thyratron with the lower biass. This is accomplished by feeding the
output pulses of the seli-quenching thyratrons to therprimaries of two
transformers whose gecondaries are connected in series but opposite in
phase. If both thyratrons are actuated the difference of the two pulses
appears across the two secondaries. This difference can be quite high

but is of very short duration since, due to the finite ascending time of

g) Arthur Roberts, Rev. Sei. Instruments 11, 44, 1940
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the pulses on the grids, the thyretrons = [ired at different times (s
fraction of & collection time, i.e., approximately 1074 sec). However,
by wmaking the time constants of the transformer circuits quite long it
is péssible to reduce the differencs pulse to a sufficiently small value
without affecting the height of the single,pulse.
'If the output of the iwo transformers were recorded a sserious
srror in the size distribution of the pulses would be encountered. If
& recoil prbton should be produced shortly bsfore the measuring interval
of the amplifier starts, it would happen that only & fraction of the
charge of that recoil would be medsured since collsction would have started
before the meésuring period. Apparently this would lead to too many shorg
pulses. The same effect of course takes place at the end of the measuring
interval. The number N of such distorted pulses can easily be estimated.
t, torty
{10) N~ I{t)dt - I(t)dt
‘ T Ty rty-T

The total number of recorded pulses however is
to*'tS

(11} No~ 1{t)dt
t,-T

9

where I is the slow neutron intensity at the time t; T the collection
time, By the time of stars of the recording intervel and ¢tz its duration.
Aedording to paragraph 1, I{t)~ o~t/0 where © is the characteristic
time of the neutron container. Since T is about 1/6 and © about 1/4 of
z it is epparent that the second term in (10) is neglizible (<1%)
wherens %he‘first one is about 50% of the total number of counts.

This effect however can be avoided (es far as the start of tho

is concerned) by preventing the recorder from record-

T

ing pelses which i

3

e the thyratrcas within a collection time after the
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start of the recording interval. This “post diserimination” is done

in the following way. The comparatively lonz pulses of tha <{iffer-

- ential selector are first sharpensd to & pure exponential m:ise of

‘mbout 24107 sec duration.:: Then they ars fed %o the zrid of & thyra-

tron whose bias is modulated by a negative square wave stariing right

et the beginning of the measuring interval and lasting for = %ime of

. the order of one collection tims. The negative medulation is so high

as to prevent the pulses of the sharpener, which are.all of squal height-
regardless of the height of the pulse originally actuating the selector
to operate the thyratron. If the sharponer were actuated during this
time: of post discrimination the sharpener pulse would already have
decayed éppreciably~at the” time at which the negative modnlisiion of
the thyratron has stopped. It will therefore not actuate shis thyratron,
which, without the modulation, is biased so that sharpener pulses just
actuate it-at the moment when they reach their full height. On the
other hand sharpener pulses originating after the start of the measuring
interval reach their maxipum*haight only after the moduletion has
ceased and-will therefore be recorded. The aceurate duraiion of the
post discrimination interval can be determined experimentally. The
procedure"will be described in. paragraph 3. TFinally the dutzut of the
post discriminator thyratron is fed in the same way as ths output: of-
the integral thyratron tora 6L8 power tube and recorded by = relay- -
operated Cenco counterw.:. All the powser supplies for the amplifier and
the high voltage of the ionigation chamber were fed from a.500-watt,
coﬁstanf—voltage transformer.’

~The square-wave generators for the modulation of the feedback,

¥
discriminetor and post discriminator are represented in Fig. 5. Fsed-
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back sud discriminator are modulated by the same generator, but are
made opposite in phase by taking the modulating voltage off at B and

C, rospectively, Fig. SA. The modulation frequency is 80 cyclos; hence
8 cycle is squal to abouﬁ 9 neutron lifetimes in the container (see
section 1). The square wave is produced by the multivibrator circuit
shown in Fig. S5A. The start of the square wave is controlled by means
of a phase—shifting.network, vhereas 1ts end is determined by the time
constznt of the coupling circuit betwsen the plate of one and the grid
of tha other thyretron. This arrangemont has proved to give much less
distortion of the squere wave than the usual circuit using two independent
phasew$uifting networks.

The Itiming of the square wave and the related events of the

cycle zre indieated in the following diagram: R
X
g gz g
N
E oo o & “ P
.‘E 2 H | )
, ' & A S | |
i ! ‘? - ] i
i g . ‘
! ‘
! ;
i ) N
! i
C25e X Y X 207> K16 R
N +f
“ .00 >

The capital letters refer to Pig. BA.
The square wave of the post discriminstor has to start at the
lates at the termination of the discriminstor interval and has then to

last or a time to be determined experimentally. Again two thyratrons

1)

M
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are arranged in a multivibrator circuit. The start is acocomplished by
distofting the discriminator ond by means of capecitive coupling into

a sharp pulse fed to the grid of the thyratron which is usually "off".
The duration of the pulse egein is controlled by the RC value of the
eircuit coupling the two thyratrons. Since the timing of both generators
obviously depends essentially on grid and plate voltage, both supplies

are stabilized by voltage-regulator tubes.

Modulation of cyclotron.

In the construction of the modulation of the cyclotron &rc
considerable care was taken again to make the pulses as square as possible.
FPor this rsason a'IOWhpGWEr'Squara-wave gonerator, identlcal in construc-
tion with the one used for ths discrimination, controls the arc current
through & set of 616 beam power pentodes. This avoide the use of high-
power thyratrons and results iﬁ’betteﬁ square waves. With the moderats
load of the thyratrons their plate current varies only very slightly with
the grid voltage, and, furthermore, the phase setting is practically in-
dependent of load fluotuétions, which in the case of an arc soufce aré

insevitable.

Monitor. .
The integral counter described above serves as a monitor, allow-
ing one %o refer a certaip:nQMber,df pulses observed at a given setting
of the differential seleqtorrﬁo,a standard number of fissions. Hevertheless
it was felt that an additionalvindependent monitor system would eppreciably
increase the reliability of the apparatus and also serve to locate possibls
spurious response. As an additional monitor we used an integrating BFg

ionization chamber with switching mechanism described previouslylg).

'

10) E.Me Fryer and H. Staub, Rev. Sci. Instruments 13, 187, 1942
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In %his arrangement, 3 condenser charged ?o a standard voltage is allowed
to discharge through the BFz chember. Its;tima constant was set so that
with the usual modulated target current of 2 mieroampores the discharge
time was about two minutes. The monitor chamber was located in a paraffin
block close to the target at the eﬁtrance of the neutron container.

Afteb esvery discharge the monitor inférrupted the counter system of both
integral and differentiél counter for a few seconds in order to give time
for reading the number of counts. It shall be mentioned here that the

BF3 chamber would not act as an entirely rsliable monitor since it records
only the total number of neutrons produced at the target. However their
time of emission during the "on pericd” of the arc also affects the
number of recorded fisslion pulsses and it was actually observed that the
shaps of the targst current pulse fluctuated irregularly. Obviously the
porformance of the integral counter as a monitor is independent of such

/
fluctuations.

Timing of modulation.

Although the setting of the instances of the various modulator
events as such is not very critical it is obviously of greatest import-
ance to keep & certain setting constant over a whole measuremsnt unless
one refers only to the integral counter as monitor. In order to check
contimously these settings @ mull method was developed since it was found
that the simple measurements of the distances of the various square waves
on a cathode~ray oscillograph screen was too inaccurate partly due to the
strong non-linearity of the oscillograph sweep. For cﬁery}event (start and
end of target current, start and end of discrimination, end of post dis-
crimination; to be measured, a separate phase-ghifting network consisting
of precision condenssers and rasistance boxes was inserted into & sinusoidal

60-cycle horizontal sweep of the cathods-ray oéoillograph. The phase of

wy

O
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this swesp was caloulated from the valuss of R and C required to meks

the event to be measured ocour at the instantaneous zero sweép voltage,
i.e., on the screen at the.plece of the undeflscted beam. Such a setting
iz independent of the oscillograph characteristics (amplification and
non-linearity) except for the position of the undefleooted beam which,
before the measurements were token, was always set to & cross hair by
means of a permanent magnet. Fhase checking was very frequently done
during a méasurémeﬁto “In order to be independent‘of possible spurious
time 1ags'beﬁws®n arc and target current, the phass of the latter was
checked by feeding the voltage drop produced by the target current across
e resistance of several tenths of a msgohm. '

The various suiteble time values of the events were determined
experimentally. Particularly the most important time difference betwesn
end of target current and start of measuring interval was set go as to
give only very small X—iay background without having to sscrifice too
mich intensity (see section 1). The length of the post discrimimator in-
terval however had %o be detgrmined experimgntally rather accurately,
since the exact value of the collsction time was not kann, and also
because an additicnal lag was introduced by the long time constant of the
differential selector output. This determination wns‘performéd in the
following way. At a cerisin setting of the differqntial selector bias the
counting rate was taken while the setting of gtart and éﬁd of arc, end of
post discriminater and end of discriminatof interval were kept constant
and the sisrt of the discrimirator interﬁal was moved towards. the arc. If
the collection time were zero the counting rate should stay constant, since
all the extra pulses starting during the post discrimination are not
recorded. With a finite collection time however the counting rete should
increase or decrease monotonically depending on the nature of the pulse-

distribution curve, as the post discriminator start moves towards the arc.



This is simply dpe to the fact that during the post discriminator inter~

val the length of the pulses 1s cut, thereby adding %o and subtrecting from -
the true number of any particular length. Since in ocur case tha number-
ofnrecoilsnversu§»length‘curve drops very strongly, more pulsee are thrown

out of an interval than are thrown in. We therefore eapsct the counting

rate to inéréase as one lenzthens the post diseriminator interval until the
interval pecomes longer than a collection time. From then on the rate should

be constant since all the extra pulses are rejected by the post discrimination.
This behavior has indsed besn observsd. For the high pressure chamber the
counting rete inecreased from post-discrimination time zero to 2 millissconds

by a factor 3 and then stayed practically constant. Measurements wore ;

taken up to 3 milliseconds. The length of the post discriminator interval

vie.s therefors set to 2.17 milliseconds.

Testing of amplifier performance.

In order to measure the amplification and the linearity of ths
amplifiér an artificial pulse generator waes built generating reproducible
pulses of wsll determined size. Previous experiments involving similar

7) nad shown that mechanicel switches for this purpose are not

msasurcments
reliable since they frequently load to oscillating breaks or olosings of
the psntact, Therefore & thyratron was used for closing the circuit which,
once fired, stays conducting. The breaking of the current wes performed
vby a relay but no use was made of this pulse. Pig. 6§ shows the arrangement
of'the pulss goeneratore. Suppose the thyratron is conducting whereas the
capgcity feeding the 75-volt neon tubs is below its flash voltage. After
sufficient time the vqlt&ge rises to the flash point, the neon tubs flashes,
thereby operating the relay anﬁ interrupting the plate current of the
»thyfatron. Aﬁ the same time the grid of the thyratron becomes charged

negatively due to the capacitive coupling between plate and grid circuit.
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Then this charge leaks off and when the grid has iiined a sufficiently

L2

low voltage the thyratronbflashes agein since in the meaﬁtim@ the relay
has besin closed. This process repeats itself at a rate 6? 40 or 75
pulses per minute according to the two possible settings of tﬁe time
constart. Across the cathode resistor a voltsge is therefore developed
consisting of essentially square pulses, whose ascent is well determined
wherea:s the descent may be oscillatory. Their height is well determined
by the current and,the Iknown resistance. For the.measurement of the smpli-
ficaticn the high-voltage elsctrode of the ionization ?hamber is conhected
over a suitable voltage divider %to the cathods resistor. Due to the capa-
¢ity of ths chamber the grid of the first amplifier tube receives alternately
positive and negative pulseé, the negative ones being bf no interest. I%
is to '3 noticed that the decﬁy constant of the éﬁlses in the amplifier is
necesssrily the sames as that of the recoil pulses, The only difference
congists in the rise of fhg pulss, For relative check messurements on the
differsatial selector however the pulses can be made to riée slowly byi
inserting & resistance-capacity network into the output of the generator
as shovn in Pig. 6.

It is essential for the messurements that the level on which the
recc;il pulses appear at the selector is free of any 60 cycles or its
higher harmonic ripples~siﬁée the recoil pulses are synghronized with
this fiequency. Furthermore, the pulses are superposed on a ¥ -ray back-
gfound which is also synchronized. .In‘order to make surs thatvno
appreciable synchroﬁized lsvel changé‘of the emplifier wasipresentﬂ
pulses of a certain size were fed into the fourth stagefof{the amplifier
and thoir length measured by the selector as a function of the phgse
settin:;. The synchronization was obteined by coupling capacitively the

breake '$ of the modulating voltage of the post diseriminator to a scale
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of 16 cirémit' :whivch 'raducad the number of pulses to 3.75 per sec.

Thege pulses ware superimposed upon the negative voltage leaklng off
the grid of the pulse generator thyratron thereby synchronlzing the
pulses of the latter.' Their phase could be ohanged by changlng the
phase of the post discoriminator pulse generator, No phase systematio
deviation of the 1e§el coﬁparable tobthé statistical noise levei could
be detected over the interval of phase investigated. h

| The stabilized D. C. output voltége.§f the pulsge generatot cén
also be fed to a potentiometer clroult which when connected to & large
precision voltmator, onabled us to measure and oheck the bias settlng end
flash voltages of the selector and integral thyratrons. At a plate volt-.

age of 105 volts the grid flash voltage was about 12 voits.and varied over

half & year not more than * .2 volts. The same variation was observed
for the biag settings. This was felt to be constant enough since the
smallest pulses measured were about 13 volts at the grids of the selector

thyratrons.

3. MEASUREMENTS AND CALIBRATION

Experimental procedure.

Thres different measurements of the fission. spectrum of 25 were

performed, In the first one the heavy‘cont#iner, filled with purified

| hydrogen of 39 Atm., was used. In this case the stopping power was 8.63)
thue a proton recoiling forward froﬁ e 2.5 Mev neutron had a range of

1.2 cm. The second sst of data was obtained with the heavy containey
filled with 26 Atm. of hydrogen, reducing the stopping power to 5.7. The
third get-was taken with the light container filled with a mixture of -
13.8 Atm. hydrogen and 2.7 Atm. of ergon. This mixture hag the same stop-

ping power as pure hydrogen of 26 Atm.

1%
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The three measurements were taken in the following way. After
the ampiifier and monitor had been turned on for at least one hour, the
phases of the various events of the modulation and discrimination wers
sot as described in Section 2. The bias of the integral thyratron was
set to é standard value at about 1.2 MV neutron energy. At svery bias
setting of the differential seleotor recordings were made over five dis-
charge intervals of the BFz monitor with the tuballoy close to the cham-
ber and immediately following five runs with the tuballoy removed to the
ceiling of the neutron container. The change in the bias setting of the
differential selector was deliberately made in a quite unsystematic way
usually by letting a high bias setting follow a low one. Ths setting of
the bias on the scale of its dial could be reproduced to about 0.2 volt
compared to 13 volt of the smallest pulses measured. Every bias setting
was then repeated in the above way in the §ourse of the measurement about
four times. The number of recoils observed at one particular bias set-
ting was then computed as the ratio of the difference of the two values
of the differential selector, with alloy in and out, to the difference of
the corresponding valuss of the integral counter. Most of the runs
except those at the very lowest enefgies were taken at an average cyclo-~
tron ta_.rget ourrent of 2.0 microamps. At thie intensity the BF3z monitor
interval lasts about 2 minutes. During this time the 1ntegr§.1 counter
records about 100 counts of which about 20 ars bAckground as measured
with the alloy removed. For the differential counter we obsgerved, at
around 1 Mev, about 50 counts of which about 10 were background. This
background of about 20% was rather constant for energies above 0.8 Mev
whereas it varied a great deal below 0.8 Mev being.sometimos as low as
20% and sometimes as high as 60% of that total number observed with the

differential sslector.
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Considerable care was taken to ascertain that the observed
nuhber of pulses, particularly at the low energies, was unaffected by
coincidences arising from the high intensity of the primary neutrons.
These coincidences could result from auperposition of elsotrons from
the strong ¥-ray background or of the fission neutrons themselves. For
energies below 1 MV this necessitated a reduct;on of the targst ocurrent
to a value as low as 0.5 microamps in certsin cases.

The consistency of the data taken were in genersl not as good
aé might be expected from purely statistical reasons, this being true
for the integral counter as well as for the differential sslector which
sometimes showed fluctuations about twice as large as the valuss cal-

culated from ata{istics. We have taken this fact into account by cal~-

culating the sctual mean-square deviation as well as the statistical.
The errors given in the results are either the observed or calculated
ones, whichever turned out to bs bigger. During the course of ths
measurements ssveral checks.of the amplification wers made by applying
pulses of a given size produced by the pulse generator described in
Section 2 to the ionization chamber and measuring the corresponding in-
tegral and selector response. In our first run (heavy steel container
35 atm of Hg) we observed erratic variations of the amplification of
about 155 meking the final calibration of our measurements rether un-
certain. For the subsequent runs (low pressurs and hydrogen argon mix-
ture) the variations stayed within 2% after the amplifier had been

thoroughly checked over and several deficiencies had been corrected.

Calibration.
The conversion of bias setting into recoil snergy for each of

the three measurements was done in the following way. Before the actual

-
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measurements wsre taken & careful calibration showed that for the ampli-
fier an almost perfectly linear relation exists betweeon input voltage at
the grid of the first tube gnd bias setting of the differential selector.
(Fig. 7) Only at the very largest input voltages we observad a very
slight deviation of a few per cent from linearity. This amcunt is so
small that a correction for energy and interval width could be neglected,
particularly since the number of counts observed at these energies was
extremelvy small.

Before and after avery set of meamsurements of the figsion spsct-
rum the amplifier and ionization chamber were moved to a source of mono-
chromatic neutrons from the D-D reaction in order to estsblish the relation
between bias setting and recoil energy. The D-D reaction tube used for
this purpose was of a similer design to the one described by Bzldinger,
Huber and Staub7). It was operated at 30 to 40 KV acceleration voltsge,
end about 15 KV source voltage. The target of heavy ice was everywhers at
least 3 £t away from any large amount of mmterials, and the chamber was
placed at the same distance from the itsrget as the alloy disc in ths
fission measurements. Due to the fact that the {tube wag operated at such
low voltege the energy sﬁread caussd 5y the finite solid angle subtended
by the chember is negligibly small. With this arrangement the number of
recoils at the various setiings of the differential seleotor was recorded.
Since the BFz monitor is too insensitive for this type of measurement the
intégral counter served as the only monitor. The resultslgiven are the
ratio of the difference of ths readings of the differential selsctor with
the ion source on and off to the corresponding diffsrence of theziﬂtegra1 
counter. During these measurements again several amplification checks
were usuallj made in the way described above. No changes of the amplifi-

cation were observed for the low-pressure hydrogen and hydrogen-argon
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mi;ture runs, whereas for the high pressure run again changes of abort
15% were noticed. In order to establish finally the energy-bias rela-
tion the point of meximum in ihe neutron distribution of the measured
D-D spectrum obtained by the analysis desoribed in Section 4 was taken
to be equal to 2150 MV neutron energy.

In addition to the calibration measurements the following series
of tests were also performed with the D-D source using the heavy container
and 39 Atm. of Hge 1) Test for inelastic scattering by the iron of the
container of the ionization chamber by slipping an iron ring of approxi-
mately the same weight as the heavy container over the latter and measur-
ing the D-D spectrum in the way described below in section 4, ld. 2) Test
bfor the inelastic scattering due to the walls of graphite and oil of the
neutron container (Section 4, lo). This test could only bs done approx=-
imately with the D-D source by surrounding the latter from four sides with
an o0il and zraphite wall of the same thiokness as used for the neutron
container at a distance equal to that existing between the tuballoy
semple and the walls of the neutron container. 3) Test for inelﬁstic
soattering in the tuballoy sample itself by interposing the sample be=
. tween D-D target and ionization chamber. In this last c;se no noticeable
distortion was observed, indicating that the influence of inelastic scate
tering of neutrons of 2.5 MV in the alloy is negligible. The main objection
against these tests is due to the fact that they give only information on
the inelastic scattering for neutrons of 2.5 MV energy. It is of course

fully realized that the inelastic scattering may be guite different for
other energies. However it was felt that, due to the smallness of the
ef{ect, our results on the fission spectrum should not be greestly affected

by inelastic scattering even at smaller and higher energies. The results

of these various tests are given and discussed in Section 4.
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Experiment with deuterium,

o - T ey 7
CTl 3ECTruUn

It was planned alsc to make a measurement of the
by using deuterium recoils instead of protons, Yo this purpose the
light contaeiner vas filléd‘with 16.3 atmospheres of deutsrivm purified
in the same way as the hydrogen. At this pressure the range of a forward
deuterium recoil due to a 2.5 MV neutron is exactly the same as a férward
proton recoil due tc a neutron of the same energy in hydrogen of 28 atle

pressure, thus giving tne same wall offect as in the second measurcment.
By irradiating the chamber with the neutrons from the D-D scurce, with

the same arrangement as in the case of hydrogen, we found that the recoil
distribution shows a very murked deviation from that which one would expsct
for isotropic scattering. At high enerzies, the curve shows [see. Saction
4¢) a distiict maximum. In order to test the proper functioning cf the
apparatus and whether the anisotropy of scuttering depends on the ansutron
energy, the latter was changed by turning the chamber from the position

at right angles to a position along the direction of the incident deuterons.
Although the bombarding emergy is quite small this arrangemsnt nevertheless
changes the neutron energy from about 2.5 to 2.7 Mev esnerzy. The distrib-
ution however indicates still a considerable anisktropy, possibly somewhat
different from that at 2.5 Mev. A discussion of these results is also
given in Section 4. The anigbropy found in these measurements led us to
abendon the measurements of the fission spectrum with deuteron recoils.
Total yield.

Sirce our measurements give results only for energies of the
neutrons above 0.8 Mev it wus folt desirsble to measurs also the toitsl
number of neutrons emitted by’the tuballoy under the given condition.

By this meusurement we were enabled to compute approximately the number

N

of neutrons with energies bhelow 0.8 liev. This was done by meusuring
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[N

the totsl numbeé of fisaions produced in a well known ssemple of enriched
25 ineide the neutron container during a discharge period of the BFg
monitor. As showm in Ssction 4 one car. {hen compute the total number of
neutrons to be expected per monitor interval. Immediately following the
fission mexsurement we determined the number of neutrons above a c:rtain
energy (approximately 1 Mev) by measuriny the total number of recoils
having energies in excess of this amount. This was done simply by re-
moving the one thyratron of the selector sistem with the highsr bias
setting. [ission and recoil measurements weve done with the fission

" semple and the tuballoy in the same position ‘nside the neutron container.
It is pointed out in Section 4, paragraph 5, t:at the difference of hhe
collection times in the hydrozen and the fissior chamber causes an error
in deternining the total nuﬁbar of neutrons. Thiy error could have been
corraceed by finding a new setting of the post dis ~imination appropriate
to the collection time in the fission chamber by mcesuring the fission
rate as a function of the length of the post discriminator interval as
described in Section 2. Unfortunatvely this meastremert is not very ac~
curate and furthermore the construction of the modulatcs for the post
diserimination does not allow settings between zero and me millisecond.
The curve obtzined shows however that, due to the shorter collection time
in the fission chamber, the proper length of the post disc-iminator in~
terval should be shorter than for the recoil che.ber, vig. less than 1
millisecond.

Next, with & post discrimination interval of 1.2 mi'iseccnds, we
messured the rumber of fissicns observed above a certain ene';y vessus this
enersy. This again was done by removing the thyrairon with 119 higher bdias
the selector. Cver alwmost the full range of posuible bias cettings this
surve is practically horizontel. The curve allows e.sy extrapilation of

he intzgral number of fissions to zero encrsy. This shows tha: in this
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region we measure the totsl number of fissions, independent of the bias
setting.

These two measurements were done at setuings of itne modulation
scheme differeni from the one used with the neutron chamber. In order %o
zet a oounting rate increased by about a factor &, these two meésurements
were taken with the end of the arc time much closer %o the measuring in-
terval. Finally, the total number of fisgion was messured with exactly
the same phase settings as in the case of the neutron recolils. This
means that the post discrimination of 2.2 millisseconds is in both cases
gufficient, i.e., no cut pulses will be recorded. The wey the results
ara then corrected is.described in Section 4. The bias of the single
thyratron of the selector system was set at & quite low value and the
number of fissions recorded, giving 1.2 counts durin; a moanitor interval
of about 2 minutes duration. It may be mentioned that in the case of
the fission measurements the smplification had of course to bs reduced
very strongly. The background measured with the arc curreat off was,
at the very lowest bias (about 12 Mev pulse size), less than 3%. Above
aprroximately 20 Mev no backszround counts were recordsd during the

whole measurement of the bias curvee.

3y the method described in the preceding paragrephs a great
number of recoil distributions was recorded, with variation of the gas
filling of the ionization chamber, the surrounding materials, etc.,
and with many test runs tc find the wost suitable conditions for re-
cording and to ascertain the reliability of the results. To each set
of runs of the fission recoils there belonss an auxilisry run of thae
recoils produced by the neutrons from e low-voltage D-D socurce in which

the chamber, its filling and the recording apparatus were identical to
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those used at the cyclotron. Knowing th> neutrons to bé monwenergetic
a8t 2.5 Mev, these D-D runs were important not only to test the apparatus

as & whole and the analysis of the dats, but also as a calibration for

the translation of pulse size :.ato energy of the roecoil, ¢ =hall alterwurds

réport the essential runs singly, taken boh with D-D and ['ission neutrons,
and discuss them separately.

Method of analvsis.

First, however, we shull describe the mothod of anzlysis upon
which our finel conclusions are based. Alchough, as discussed in
Sections 1 and 2, proper care was taken to avoid excassive wall effects,
corrections had toc be made for them; for “he highest eneryies observed
in the fission spectrum these corrections amounted to as much as 50%,
for thé lowsst about 15%. The wall corrections were based upon careful
calculations of Hammermesh and Weinstock; the former using & numerical,
the latter, as an independent test, an entirely different analytical method.
The only simplifying assumption in these calculations was *that of perfect
coaxial collimation of all neutrons, pasging the chamber; due to the finite
extension and distance of the alloy disl:, the neutrons emsrging from it
actually entered the chamber with an averaze deviation from coaxiality
of 14 degrees. DBoth the smallness of this angle and an ezpirical test
for collimation made with D-D neutrons make us feel confident that the
error iﬁtroduced by the simplification is nezligible. A conservative
estimate of the percentaze error of @he wall corrections is 10% of which
several percent is due to the inaccurate knowledze of the ranges. The
calculations were ear;ied out for the geomeitry of our chamber and a gas
of a stopping power egual to that of 39 atm. of H2‘

The result of these calculations and the form in which they

have been used can be stated as follows: Consider a mono-energetic neutron



group of encrgy Yo under tho conditions of validity of ecuetion (r)
Ssction 1, thess neuirons would give a uniform recoil disteibution and

we shall asgsume it to be, in arbitrary units,

1 for E<E
(12) R(E,E) = <

0 for E3E,
Instead of this uniform distribution the calculations give & monoton-
ically decreasing one, which in sufficiently close approximation, can
be represented over the whole range of energy up to 4 Mev by & linear

law; in the same units ono obtains instesd of (12)

» X(Eq) [1 + u(Eq) (EO~E)7 for E<E,
(13) R(E,E,) = <
(4] for E>E,

-

It can be shown that, with & law of the form (13) instead of (12), equa-

tion {1) of Section 1 hes to bs replaced by

>
o B [aR  w(g) | R(E)  <o(E') u(E*)dE"
(14)  ME)® - SR EFETR(E [& - I ’ |
E
with
E
(15) v(E): u(B' )dE!

The functlon A (E) has been tabulated; its values up to § Mev are repre-
sented in Fig. 8. For the other funotiom u{E) entering in {13) it was

found that ‘the anblytical representation

(18) u(B) = .23 (E - 0.6)
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the energy E

Bolow that onergy the wall corrget.ions are go small that oae can tako

us O, x=l, i.¢., use (1) instend of (12).

Besides the runs talen with a gas fillip
the above dota apply dirsectly, cther runs were taken with 26 atm Hp and
with a hydrogen-srgon nixture of th: same

sosping power. Fortunately

TGI8

it is not nscesgzary to recomputs rigorously the wall corrsctions for this
new stopping power, since within 3% e ranies for this small stopping
power cen be stated to be the same ag those for the bigger one if hers
8ll energies are multiplied by a factor 1l.2%. Thus without apprecieble
loss of accuracy the same functions &{E) ané u(E) cculd be used as before
by mere substitution of the argument by 1.2% E.
In the analysis of the following ru/s we havs throughout used the

procedure of first representing the observ:d recoil distributions R(E)

by & gmooth curve and taking Por-%% its dsrivative rather than using the
"experimentel derivetive” as the diffsreice of two consscutive measured
values. It is clear that because of thiir statistical fluctuations this
atvter wvay of determinsation would lead o far greetsr fluctuations in the
analyzed spectra and that these fluctua lons would not zive a fair repre-
sentation of the actual statistical uncorteinty since they would become
the greater the closer the measured poitts are spacsde In tho measured
recoil distributions themsselves no grester [luctuations were found than
those to be expected expsrimenially awml it seems thsrefore that the repre=
sentation of the detr by & smcoth curve is justified. An evaluation of
the statistical errors must then be besed upon the uncertaincy with which
a smooth curve can be fitbed, and this cun best be obtained by inspection.

It is plgo pertinent vo the following esnslysis that we have used

for the function O(E) in {14) the simple square-well result for the neutron-
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proton cross section of Bohm and Richmanﬁ).

We shall now report and discuss the data obtained:

1) Chember filled with 39 atm Hot

&) D-D spectrum: The observed recoil distribution R(E) and the

neutron distribution N(E) derived from it on the basis of cguation (14)
are plotted in Fig. 9. The latter clearly shows the line cf the D-D

- neutrons with an instrumental half-width of Q.8 MV. The &vroag broad-~
ening of fhe line is not so much caused by noise as by the incomplets
and unequal colleetion due to the high gas pressure. The cise of tﬁé
pulses corresponding to the maximum at 2.5 MV indicates th.t only 60% |
of the ions are collected; the loss of 40% is to about eguzl parts duo
to recombinationr and to the consziderable ratio of collecticn time to
characteristic time of the amplifier. The tail on the lbéwﬁnergﬁ side
is prdbably partly instrumental and partly ceused by inelastic scaitering,
due to the neutrons in the chamber and the surrounding materials; its
area is about 15% of that of the line.

b) PFission spsctrum: With the same chamber and gas filling witn which
the previous D-D run was made, the recoils from fission neuirons wers
recorded, end R(E) and the deduced fission spectrum N(E) ave plotted in
Fig, 10. The smooth curve used for the representation of R(E) is pro=

portional to e"E/‘725

where the energy B is messured in Msv. We have
found also in the subsequent runs that such an exponential law gives a
good fit to the observed recoil distributlon which, ia fact, in ocur
energy scale, has been exteudmd up to 4.5 Mev. Unfortumetsly the energy
scale in this run is rather uncertain: while from the position of the

moximum of N(E) in the previous D-D run -we would estimate the error in

our calibration to te sbout 10%, errstic changes of the amplification
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largor than thet have besn observed during this run (ése Szation 3).
Since the curve N(E) can be brought to egresment with- the sore reliable
ones obizined later by & mere soale change in the energy by a factor
1.35, we congider it most liksly that here actually an efror of about

30% in our calibration has slipped in. One more point of the recoil
d&stribution has been measursd, which im Fig. 10 would com: at E = .96 MV
with & value more than twioce that of the first one plotted at 1.23 MV.
Thie polunt wag measursd asbove & considerable and strongly wvarying back-
ground, caused mostly by capturs Y-raysy this, together with the fact
that it would represent almost & discontinuity in the recoll distribution
and with othor considerations, to bes presented later, makes it most un-
likely that a resl significance can be aseribed to it.

¢) Test for inelastic geattering in graphite and oild Since the dls-
tribution curve N(E) of Fig. 10 even if we omit the probable reduction of
the energy scale indicates considerably lower enerzies of the fission
neutrons than those given by other observers, it was felt important to
demonstrate that this discrepancy was not caused by excescive inelastic
scattoring. We want Yo mention that, in ordér to explain it by this
cause, ons would have to assume the number of inelastically acattered
nsutrong to constitute more than half of all neutrons observad; which,
with our arrangement, is from the start most unlikely. To obtain an
idea for the inelagtic scattering from the wvmlls of the container, dias-
cussed in Section 1, graphite and oil was arranged around the D-D source
(see Section 3). The result is plotted in Fig. 11, and on it the curves
of Fig. S.are in&icated by dashed lines. As was to be expscted only
about 5% of the content of the line is sdded to the low energy tail. While
it is true thet this test holds only for neutrons of 2.5 MY, it does not

gasn very probably that the inelastic scattsring should be much bigger
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for other energies in the f{ission gpectrum. It geoms uﬂﬁ”ﬁfﬁl safe %
assuns thet any distortions of thé spectrum from the walls of
tainer are entirely negligible.

d} Test for inelastic scattering from iron: Since the chamber with which
these high-pressure runs were taken containas about 81 1bs of Fe, this big
mass closs to the counting volume also had to be considered es a possible
source of inelastic scattering. A ring of iron with the zame welght as
the chumber was slippsd over it, being on the average even cloeser “o_The
counting volume than was the main mass of the chambor. The resuli with

the DD} neutrons is given in Fig. 12. There is a noticesble increase o
the lowe~energy tail bolow ;05 Mev, which brings the area of the tail from
15% to about 30% of that of the line. Although sven zuch an amount of
inelastic scettering would not be excessive, this measurement indicated
that the iron of the chamber had to be considered as one of the main dise
turbing factors of our.experiment. Hot until we verified later that
anothor chamber with only 13 lbs of Fe gave the same resnlt as our old
chombor, did we feel confident that also this source of inelastic scatter-

ing wos negligible.

~

2) Chamber filled with 26 atm Ho:

After the first preliminary run of the fission spectrum reported
in paragraph ib it was clear that its energies were low, and thersfore
that the fanges of the recoils were small enougﬁ to allow a reduction of
the stopping power and & consequent gain in the collection of the ions by
roduzad pressure. This highly desirable feature mede it seem worthwhile
to reeat the runs faken with 39 atm, using.the same chamber but a gas
prescire reduced to 2/3 of its original value.

a) DD spectrumi The results are plétted in Figa 13, Hesrs fhe siée of
the pulses corresponding to 2.5 Hev indicates a collection of 72% of the

ions, compared to the 60% cbtained with the higher pressure. The better
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colledcion manifests itself also in the greatér sherpnesgs - the line;
its half-width is here only 0.4 MV compared to the 0.6 MV oreviously
obtained. The low é&nergy tell however remains the same as before, its
' cause being e vidently not connected with the collection of the ions.
b) Fission spectrum: (Ses Fig. 14) The recoil distribution R(E) was

represented here by the curve (oonst.)'e'E/'ss ~E/.726

rather than o
as represented in Fig. 10. The difference in the fission spectrum N(E)
canbe described by a contraction of the energy scale by e faotor 1.35.
This measurement and thoss of the D-D spectrum taken befors and after its
performance were made within less than a week, and frequent tests showed
no changes in the ampiification by more than 2% over this'periodo Since

. also the D-D line reported in Za was oonsiderably sharper than the one
obtained with the high pressure in the chamber, the calibration of this
run is far more relisble and can safely be estimated to bs correct

within 16%. Although the lowest point at .72 MV lies again somewhat

high it doss Aot axhibit as much of & discontinuity as ths lowest point
obtained with the high pressure. Due to the lower pressure, the slectrons
released from capture Y-rays caused here a smaller background than befors,

which may account for the absence of the anomaly of the lowest point

observed with the higher pressurs.

3) Light chamber filled with Deuterium:
| All the meagurements reported so far were taken with the heavy
61-1b iron container of the ionization chamber. As mentioned in paragraph
14, this great mass of iion had to be suspected as & considerable cause
for inelastic scattering and a repetition with a much lighter chamber was
felt necessary as a check on this point. In order to obtﬁin such a check,

e new chamber weighing 19 1lbs of Fe and filled with 16.3 atm of Dy was
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used, as discussed in Section 3. While all reccil distributions
obtained with hydrogen were monotonic, in this ‘case with deuserium we
obtained clearly a maximum from ths neutrons of the D-D source. This
can be explained by a non-isotropic scattering of neutrons on deuteroas
in & system moving with the center of gravity of the two systems. In
order to investigate just this anisotropy, Barschall and Kannera) have
2lso observed the recoils of deuterons by D-D neutrons; their results
show only a faint indication of such an anisotropy. At the same tims,
however, their distribution shows a much less steep decreasc on the.high
energy end, indiéating that their resclution was not &s gocd as ours and
tending to obscure the features camused by anisotropic scattsering. As a
check on this rather surprising result the recoil distribution was taken,
observations once being made of the neutrons emerzing perpendicularly to
the deuteron beam, once in its direction, i.s., with monocenergetic
neutrons of 2.47 MV and 2.73 MV respectively. Both recoil distributions
ars plotted versus their snergy in Fig. 15 and show the proper aisplace-
ment. Since in the case of He a resonance P-scattering is knmown to
existll) it was thought possible that a similar resonance would exist
here with a sufficient sharpness to show a marked difference in the
snisotropy for the two energies. While this camnot be deduced from our
results it yet seems most unlikely that the appearance of the meximum is

an instrumental effect. Before & thorough investigation of the angular

" dependsnce of the scattering of neutrons on deuterons is made over & suf-

ficient range of energy, it assems, in any event, that deuterium is not

suitable for the investigation of the figsion spectrum since in the

11) H. Staub and W.E. Stephens, Fhys. Rev. 55, 131, 193¢.
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ebsence of sufficlient date the latter could not be derived in an un-
ambiguous manner. No fission measursments were therefore taken with

the deuterium~fillied chamber.

4) Ligh% chamber filled with a mixture of Hp and Argon:

As another gas roplacing the deuterium mentioned above and having
the seme gtopping powsr as the 26 atm Hp, we dscided to use a suitable
nixture of argon and hydrogen. In order to have a pressurs low enocugh to
be safe in our lighter st&el contalner, woe chose a mixture of 13.8 atm
Ho and 2.73 ata A.

a) D-D spectrum: (see Fig. 16) The collection was here even better than
in the run describsed in paragraph 2a, with the chember fillod with 26 atm
Hg, for here 78% of the iocns were collected. This again was accompanied
by incrsased sharpness of the line, whioh here has a half-width of only
.14 ¥¥. In this case the broadening can be entirely accourted for by the
normal width of the background without any further instrumental broadening.
b) Fission spectrum: (see Fig. 17) A good representation of R(E) wes

-E/.57 “E/:55 _1soh wms

found here to be proportional to e s, compared to &
‘used for fitting in 2b. Since the stopping power and thersfore the wall
corrections wers eguel, the fission spectrum resulting from these two runs
is substantially the same. This agreement serves as a good check upon the
calibration since this_run was taken both with better collsction and
higheé amplifiocation than the one reported in paragraph 2b, which increased
the voltage pulses from recolls of the same erergy by a factor 1.3. At

the same time it shows that the iron of the chamber causes no appreciable
distortion of the fission spectrum, since the recoil distribution is not

noticeably affected by'ohanging the iron mass of the containar by a factor

throe.
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The lowest point which we consider significant in this run lies
at E=.89 Mev. Actually meesuremsnts were taken for two lcar points,

one at E=.72, the other at E= .56 MV. They represent a discontinuiby

of the same type as discussed in paragraph 1b, the former lving almost

L3

thres times, the latter more than seven times, &s high as the point st

.89 MV. Since in run 2b teken with 28 atm hydrogen no such anowaly wag

Y

. noticed at B=,72 MV, it seoms likely that the anomaly observed here is
due to the disturbing effect of the capture Y-rays. It wos indeed
noticed that for the same intensity the background from §-reys was con-
siderably bigger than in 2b, probably dus to the pressence of argon which
would cause a greater detour_factor for the Compton slectrons and thus
increase the ionization per electron mads in the collgctiOﬁ\volume. Un=
fortunately no crucial expefiment could be made to demonstrate beyond
doubt that the observed anomaly is actually caused by the cisturbance from
¥-rays and the rejectibn of the two lowest points hers and of the lowest

I3

. ‘in paragraph lb 1s based upon purely circumstantial evidence.

5.  Determination of the total number of neutrons:

In all the runs previously discussed our measurements allowed us
barely to reach below the maximum of the fission spsctrum which in 2b and
4b was found to occur:at .82 MV. Since it did not seem impossible,
particularly in view of the anomaly disoussed above that a considerable
fraction of the fission neutrons might have even less emergy, it was felt
important to devise a method by which the fraction of neutrons below the
lower end of the sxplored region could be determined. For this determina-
tion it is necessary in the first place to establish the effective number
of fissions produced in the alloy disk. Az an indicator for this number

we used an enriched sample, thin both for thermal neutrons end for fission
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fragments and containing 116 pg. of Uzs*), the fiasion fresnents being
counted in & small ionization chamber from which the pulses u@re‘reccrd@d
with the same apparatus and the same moduletion as those from ¢ e proton
recolls from fission neutrons. Par interval of our monitor 1.2 f o1
figsions were observed to occur on the average. If also our slloy disk
 were thin for slow neutrons, the number of fissions produced in it
shouldlﬁs as much greater than in the enriched sample as ths amount of
Ugg contained in it excesds that of the enrichsd sample. Cur alloy con-
tained 2930 g. of the alloy and therefors %3%? =21.1 g, of Jg5. In
order to coﬁpute, from the masses of Ups in ths thin ssmple and in the
tuballoy disk, respéctively, the number of figsions producad in the latter,
one hsas tb corrpct for the self-absorption of thermal neutrons in the
alloy disk. For the self-absorption in the tuballoy the following cruss

section values for thermal neutrons were used:

Capture oross section @7 = (3.0 £ .3) x 107%% on®
Fission oross section T = (4.3 % .4) x 1094 o
Seattering oross section ¢3, =(12 £2.5) x 1072¢ gpf

The thiclmess of the disk was 1.3 om which is of the same order of
magnitude as the mean fres path of & neutroun ard makes s rigorous cal-
culetion of the self-absorption quite diffioult. Instead we have com-
pﬁted the self-ébsbrption under three different assumptions:

a) HNegleocting the scattering. This leads to a reduction factor of .58

compared to & situation in which the self-absorption in the disk would

be negligible.

*) We wish to thank bro Segre and his collaborators for kindly
- preparing and analysing this seample for us.
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b) Computing the self-absorption by iieans of a ‘iffusion. theary,

modified according to Wigner: Hefe the correction factor becomes
.€6; that it is clossr %o unity than the valus obtained under a) ie
apperently due to the fact that the scattering of neutrons increases their

path in the diak.

¢) Omitting s corrsction term 2 ——Jc ¥ T3 in Wigner's theory,
5 @ + G; + G
Accepting the averags betwean

[}
which leads to & correction factor .63:
b) and o), namely .64, as e"sufficiently close approximation for the
true correction factor, we thus obtain for the number of fissions per

monitor interval produced in our alloy disk

68 x 1.2 x 2kl o 1.4 x 105

116 x 10-6

and, with 2.1 neutrons per fission we get e total of
17) N = 2.9 x 10°

neutrons per monitor intserval, emerging from the disk during the record-
ing time of our apparatus.
The following date and calculations, connecting this number with

the observed number of recoils above our minimum ensrgy, refer to the
measurement reported in paragraph 1b with the heavy chémber filled with
39 atm Ho. The calibration, which for this run was unrsliable, obviously
has no bearing upon this determination and inrrefefring t0 enerzies we
ghall divide the scale by 1.35 which brings this run into agreement with |
the more relieble ones reported under 2b and 4b.

From (14) we can now compute the total number of neutrons above
a ocertain energy emerging from the disk per monitor interwal, using the
obgervad recoil distribution, likewise normmlized per monitor interval.
The method of normalization by integral counting is described in Section
3. The fraction of solid angle under which the counting volume was seen

from the disk was S=1.5 x 1072, the depth of the counting volume

\
i
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D = 8.5 cm and the number of hydrogen atoms per unit volume h=2.1x 1024c
With these date we would obtain for the number of neutrons with an
energy above .82 Msv, i.e¢., 8bove the meximum of our distribution ocurve,

emerging from our disk per monitor interval
(18) Ntz 3.7 = 10°,

iuqo, even more then the total number 2.9 x 105 given in eguation (17)5_
An importent additional consideration has to be made, however,
bafore deriving ths really significant number for the fraction of neutrons
above .82 Mav., As discussed in Section 3, our measurements were taken
with post discrimination which ﬁas adjusted such that the collection of
ions for sach recaorded pulse started when the amplifier was already on.
Therefore all recoils produced within s full collection time bsefore the
end of the post discrimination were recorded as well as éll those follow=
ing it. The fissionsrwhich take place follow the exponential decey lay
' e'§/é of our container as discussed in Section 1, and this décay is com~
pleted during the on time of the amplifier. This mesns that, with a -
finite collection time T, eT/b times more pulses are recordsd than would
be if'collection time were zero. The same remark holds of course for the
recording of the fission fragments, which was performed with'the identical
moduletion system as that of the proton recoils. If we call T;, the
collection time for ions in the hydrogen chamber, Tp that for ions in the
fission chamber, ons obtains for the fraction of neutrons with energy
abbve .82 Mev, not tﬁo ratio of the numbers ¥ and N?, given in (17) and
(18), bu£ that fgtio multiplied with ofT2 - Tll/éa A considerable part
of the inaccuracy in our determination liss in this exponential factor.
Although the decay time © (sees Section 1, formula 9) has been quite well:

determined to be 1.8 x 107 sec., the collection times T; and Ty are not
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too well known. From the observation of the voltege pulses in the
oscillograph we would conclude T;=1.2 2.2 milliseconds. To is certainly
much smaller; assuming it to be sc small that it can be neglected in

Qs

trel /t\
the exponent of célé - 11)/-5 we obtain for the fraction f of nsutrons

above .82 Mev from (17) and (18)

3 - 4+ D
po 3.7 (122 2)/1.8 .

> 4
= 65 7%

The finite value of Tp can only tend to increase this number.

The error introduced in the above-mentioned corrsction for
the self-absorption is estimated to be sven somewhat bigger. Besides
there are comparatively small errors entering-from statistics, in the
geometry, the wall corrections, and the nsutron-proton cross section.

Altogether we estimate £ to have a probable error of 25% or the fraetion

of neutrons abowve .82 Mev to be no less than

(19) £ = 652 154,

6, Discussion:

In view of our scanty knowledge about the mechaunism of smission
of the fission neutrons. it is very difficult to judge our results from
the theorstical point of view and to make any predictions -about the
spectrum below the‘explored energy region. To obtain at least an idea
whether the value (19) is at all reasonable we have extrapolated the
fission spectrum to E = O, assuﬁing that the nsutrons are isotropically
emitted from figsion fragments, moving with a single velocity vy. If
Eq = m/? voz (m = neutron mass) and if the number of neutrons with en

energy ED 9E, is negligihle, one can show that the distribution N(E)

can be deduced for E<E,, if it is known for E > Ey, according to the
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(20) W(E) = (4B, ¢ B = 4/IBy) = d{4lo + E + 4/EE,)

and that the meazimun will always occur for E= E,. iIn Pig. 18 we have

repragcuted dy the heavy line the fiseiow spectrum to the best of our

present knorladze. Tho sxtension be{gw the lowset measurad energy of

B = .72 MV bas been obtained using (20) ancd has beon indicated by a

dotted line, The gpectrum resewbles very closely thet which one would

obtain if in a system moving with veloo ,/>ﬂ011; with E 2 .32 Hagv,
N

the neutrons were emitted isobtropically iu o Mawxwellian distributien

P o . . s
o “fkT with kT .= .41 Mav; +%he speotrum thus computed is indicoted inm

~

cabod in Pige. 18 by voth the

s‘,.

@

Aceepting the spectrum as indd
hoavy end the dobived line erd estimating the fraction of neutrons above

the highsst measured egergy of B = 3.5 MV to be 47, cne obtains for the

13

fraction of noutrons above .82 MV

3

The agreement with the experimental value {18) is well within the

&

probabla error, but particularly in view of this &rror belng rather largs,
it does not of course reprosent an argument for the assumption that the

dottod curve in 18 représents the true extrapolaition at lower oneriles.

g
.
7%
°

§ ,
Tt doos scerm howover to strengbhen further ouwr suspicion previously ex-

1,

hat tho sharp rise cbserved at lowar eunergiles is due fo ingtrument=

than real effocts. Thig is further confirmed by the resulss of
d) . . .
ra who, with & muich amallsr chamnber than ours, have

ation devm o B s Q.55 Mav witshoud

. LS B 3
rReoll dlsterl

Lre. It iz frue thot in thelr arransameant both

«
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wall effects and inelastic scattering would csuse & far greato
g0 that their rosulis cannot bs diractly compared with ours. Tha cemparison
of their recoil distribution with ours shows.as sxpected that these dis-
tortions favor the smaller recoils compared to the bigger oues and it does
not seem likely that they could make a sharp rise at lower cnsrgies

disappear.



APPEDIX. DESCRIPTION OF PARTS IN ELECTRONIC CIRGUILN.
AMPLIPIER, FIG. 44 & B.
Tubay Capacities Trovsfovimers
v Cat ¥ i
1. 1803 1o 4o04F 33¢  G.LuF 1o Audio Zoput 133
2, 1820 2. 1.0 34 10.0 2. " "
3, 6J7 3. 4.0 35. 0.1 Bo " "
4. 6J7 4, 1.0 36, 1.0 4, ° P 14,8
5. 6547 Bo 50.0{elect. 57, Ol 6o " 14,5
6. 88J7 {25 v, 3. 0.1 6. Insulotion Yl {10,000 V. )
7. 6HB 6o 5ob 39, 02 7 o i
8. OHG 7. 20.0 40. 1.0 aug 10,000 o 115:2,5 ¥
9. 68J7 8, 1.0 41. 1.0 9.
10, 8SJ7° 9., 50.0{elect. 42. 10.0 10. T, 6c 3, B
11, GHEGT W85 V. 43. o2 1i. T
12, 8SJ7 10. 2.75 44, o2 12. \
13. 85J7 11. 10.0 45, 0.B 13. T, 6.5, 5
14, 885 12. . 0.50 8. 0.5 14, T,6.5,5
15. 885 15, 60.0(elect. 47. 1.0 15. T, 2. 5, 5
186, 885 {25 V. 48y 1.0 i6. : T, &« 5, B
17, 616 16,  2.75 49. 1.0 17. 1186%6 T, 2. 5, 5
18, 618 15. 1.0 50. 1.0 18, 115:610 C T, §
19. 2V3G 16. 1.0 §1. -6.0]eloct. 19, 115:2.GV
20, 2V30 17. 50.0,elsct. 52.  B.01100 V.
21, 5¥36/G 125 V. 85, 80.0(clect.
22. VR105 18, 1.0 {s V.
25. VR105 19, .02 84. 10.75
24. VR105 20, 1. 55, 2=3/4
25, 83 21, 1.0 56. 2-3/4 Inductances
26. 83 22. -003 57. 16.'{elect. T
27. 523 23. 50 ({eleot. 1480 L
28. YR10S 50 ¥. B58. 16.0(elect.
29. VH105 24. 1.0 {450 1. 158
30. VR108 25, 1.0 59. 16.0rclscts 2, 15H
%1, 5V4G 26, 0.5 &450 8. 124
32. SV4G 27 . 50.0‘@1@01:. 60, 18.07clecct. &, 12H
33. VR1OS 28. 60.0)850. {gso 5, 124
34. BL4 29. 0.5 81.  B.0(elect. 6o 158
55, VR1O0B 30. 1.0 50 V. 7e 15H
86. 524 3l. 0.1 62. 2,75 8. 15H
37. VR105 32, ©.1 63. 10.75 9. 10H
38, 885 64. 4.0 10, 10H
39, 885
40, 524

"
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ARC SUPPLY, MODULATOR AND DISCRIMINATION SQUARE-WAVE GEL:

PIGS.
Tubes Inductances Transformers
v Cn T
l. 888 1. 1H 1, 116:2.5
2. 868 2. 1H 2¢ 116:700C7T
3. BG8 3. 6RH 3. 116V.Variance.
4., 886 4. 10H 4. 115:6.3
5. 6L8G 8. 15H B. 115:6200.75
8. 80 6. 15H 6. l15:2.5
7. VR1LE0 7. 118:60
3. BBB 8. 115:750C7,86
9. 885 9. 115:2.5
10. 5VG 10. 115:73 :
1l1. VR1OB - 1le 115:78B0CYT,6
12\& 885 120 1155205
13. 885
14. 5v4G
16. VR7ES
16. 885
17. B85

5 ﬁ & B

SAATORS
Resistances Capacities
R c
1. 10 1. B.OmF
2, 10 Boe 0,084
3. 10 8. 0.0%F
4. 10 d. 180 elsotrolyto
5. 85000 5¢ 170 450 V.
6. 2000 S 0.02
7. 800G Te  0.01
8. 1000 3. 0.01
S, 1000 . lz  :eleotrolytic
10. 28000 0. 40 I
11. 1780 1. 1
12. 5000 iZ. 8 n
1. 5000 13. 18 " 450
14. 0.5 Meg. 1¢. 0.1
15. 0.1 Meg. 15. 0.01
16 Q.1 7 15. .02
17, 1.0 ° 7. 0.01
. 18. 10000 ig. 12 v 280
1. 10000 i9. 1.0
20. 5000 20. 0.1
2l. 8700 21. 2.0 475
Z2. 5000 22. 8 ® 450
23. 1000 235. 0.01
2&. 4000 24.  0.005
25. 0.1 Heg. 25. 0,001
28. S 26. 10
27. 1.0 °
28. 0.5 "
. 29. 10000
30. 10000
31. 50000
32. 6700
35. 2000
34, 50O
35.° 1500
36. 0.1 ¥eg.
37. 0.8 *
38. 0.1 ¢
39. 2000
40. 10000
él - 0 ._5 .‘\71—6‘8 -
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DESCRIPYVION OF PARYS IN FIG. 1

Tarégf

Paraffin howitzer
MoniféhTIonizatiomchamber
Entpaﬁéa’Channel

Opening in Container

Tuballoy disk

Iﬁhizéﬁioﬁéhamber

First stage amplifier
High voltage supply for ionization chamber
Amplifier

Feedback circuitb

Pulseselector

- ¥odulator

Postdiscriminator
Oscillograph

Phaseshifting network

Intezrel counter ~

Differential counter

Menitor circuit
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FIG. 9
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