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CHAPTER 13

AlLFHa PARTICLE DETECTORS

13,1 ALPHA PARTICLE SPECTROSCOPY

In most cases of interest tre source of ¢ -particles is used in solid
form. Consequently the material under investigation is depcsited as a thin
filr. If one is interested in the energy distribution, the detector has to
be constructed so that, regardless of their energy, all of tne
papticles spend their entire range in the detectcr and also that the height
of the pulses has a known relation to the particle energy. Suppose a thin
film of active material is depcsited on one of the electrodes of a plane
parallel plate chamber, such that no ol. - particle escapes from the counting
volume., If the chamber is operated ;s an {on pulse chamber, the vcltage
rise of the collecting electrcde resulting from every particle will be direct.
ly proportional to its energy, regardless of the direction of emission
(assuming, of course, constancy of the value of the avérage energyVSpent
per ion pair), If the chamber is orerated as an electrcn pulse cramber, the
pulse height is proportiocnal to Qg .

For A -particles originating at the negative elecirode Q; is given by
tl.e equatic

Q; = Ny e{l ~ cos @ ) : - (1)

aixi

where Ny is the total number of ion pairs produced by an & -particle, x is
the distance of the center of gravity of ionization from tre origin of the
track and © tre angle between the track and the perpendicular electrale

(3ee Section 10.5). Since for an isotrcpically emitting scurce, the number

of particles emitted between O and ®+d® is proportional to 3in® d8&

the number of pulses with height between P and P 4 dP is given by:

APPROVED F(]QLJZUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

157

£\P) dP = (const.) sin @ d &

© and P are comnected by (1) considering that P is praportioral to Q; .
Therefore
dP = (const.) d{ccs@ )

and £f(P) = (const.) . . (2)

The curve representing f(P) is called the differential pulse heié;hf. distribution.
Equation 2 shows that for the case under consideration f(P) is a constant

beltneen Fmax and pmin wheret

Pran/Poax = 9 pyn/% pax - 1 T x/d (3)

The pulses of size F,;  correspond to particles emitted perpendicularly to the
electrode; those of aize F .. to particlés emitted parallel tc the electrcode,
The relative spread of the pulse sizes deperds only on the ratio of electrode
gseparstion to particle ;‘ange ard the stopping power of the gas used.

In Section A.1l (see Appendix to Part II) the value of X is given as a
functior, of the ol -particle energy for various gases, In Figure 1 two experi-
mental distributions measured with ol -particles from polonium are shown, Lo-
gether with the theoretically expected curves, The finite differential resolution
of the deteclcr was taken irnito account. This is the reason far the finite
alope of the theoretical curves at Pray 8nd Pmin‘

From the foregoing, it 1s obvious that the use of plane parallel ch#mbera
with electren collection for ol -particle spectroscopy would offer great
difficulties in the interpretation of the result, since every monochromatic

ol -line would show up as & aqu-\ré distribution of pulses. To avoid this
difficulty, cne can insert a screening grid electrode between the collecting
and high voltage electredes. As descrioced in Section 10,2, the grid electrode,
which 18 placed so far {rom the negetive slectrode (carrying the O{-particle
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Figure 1

Nitferential. rules telght glatrilvticn fr monoenetgetic
ol —rarticles of polendvrm in an electrun rvlse chemler,
Lotive materinl on naepative clectrode, Data teker with
stopping rowers of 2.1 and L,€ reajeclively teo shew effect
of éifferent values of X2, Curves are salculsted srd
correcled fur finfile clennel widil of detecling irstrunent,
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source) that it is not reached by the O -particles, shields the collecting
electrode fram the fiela of the posi},ive jons remeining after the ccamplete
collection of trne electrons. Conseguently, the pulses observed are all equal
and proportional to N,. Ihe construction of a grid chamber used for ol-particles
is shown in Figure 15.12. The negative electrcde, carrying the thin deposit
of the ./ -source was kept at =2500 V with respect to the collector, and
the grid electrcde at =1250 V., It is rather important for good resclution
that the grid is at a relatively high negative pctential with respect tc the
collector, The voltage between grid and negative electrode can be small,

It should only be high encugh to prevent recombination or attachment of the
electrons. The high voltage between grid and positive electrode tends to
reduce the spread in the sizes of the o-oarticle pulses since the higher
field in the neightorhcod of the grid lcwers the probability for capture

of the electrone by the wires. The grid is cc.::.st.ruct.ed 80 a8 to give a.
maximuu of transparency in oraer to make the fraction of electrons captured
by the wires as smail 58 possible. It ccnsists of 3 mil diameter parallel
stee) wires, spaced 1/16 inch apart,

*4th a chamber £illing of 7.5 Atm. argon, and a normal sample of uranium
(U~ 234 in équiiibriwr. with U=-238), the differential pulse height distribution
given in Figure 2 was obtained. It shows the two groups of oX -particles well
resolved and of about the same intensiity. The width of the peaks is only
slightly larger than the channel width of the detector as indicated in the
figure,

It may be pointed out that spectral distributiuns could also quite con=-
veniently be determired by accurate range measurements, However, it was found
that the results ottaired by the above described pulse height method showed
considerably better resolution, since the straggling in range has no éifect on

the pulee size.
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Figure 2

Ditfferential ruise heaizht Sistirilution fer o« ~jarticies of
normel uraniun ( U=23 and =238 in eouiijtrium) in an elecs
tron pulee cracher with prid,
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12,2 APSCLUTE CCUNTERS

Very often it is desired to measure the oL activity of a sample for
deterndnation of half lives or of the amcunt of ol active material, 1n this
case the size of a pulse procuced by the particle is of minor importance. It
is, however, necessary to deltermine accurately the number of -« -particles
emitted within an accurately known solic angle per unit time,

If the material is present in the form of a thin deposit {thin compared
to the range of the o -particles in the material) backed by a heavy plate,
the arrangement is called a "2 T" detector”, Usually it is built in the form
ey a simple plane parallel plate chamber with such dimensions, that any

o ~particle traversing tie counting volume prcduces a pulse large enough
to be counted , Ideally thc solid angle subtended for every nucleus of the
sample is 21} , Therefore, the detection efficiency defired as the nurter of
counts divided by the numter of uisirtegrations shcuid be:

F= 1l/2.

However, two correcticng have to be applied., 'he first arises from the finite
thickness t of the active material, Particles ererging under an almost
grazing angle with respect to the rfoil surface pay have undergone such a
high energy loss on their long path in the material that they carnot produce
a pulse of sufficient height to be ccunted. This results in a reduction of
the efficiency wtich now depends cn the vias energy B. The guantity B is
defined as the minimum pulse height which is detected. As shown in Section

A.b, F(B) is given by the equation:

L
L/Z(l-m-jj) (4)

where R, is the range of the ol =particles in the material of the source, and

F(r) =

R(B) is the range of an ol ~particle of energy B. F(B) represents also the

go-called integral pulse height distribution:

APPROVED FOR PUBLI C RELEASE "



APPROVED FOR PUBLI C RELEASE

le2
O

F(5) = /f(p) dp
B o0
where f(P) is nomalized so that ~O/I‘(P)di’ is equal to the ratio of tre number
of particles penetrating the chamber to the total nuuber of disintegraticns,

The seccnd correction is due to the back scatterirg of the oL -psrticles by the
plate supporting tre aciive material and the material itself. The back scattering of
an o =particle tLravelling in the material in a direction away from the count-
ing volume will give rise to an increased counting rate., The number of . =
particles moving toward the counting volume ard being scattered toward the
backplate is obviodsly analler t,h.an the nunber of those sgscattered into the
counter by the backplate, since the former ones traverse only a small amount
of material., From Rutherford!s formula it follows that the back scattering,
due to a single scattering process, is extremely small on account of the small
probability for scattering under a large angle. however, a noticeable increase
of particles in the counter volume is caused vy a large number of multiple
scattering processes under small angles, 'The problem was treated theoreticalldy
at the Fetallurgical laboratory. It is assumed that if an initially narrow and
parallel beam of o =-particles has travelled through a sufficient layer of
material, the density of particles in a radial direction in the plane perpendjcular
to the beam will show a Gaussian distri:ution. Under this assumption the counte~

ing efficiency is glven by the expression:

F(B) = 1/2 (1 - m} + 201§ us)_]
where the second term is tne thickness correction as before, and the term
.201§ (R) is the back scattering correction. The quantity j‘fl is a function
of the initial range R, of the \ -particle, the residual range K\DB), and
depends on thie material in which back scattering takes pnlace. Numerical

valies of § ‘re given in Secticn A.13. It may be pointer out that fop o
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Figure 3

Parallel plate type ZTrcounter for absolute measurement of the
number of X-particles emitted by a source,

Polystyrene insulaver,

vollecting electrede,

Amphenol insulator,

Guard electrode,

High voltage electroie - —-

Holder for plate carrying the source,
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Figure L

4T’pronortional counter for absolute measurement of the number
of £-particles smiited by a source,

Gas inlet, =

Kovar-glass seal,

Jolder for foil,.

Collecting electrodes (,004™ platinum wire),
Lucite discs suoporting the collecting electirodes,

« A e
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gﬁ;ﬁ .aycr of a(-d«%&\w raterian, bicken oy a solid thick plute, thie otick
scattering does not cenena on the thickness t ¢t thie active layer.
~n example of a 21T counter is shown in Figure 3. The active material
18 soread over . circie o 3.1 cim diureter on a platinum £0il, which is mounted
on the nes:tive clectrode of tLhe chumber. The separition of the electro:es is
1.2 cm. The chamber is fillec with 1.5 Atm, of argun. The back scattering for
& uranjum source was deteriined eanerinentalay anc theoretically with the re-
suits:
201 = L6133 (experimentally)
Pl } - L1o (bhebretically/
Al arrangerent known as @ “4Trcounter™, which allows <quantitative counting

of o -particles and avoids th; effect of buck 3cattering is . snown in Figure 4,
It consists of a brass block in wh.ch twe overla;ping cylindrical openings have
been drilied, Two thin wires sre ccounted oleng the axes of the two cyiinders,
thus foruing two proporticnal counters, They are supported on one side by retal
gless seals, on the other by lucite diskn., The o€ ~active naterial is deporited
¢n o very thin collodicn fuil which 1s nounted over the windew cf the toeil holder
(see oetail;, The foil holder is inserted into a siot betweun the twe counters.
Tn this wuy oll the o -particies emitted over the rull solia anple 4 P are
detectedy The countity rate is not affected by buck scattering and cnly the
thickness correctiun hus to be applied, It was found to be unnecessary to in-
sure conductibility ocn both sidea of the collodicn. The counters are filled
with 1 Atm. of argon and operatec with a voltage of -Flu volts at the wall, A

biag curve i3 shown in Figure 5.

13.3  RANGh MEASURKMENTS

A very simpie arranpement for the measureient of the ranpe of o4 -particles
ie shown {r Fipure ¢, The lonizaticn chanter, of the narallel rlate typre, and

the folls carrying » WRPREVED FORMPUBEI-eREEAGESrial are supported by a
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Figuré 5

Bias curve of 4% sounter (shown in Figure 4)s thin collodion foil
with thin uraniim eocating, The ordinate represents the sum of the
counting rates of voth counters,

'APPRCNED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

o

Q

o

9

-
—&
Vo
N
©
(o) o o o o
o o] o Q
© 0 < S Q o

3LNNIN ¥3d SLNNOD

APPROVED FOR PUBLI C RELEASE

1.0

BIAS



APPROVED FOR PUBLI C RELEASE

Figure o

Arrangement of source and ionization chamber for range measurements,
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track. This allows an. exuct reproduction of their relative distance. The whole
urrangenent is Elaced in an alrtight container filied with argon at approximately
i At&. préssure. An accurate wanoaster is used to measure the pressure., In order
to determine the range, the nunber of counts is ieasured s a function of the
pressure in thecontainer with the sampie a fixed distance frow the chawber, This
distance should be rather large In order to avoid excessive variaticns in the path
length of the various particles if absoluite range measurewmcnts are desired. The
** -ber is very shallcw (c.l'cg). The front electrode is formed by a yrid of paraila.
lel wires of 14 mil, diameter and spaced’ 1,/32" apart. The chamber is operated

at 40U volts, The bias of the deteceting equipment hés to be set so low that’ any
& ~particle traversing tlic chamber at.the lowest pressure in the container is
counted.

A typizal number versug pressure curve obtained with this apparatus is shown
in Figure 7. The most simple procedure to obtain accurete values ol the range
consists in compariﬂﬂ the unknown saaple with o standarﬁ, such 4s polonium, If
the unkrown sample and the stundard are beoth thin (layer thickness very small
compared tc the range) and are spread over the same area, the mean ranpe Iy in

standard air of the unknowr sample is

R’X :Fb"" d., _u « 3
8 )52

In this equation Rg is the meun range in standard air (see Livingston, Bethe: °
Rev. lod. Yhys. 9,281,1937) of the standard, d thte distance of the samples {rouw

the chuober, s the stopping power of the gas for an energy of the oL ~particle

2 -
corresponding to a range 1(5*—1“0 , and & p the prussure difierence for corres-
P
pending points of the number versus pressure Curves for the unknown and the
standard source, A8 correspouding points of the two curves, cne can, for instance,

take those at which the counting rates arc one~hatl of the maxinun. The value of

¢ is obtained from the measuresent with the standard, I the &~ —particles were

3 . PR 2 YT
collirated, the pressure b which haif paxirum counting rate cecurs wouldg Dé re
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Fijure 7

Counting ra%te versus pr¢ssdare takea with apparasus of Figure ¢
with a polonium sample, Distanse of source t¢ chamder; 2, 84
centimelers, = '
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lated to the mean range Ro aii the distance d by the equation

az(1e) .o
3 /150

5 .
where 8 is the stouping power for o -purticles of mean rangolkf This procedure
is not quite correct since the lack of coliimntivn results in the abscisza at half
maximum counting rate being slightly smaller than the mean range. The érror,'how-
ever, enters only in the computation of the diffecence in range between standard
and unknown samples and is therefore small.

The data shown in Figure 7 were cbtaired with a thin sample of poloniunm
arread over a cirele of 1 cm diameter at a distance of 2,84 cm, It may be pointed
cut that argon is particularly suiteble as 4 gas filling, since its ;topping povier
is very neurly independerit of the & -particle energy,A

For range measurements of samples with seversal ranges, differential ioniza-
ticn chambers have been used. The arrangenent is schematically shown in Fipure €,
The icns produced by ot -particles which crcss both sections ol the chambér indice
on the collecting electrode opposite and nearly equal cherges, Therefore they
give rise to smwall éulses which can pe blased off, and oniy particles ending in
the front half of thre two chambers are recorded. With polanium samples differen-
tial of -particle distributions with a width at half muximuﬁ of C,3 ca air at

N. T, P. were obtained. Tuis width is 6:nsidcruoly more than the une observed
with grid chambers using ghc Pulse heirht methad, whers (see Vipgure 3) the width

at half maximum corresponds to about (.13 cm,
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P'i;;ure g8

Jlfferertial chamber for range measarements of X ~particies
(Schematinz), " :
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CHAFTFR 14

DETECTURS FOR NEUTRON RECOILS

liel INTRIDUCTRY CONSIDEKATICONS

Tho chamter: dasorited in the prasent seotion sare desigred for the
purpcas of detecting recolls produced when‘neutrtms ol ‘ide elsstically
witr atemle ruclal.,

Ir the lxvorstory system, lst E, be the energy of the neutren before
the ccllision and & the ar;le tetweesn the lires of flight of tie incoming
neutruw. and of the recoil nucleus. From the princiaples c¢f conserwation

of energy «nd  momer.tum, ore ctiains for the ersrgy B cf the resoil tie

Yolloving expressiom:

E z % e By cost & {1)
{ 1+4a )*
wi.sre A is the mss rumber of tre rucleus., The recoll srergy E 18 a
sarism frr & hesleon collistun (8= 0), in which case it Las the fcllewirng

us lue

'
B
-~

E«‘M\X - -——-‘———\-2- Fn 2

Ancther ugel :l ralatlion L& tlat ccrvecting tre resv.l energy E waith
the anpie of sentiering ¢ 50 Gue peutror in tho frane of refererce whers
tne serter of grevity of the rneutron and the meucleus is av rest. This

relatich csn e evsfly shown to te ag followss

PERN
(&)
~

“y
A
BEe» ___ = E, (1 - scs@)
. - Y n
A+}\-,

\
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Let U7 be the integral gcattering ereoss sestion, G'(tp)the

differsntisl scattering oruss secticn in the center cf gravity systex,

sc that SE&%;LSE. repreaents the probatility thet in & collisicn the
A :

neutron bs scattered through the engle ¢7, into the elemert of solid

angle dw, 4)and dw ‘veing messursd ir the csnter of<grtvit$ systen.

The probability p(E) 4B for the nucleus to foquire in = collision &

recoil enargy tatween E &nd E 4 dE is then given Ly:

p(E) &k = GVG{:' ) g sﬁm‘gl)d.(P

whore () is the function of E defined by Equetion %, Tt follews:

p(E) = a (@) g ' (A + 1)2 (4)

Equa tion 4 &xprssses a siﬁple relnticn'tetngen the erergy distribution
of the recoil ruclel in the lnbcritcry system and the snyular
distribution of the s;&ttered reutrors in the ceater of 5rn§ity aystem.
It may b8 peinted oubl trat the maximum recoil eneargy decroases es
the mlaé number incresses. Heucs the recvils <f higkest energy ulwtys‘.
srise fiom the eslements of lowest mase numbter present in the pas or

the walls of the chambers. In crdsr to intecpral tne observations

uantitativel,, one gaperally sees to it that one of the elemerts present
Je i&Y J

in the active volums of the chamter is coraiderstly lighter than ali
Lthe cthers, and cne arranges “he ey, erimant in- such & way az to detent
cnly the reccils of higher erorpy arisirg from this lighter element.
Recoil chamters may bs :lassifiad according tyu the nature of the
light elemert from whicn the re-oils aro yfoduced; and iégording to
whether this element is part ~f the gas cor is pressn£ as & film or the
valls of tho oharmber, In the latter case ¢xe may further distinguish

“etween thin raliators, namely racdiaters of s thickreas small comrared
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with the ra;ge of thé fastest recoils, and thick racdiators, nemoly
radiatorg of & thicimese larger than the range of the fastest recoils.
Moreover, rocoil chamters differ sceording to tneir zecmeiry (parsllel
plate, sylindricel, spherioal, ets.; and socording to the method of
deteotion of the ionizetion {slegtron pulse ohambter, iorn pulse chambaer,

sroportioral counter, irtagrating chamterj,

14.2 GEMNERAL fROFERTIES OF HYLROGEY RMCG{L CHAMBRES

Rydsepen starde oub aming other elements as & radistor fbr'ré:oil
ohanbers Tecausé at most energies its acattsring crose ssotlion is
sppreciably larger than that of other lignt ngoléi anc is well known,
at lesst in the ‘ererpgy rejzior, from about T.4 to 5.0 ~million-eleot:on~'
volts (ses 3ection A.i;. Also, the oross sectior is & smooth functiuw. ef
the onerpy (no resonances), and the enerzy of hydrigsn recoils is larzer

thar, that of recoils from any other elemont,

For hydrogen, Fjuations 1 ard 2 bencme:

For enerzies Yelew 13 milli~r slectror vulte, *he s2etisriny
40 meutrons ~n protons is spoherisaily symmetric inm the contar of gsravity

system, namely:

‘;)“ ((L} - }
a

.8 Gt
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It then folicws from Ryuxtian 4 trat the protability ©{E) dE of s

hydrogen resoil of energy (E, dE) teing produced in & ocollision is

gLven byt

p(E)

s oonst for BLH

4

B,

p(E)

"
(]

for 2%
l> an

Rurplb, R, ard ernergy louss per centimeter, -dE,'dx, 55 & furtion of
enercy for troters in various s.lstanoes aro siven in Sectior A.). The
OLETE 1365 per contimeter aividod by the energy per ior pair { ses
3oclior A.2) glves the speullie ionizebiong i.0., ths number of ion’
T yer. caatimeter, A fairly gcod approximativn 1or the erergy-range

.

reietion in the high enorgy resiun is the following:

R :CLE/ (8/

~hare O 1% 8 coastant.  brom tiils sjusiicyn one obiuins for tne erergy

‘ogs the expressiors

1 > Uk
- E 2 2 — B (93
(lx dR E“
ik

Botiy axpressiors, Fruations 3 and 3, are grossly lvaoccurste for low
onerc-isy (< V.4 millien eisotron volts). In this regzion, & tetter

approrimstion 1s given by the expwiiuvru:

7 /2

/

R =sXE 4+ pF (8')

%
S

dE
> °

(97)

S
LR ¢ A S

wio 9 & «-od (5 gre two sonstants,
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The following sestions ( Sections 3 and following) describs the
distribution ir size of the ionizetion pulzes produced in hydrogen receil .
shemhers of different deaign by moncensrgetic neutrons., The funtions
representinz the difrerential pulse height distributions #will bs normilized
g0 85 tec give thelnumber of pulsss par unit pulse height intarvai dividad
by the total number of recoil nrotons produced in the radimtor, Corresponde
ingly, the functioms roprsssniing the irtegral pulss high distributions
will be norimmlized to give the numler of pulses larzer inan s coriain
amount, rolstive to the total namber of recoilse With this noymallzatlon,
the walus of the integral pulss helizht distribubion function carresponding .
to & given value P of thé pulse height coincides with the detestion
efflisisncy for & bias snerzy B = Fre. The detection efficiency is here
dofined «s the ratio of the number af counts to the number of secondary
prosesses produced in the radiator.

It is convenisnt to measurs pulss heights in terms of the nesutron
energy E,, rather than in eV Lgee Sectior 10.,3); L.e., to exoress the
differential and integrel nulse height Jlistributions by madns of Funotions
of the rutio Pyth or [ (r/En) &ad F {Ey%n), respsstivalye. 1f P is .
function of thé revoil ensrgy wlone, f fiV%n) i relatsd to tho probabilisy

p{E; defined previously by tie egquation

£ipA ) 2 8B p(s) L | (10)

T, ————

ar

. .
- The efficiensy of a radiator, & , usfired a3 the aversgs number ol hydrogen
re:oils prodaced wnem a neatron treversss tho chasher has, for muncensrgetis

noutrons, the followins expressior:

EE) : twe, (o) (11)
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waer 8 4 is Lae thlekuess »f whe radiator for the rtatror, bosm untor

~
3

congiveration in miscczrams ;@r gquare centimeter | ¥ fem ), Vs tie
numbs e 21 hydrogsn stoms per njerogirem in the radiater, apnd O'; "‘F*n)
is the neutron semticring eross sestion fur hydrogeans Tablo 14421 zives
the oft'icisncy &8s & tuntion of onargj for « film of glycerdl-tristeacate

]

{ Cs7ﬁl1n05) of 102 micrugrsms per s-quare c-oitimetisr,

Tuble 144241
Errisisncy £ of &« slycercl Lristearate seiiator o0 iy B per sjuare

cerntimeier as & function of neutron snerpy E, .

£, Oul T 2 &
Mer)
. E
£ x 1- 3,56 4544 2,231 0L.u7

In ths cass» of maroenergetic nsutrons, the coarting yield 7 (1.6,
Lhn number off c.oupnts per neutron Lraversing the cheambers) ls given by the
surntion:

M= EE FOBE) - tvg (B ) FOB/E ) Cx)

n

where 3 is tho Liss enargy.

14,3 INFINITELY THIN SOLID RADIATOR: ION PULSE CHAMBER, OR
ELECTRON PULSE CHAMBER WITH GRID, OR PROPORTIOUAL COUNIER:
NO WALL CORRECTION

Ir this #8306 po appre-iaihle amount of energy iz diszipatez By tne
. -~ O] a2 .
recoll protons in the radiater, and tnae chember is supposed ¢ bs gufficiently

deep sc thet nome ol tne protons hits the #lls. Hepos, the onserzy
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dis%icated by each proton in tne chamber ls oqusl to its origlpal rocoll
Bnersy. Xorsover, on gaocount of the apesifies? method of detsotiin, the

pulss heipght P ig equal to the ensrgy dissiyated, Therefore,
2
P = B = Bn cos C; . SRR

if we now ssswme 4hat the chember is irralistsdt with neutrors 2all of the
semo eroszy By, Vhe 2ifferentisl pulss height aistr;buLLOn, eccording to

~

Equwtions 7 and 10, is glvsn by

r (§/B,;

1]
»

for L/kn<:1

(1a)
f{rE,} =+ O for v/B D1

The ccrrvspording intazral puise height distribution is
1

F (£B,) = ff(P'/En) d (;r/sn) - 1 - P,/En - {(15)
v/B,

Ths counting ylei:d of the chamber {or a bias energy B (see Bquation 12)

o wo Aritten s follows: P
M = tg; (E,) (1 - 8/8.) (15)

Jr. a ficet ®:prorimmtion, in the snerzy recion bdtasern 2405 aad & million

sisetren wolts, the scattering cross ssction of hydrogen sey te sssumsd to

be invsraely properticnal to the g;uars root of the ensergy, 8c that we may

ATite
N Io

-4

S
0 \E,) =6, B, (17)

s

wshare @ = -onesant. fith this exjreesion for 0, Equation 15 teuvomes

(‘v
L) /2
B, \ B .
n = 68("‘“““ ) - 4 (15
/S -

n
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Figurs 1

Ion pulse, parallel plate chamber with infinitely thin
radiator or ion pulse gas recoil chamber with negligible
wll effeots. Counting yieldwnin terms of the efficiency
Ep &t ths bies energy, as a function of the ratio En/B
of the neutron energy to the bias energy.
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Hi.ers

],
-1/2‘

813 = tyo, b

reprosents the efficienay of tue radiator for neutruns of enersy E, = 3
{ges Bquatior. 11). Une s®os that tre counting yield is &« funetion of tue
ratios of the joeutrun onerzy to the bias erersy. Ths btehavior of this
functlon is shown in Figurs l. The yield A is obviously za}o for EC3.
It resnzhos & maximum for 8 wvulus of En‘(which by differantiation of
Eiumtion 16' ma,; e shown to te E, = 3B) and then lsoreassd vary slowly,

14,4 INFINITELY THIN RADIATOR: FRRALLEL iIATE, ELECTRON FULSE
CHAMBER : _ 510 VA LL CORAE. TIONS T

- P v @ n—————

The énsrzy loss of the recoll protons in the rwliator is still
neglizibls, and the protons are aupposed te dissipsts «ll of their enorgy
in the sensitivs volume of the claznber. Howsver, ‘e puléa height is no
lngse squal to tlie energy- dissipated in tha chember but is given by this
snercy maltiplied by the distance of the "center of gravity™ of the
ionfzation from %“nn rositive olsctrcode and divided by the sepsration of
tne elsotrodea. Let us aszsums that the radiator is placed on the negative
elecirode and tiiat the rnsutrons sre incident perpendinularly upon it, ss
shown in Figure 2, lat 4 be the separation of the eldetrodss and p the
prassure of the gus !5 satrostheres.’

st us consider a reccil of energy E enittisd from the radistor unier an
angle é;, und let X/p Us the disténce from the origin of the resoil trask to
the center of gravity of the ionization., The pulse hoelrsbi oroduced Ly the
recoil undsr consideration is then given by lue a;uatiﬁnx

P ( L - X 308 &

pd

)E {18)
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Plgure 2

I'arallel plates rocoil chamber with solid radiator,
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Since the spscific ionization is proportional to the energy loss, the

. quantity X has the foliowing general expreasion

R
! :
- ' ? ..? (.. -é—x——-)de (19)

where epergy losses and ranges are relative to the gas under consideration

at one atmosphere pressure, The value of X for various geases is given, as

a funoction of emergy, in Section A.l. For sufficlently large recoil energies,

dE .
one can use for R and - 3 the expressions Equations 8 and 9 and one obtains: -
X
- - - ' 3/2
X = 3BRE= 3/500E (20)

If one remembers Equation 5, Equation 18 becomes
Pz (-2 B J Eyg (21)
5 pd E,

whioch can 8lso be written as

3
P _E _3 RoE (211)
En En 5 M E
3/2
where Rg = X Ep / is the maximum range of the recoil protons.

By differentisting Equation 21' one obtainsg

2
& - 4 (B/E) oz, _ 2 R E ) (2111)
dE d (E/B,) 5 pd B,
Now E is a single valued funoction of P only if dP/dE never changea sign.
According to the squstion writhen.above, this is the case if the following

condition is satisfied:

Ro & 5/5 pd (22)

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

If, however, R ;> 5/9 pd, there are recoils of two different energies,
emerging from the radistor at two correspondingly different anglea, which
give rise to pulses of the same size.

then Equation 22 is satigfied, the maximum pulse size corresponds to the

me.ximum recoil energy, namely:

ma X
En

Ro (23)
pd

3
31--5—

When Equation 22 is not satisfied, the maximum pulse size is that for whioch

dP/dE vanishes, namely:

1/2
P rax = 2 (’5 pd;> 4 (231)

If kquation 22 is satisfied,the differential pulse height distribution

f(P/En), sacoording to Equations 7, 10 and 21'!', can be written as follows:

£ (B/R,) ( £ )z for P\< Poax (24)
“En

s 0 for P>P .

af o
2l |-

whers E ig given a8 & function of P by Equation 21°,

Graphs of f(P/E,) for warious values of the paremeter %&— are given
in Figure 3., The area under all curves is 1, since all the recoil protons pro-
duced in the radiator penetrate the active volume of the chamber.For %ﬁ—-: 0,

the function f(P/En) reduces to a constant as in the case discussed in the

preceding section. For Ro = 5, f(p/E,) Dbecomes infinity at P = P

d 9 max®

' p

For.g%r:>,§ » the function exhibits peculiarities on account of the multiple
p 9 .

valued relation bstween E and P. The function f(P/En) for the cssoe under
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-—wa

Figure 3
Elesctron pulse, perallel plate chamber with infinitely
thin hydrogenous radiator on one plate. Differential
rulse height distributions of hydrogsn recoils produced by
monoenergetic neutrons falling perpendicularly upon
the.radi;tor, for different wvalues of the ratio betwsen
the maximum range Ro/p of the recoils in the gas and the

depth 4 of the chamber.
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185

oonsideration, has also been ealculated by using the energy range relation
3/2
given in Seotion A,1, instead of the E /' law., The results are summrized

in Table 14.5-1,

14.5 THIN RADIATOR: PARALLEL FLATE: ION PULSE CHAMBYR : ELECTRON FULSE
CHAMBER WITH GRID OR PROPORTIONAL COUNTER: NO WALL CORRECTION.

This case ig similar to that discussed in Ssction 3 except thatAtho thick-
" ness of the radiator, even though smaller than the maximum range of the recoil
protons in the radiator itselfl, is not negligible compared with this range. We
shall egsume that the radistor is placed on orne of the plates of the chamber
and that monoenergetic neutrons of eﬁergy En fall perpendicuiarly upon it, as
indicated im Figure 2. The recoil protons which give'a pulse lafger than P
are those which emerge'from the radistor with an energy larger than P. If
RY(E) répresgnts thé range in the haterial of the f&diatoi of protoné of energy
E, it follows theat & proton, generated at a depth x in the radiastor, at an angle
f;, and with an energy E, will produce a pulse lsrger than P if x§;x, where
X satisfies '
RV(E) - —> __ 4 R'(P) (25)

cos8

or

RY(E) - x—i.@l: R*(P)

Hence, the total number of pulses larger than P, relative tc the total
number of reacoils generated in the radietor, is given by the follewiug

sxpression: Ep

- .- . 1 . \,. . PO
F = %"'B'n jx (E) aE (26)
P

where X is either the thicknesa, ¢, of the radistor or the function of B

defined by Bquation 25, whichever ia smaller. If we assume that R'(E) is

3/2

proportional to B’ , Equation 25 becomes:
APPROVED FOR PUBLI C RELEASE
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/2 ef2

3
X = RO' E E - P
E e o

(25Y)

[

where Ry' is the range ir the radiator of protons cf energy En. Equation

26 can then be written asg follows:

1
F (g__) . j (1/t) X (_% , __}E_) d (_g_) (267)
i I/E, v "

Since X/t s either I cr & furction of o' , L/E  and I/E_, Ejuation 26
<

shows that, under the assumption made, the funotion F depends only on the
1

0
t -
distribution, which is obtaired by differsntiating F with respect to }/En.

retios P/En and The seme is true for the differential pulse height
The functions f(¥/E,) and F(P/Ey) have ﬁoen calculatod, under the

agaumption of R' proporticnsl to Es/z, and the results are given in Figure 4,
It may be noted that the saress under the curves for f(P/En) corresponding

to different thigknesses of the radiatér ere not squal. The resson is that

2s the fadiator becomes thicker, an inereasing frection of the recoils

groduced. in the radistor are abscrbed by the radiator itself before they reach

the active vclume of the chamber,

14.6 THIN RADIATOR: PARALLEL PIATK, ELECTRON FULSE CHAMBER: NO
WA LY, CORREC T1ON - - T

This case is similar to that discussed in Section 4, except for =
Vfinite thickness cf the radiatcer. The différential and irntegral pulse
reight é¢istributions for this case were calculated, on the busis of the
energy renge relations given in Section A.l. for rediators cof glycerol-
tristearate ( Cg,H;140g) and argen filled chambers.

These reaults are gsumarized in Table 14.6-), where { and F are given es

& funotion of P/Enlfor various velues of the neutron energy E,, of the

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Figure 4

Ion pulse, parallel plate chamber with thin
hydrogenous radiator on one plate. (A)
Diff'erentisl and (B) integrsl pulse height
distributicns of hydrogen recoils produced
by monoenergetic rneutrons falling rerpende
iocularly upon the rediator, for different
walues of the ratic t/R,' between the thick-
ress of the radiator and the maximum range
cf the reccils in the radistor,
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Table 14,6-1

Differential and Integral Pulse Height Distributions for Argon Filled,
Paratlel Piate, Rlectron Pulse Chambers with (Qlycerol Tristearate Radiators

E, = 0,3 Mev pd = 4,02 atm, cm

1

[

3ISV313d. O 1'18Nd €04 d3anodddv

.t =2 0 .t oz 25 Y/ [t 2 60 ¥/ex® |t 5 75 ¥/ o
P , A
/5, | f K £ F o f F £ | F
041866 ; 1.0083 i 0.8430 | 0.7410 | 0.7449 0.5622 0.8864 l 0.8045
0.3333 z 1.0122 { 08835 | 0.5960 {  0.8159 045337 0e7642 | 0.4853
0a5000 ; 1.0476 0.9557 0.4420 |  0.8931 043945 0.8485 | 043531
05000 ' 1.0695 | 1.0004 Ce3425 049444 043007 0.9020 | 0,264
I : ‘ |
0.5666 ; 1.0874 1.0260 042735 0.9773 | 0.2356 0.9396 | 0,2024
0s7000 - 1.0979 1.0393 0.2385 0.9952 042022 0.9613 | 0.17Cl
0.7333 11088 i 1.0862 042050 1.0166 0.1697 0.9854 .| 0.1383
0.7666 1.1203 g 1.0742 0.1700 1.0375 0.1362 1,0082 | 0,1055
047848 1.1278 1.0850 041500 1.0496 0.1158 1.0216 i 0.0864
0.8386 1.1508 P 1.1145 0,0915 |  1.0830 0.0605 0.7220 ! 040400
0.8909 1,1773 ! 1.1467 ' 0,0300 | 0.5733 0.0150 0.3822 i 0,0100
09423 1,2040 ; 0,0000 | 0,0000 !  0,0000 00000 0.0000 | 040000
. { . §
comiem - - _.,,.,,.._~.§.. 9N W v wrmend sa v wBre . L ccas A o L - g o e ..‘..x T wed e --l.——-w

oar
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™able 14.6-) Continued

En - 0.4 Mev 4 = 4.02 atm. cn
. t=0 | t,Z‘S')//om 't . 50 Y/eit t g 157/ and
= Lz Y/ om .tz , . e 757
P/E, £ ; £ | F Lt | F ; £ . F
...... U DU SO 5 S
0.1250 1.0073 . 0.8151 § 0.8005 : 0.7117 . 0,7358 0.6568 ! 0.3890
0.2500 1.0201 0.3835 @ 0.8910 ' 0,7990 0.6393  0.7449 | 0a5990
043750 { 1.0414 C.9471 | 0.5760 0.3318 0.5348 L 0.8343 { 0.5008
045000 . 1,0735 1.0084 0.4545 & 0,9582 0.4218 | 0.9188 i 0,3933
0.5250 T 1.1262 1.0776 043220 1.0385  0.2967 11,0083 0.2731
047500 1.2015 1.1564 0.1820 1.1358 . 0,1618 - 1,1099 0.1425
047750 { 142219 1.1898 0.15630 1.1606 0.1330 1.1360 0.1140
0.8000 b1,2434 1.2133 0.1235 1.1866 0,1037 1.1640 0.0845
| .
0.3204 1.2642 j 1.2341 Ne 985 1.2095 00790 1.1385 . 0.0594
0.3513 1.2926 | 1.2678 0,0605 1.2458 5.0407 © 0.8306 - 0.0271
2.8829 . 143292 1.3064 0.9190 0.6532 0.9095 0.4355 0.2063
0.9117 . 1.3624 0.0000 .v,oo 047002 0,2000 G4 2000 0.5000
. L,- —armen [ VY - e e . AGr s g S an TS b o e -
. E = 0.5 Mev pd = 4, 02 atm. cm
.tz 0 t s 25 Ffon® | ta so.%m? t w75 V/om®
F/E, : £ : £ , r Y
04000 1.0649 . 0,9963 l  0.9424 0.9004
0.5000 1.1088 1.0591 3 1.0173 0.9822
0,5000 1.1733 1,1364 1.1033 1,0748
0.7000 1.2702 1.2438 1.2188 1.1959
09.7600 1.3533 1.,3308 1,3071 1.,2854
0,8000 1.4250 ; 1.4016 1,382% 1.3653
0.8208 1.4691 | 1,4479 1.4295 1.4132
0.8326 1,546 A 1.4947 1.4771 0.9847
D.8581 1.5652 ; 1.5464 0.7727. 5151
0.3756 1.6090 0,0000 040000 049000
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. an e S A et

Tahle 14,6~1 Continued

Bn < 06 Mev

PA 3 408 atm. om

. t= 25V /on? & 2 50 v/ om® z 75 3/ om® t 2100%/on?| $'= 1756 ¥/ om?
- B B e L D DYV

PRy 7 T F 7 F F 7 :
0.1666 . 048507 0,7576 07488 0.7103 0.7181 — — S
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rediator thickress,t, and of the'produot.pd,of the ges pressure times ths
depth of the chamber.

In Figure § the function f(P/En), corresponding to t g Oand t « 178 *
per squars centimeher and calculated for the sare velue of E, (1 milliom
electron volt) and pd (8.98 atmospheres times ountimeters), is reyresented
graphically in order to illustrate the influonce of & finite radiator
thinkness ocn the pulse heipht distrilution curves. The differontial pulge
height distribution for € = 9, caloulated on the basis of the R«:_‘F‘..?)/2
approximation, is also represented in the seme rigure. The difference
betweon this curve and that calculated ¢n the basis cf the more accurate
energy rangfe relatiom is very smll.

14.7 THICK RADIATCR: YARALLEL FIATE, ION FUISE CHANBER, LLECTRCM

TULSE CHAMBER WITH GRIL, OR PROFORTICNAL COUNTIR; NO WALL
CORREC TION

e et atsopm

The recdistor is again placsed on the negative plate of the chamber, and
the neutrons are incident perpendicularly on it, &s shcwn in Flgure 2. The
thickness of the radiator is now supposed to be larger than the rsnge R,'
cf the fagtest recoil protomns ir the redistor itself, .

The integral pulse height distribution in the ouse of moncensrgetic
neutrons striking the chamber is given by Equation 26 or 26' where now
X(Bn, F, E) is always defined by Equation 25; i.e,, it never becomes squal

to the thickness t of the radisator. If we assume the range to be proportioml
7 /

3,2

to E , then Equation 256' holds and ong obtaing

" - .
F / E
F (P/E,) f [( —-) - (—-E---n ) ---En a( T
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Figure §

Electron pulse parsllel plate chamber with glycerol-
tristearste radistor un ore plate., Plate ssvarstion
d = 1433 contimeters; gas filling 6.7 atmosrheres of
argon. Differential pulse height distributions for
hydropon recoils produced by neutrons of 1 million
electron volt cnergy falling perpendicularly upon the
rediatcer.

(A) Infinitely thin radiator(ts 0), calculated by
agsuming R proportional to E¥ . -

(B) Infinitely thin radistor(t0), calculated cn
the basis of the energy range relation given
in Section A.l.

(C) "Thin" radistor (T = 175f/cn12), cnlculated on

the tesis of the energy renge relation given
in Section A.l.
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The counting yield of the chamber for s bias energy B (sees Equaticn 12) has

the expression:

22 2
R B
s 1/3 Vg (En) Ro! [1 - (.—E‘:‘.n ] (28)

-3/
or, if one agsumes R' to be proportioral to B 7" and 0" proporiional to

..1/23

n 2

2 /2
B /%

Eyy U
Y5 3 [1'(—}?) ] (28°)

¢!
In the above equation

-1/2

I - R BV, B
B - (o)

refresonts the average number «f recoils per incident neutron of energy

En g 5 produced in e thickness of the radiatcer equal to the range of protons

of energy F. Equation 28' indicates that¥is a function of En/E. A greph of

this funotion is given in Figure €, from which ¢ne osn see that the counting

yield of a reccil chamber with thick radiator ircreases rapidly and continuously

with irecreasing neutron energye.

14,6 GAS RECOIL CHAMBFR: NO WALL EFFECTS

We shall essume now that the chamber is filled with hydrogen, a hydrogen
compound, or a hydrogen containing moisture,and that the linear dimonsions of
the chamher are vory large compared with the ranpge of the fastest recoil

protons, so that wall effects can be disregarded,
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Figure 6

Icn pulse peralle]l plate chamber with thick
radiatur. Counting yield v in terms of 53-‘VG‘IS R(B)

23 2 funotion of the rwtio Fn/B of the reutron
snargy to the bias energye.
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If the chamber is uged as an icn pulse ohamber, then P = E and the
differentinl and integral pulse height digtritution for wonoenergetie
neutrons are the same ag in Section 3 ( see kguations 14 and 15), If
the ohamber is used as an e¢leotron pulse chamber, the pulsge height
distrihution depends on the geometrya

If the chamber is used as an integratirg chamber and is filled with

pure hydrogen, then the irtensity I of the ionization current is given by

I = g Bn _&

z Wo (29)

where H is the number oif' recoils per second produced in the chamber, e is
the eleotron charge, Wy is the energy per icn pair, and ;3_ represents the

saverage energy of the hydrogen recoils.

14.9 7AS RECCIL, ION FULSE CHAMBER, COMPUTATION OF WALL EFFECTS

let us consicder the two following types of ionizstion chambers:

(A) Parullel plate chamter, with a circular colleoting elsotrode,
surrounded by & guard ring &5 shown in Figure 7.

(B) Cylindrioml chamber with 2xial collecting electrode suprorted
by guard electrodes ss shown in Figure 8.

In both cases the sctive vclumes are supposad to be sharply def'ined and in
the ghape of oylinders with flat ends. The direction of the incoming neutrous
is parwllel to the wxis of the cylinder, as shown by the earrowg. In the case
of (A), the wall effects are caused: (1) by recoils hitting the olectrode at
the far end of the chamber; (2) by recoils procduced ir the active volume, but
going out of the sctive volume through its lateral boundsry; end (3) by recoils
produced outside the active volume and sntering the sctive volume through its

lateral boundary.
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Figurs 7

Wall effects in & gas receil parallel plate chamber
with circulsr electrodes.

i Fipure 8 ’

Wall effects in & gas recoil cylindricsl chamber.
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In the case of (B), the wall effects are caused:(l) by recoils produced in the
active volume and crossing the boundary B (see Figure 8); (2) by recoils
hitting the lateral wall; and (3) by recoils produced outside of the }ctivo
volume and enterinpg the active volume through the boundary A. The recoils
hitting the central electrode are neglected .

A genersl ocomputaticn of the vall effects for the two types of chambers
desorited wasg carried out uncder the sagsumption R s ¢ ES/Q.

In these oslculations, edge effects (see Secticn 1Q.7) are neglecﬁed, and
soccordingly the pulse heipght fcr a particle which crousses the boundery of the
sensitive volume is computed by considering only the ionizsetion produced by
the psrticle in the sensitive volume. This procedure is justified if the
conditions fer an "idesl™ jon pulse chamber are fulfilled; {.e., if the decey
time of the detecting oqufpment is very long compared with the time of collection
of the rositive ions ( see Section 10.6 ). In the practical cases, the
peculiarities 1im the shape of pulsss produced by the motion of ions nesr the
boundery of the active volume may have an appreciable influence or the observed
pulse height distribution,.

The results of the caloulations are expressed by the followling equaticns,
in which b represents the radius of the c¢ylirdrieal aensi£ive volume and =
its length (% is the spacirg of the plates in case (A) and the length of the
collecting electrode in omse (B)).These results apply to chambers of any
dimensions, provided that the maximum range Rgp of the recoil protons is
smeller than a.

Case (L) (see Figure 7)

e (é’;) s 1+;‘3.q_ A (%_)-;-g,g_z; B(%’;)+EB°__ C(EP;;)

(30)

F(l)=(1-_F)+ R° D= + R° G = +
(L)e0-t (£) L)
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Table i4, 9.1

Funotions entering in equaticns 9«30 and 9-31
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201
Cass (B) (see Figure 8)
f(~g—n) z 1+}:—9 L‘(JE%;H%}Z u(—-%l-H%ﬁn(—-g—;)
(31)
F(%) - (1--%)4-5-3@1(;“) +f§2 s( ;:n) +§2T(-—g—n)

The funotione A, B, C, D, G, H, L, M, N, Q, S, T are civen in Table 14.9-~1.

14,10 USES OF RECOIL CHAMPERS

Recoil chambers are used fcr the following purposes:

(A) Relative flux meoasurements for neutron beams with the same
energy distritution.

(R) Absolute flux messurement for monoenergetic reutron besnms.

(C) Determination of the energy distribution of neutrons.

(D) Investigation of neutron scettering orn light atemic nuclet,

For (A), (B} and (C) hydrougen receil chambers are generslly used.

No special prevauticns are needed in the corstrustion of a chamber for
relative mesxsurements of neutron flux. High sensitivity, smell physiecal size
and directicnality may be desirable features. Examples of chambers designed
in order to setisfy one or the other of the sbove requirements will be
found telow.

The probtlem of buildinyg a chamber for absolute flux mesurements is
muoch more difficult one. In the first place it is necessary to lnow the
efficiency & of the radiater. In the cese of & gas recoil chember, this
implies an accurate knowledge of the sensitive volume, of the tctal gas
pressure and of the concentration cf hydrogen in the gas of the chamber.

In the oase of a solid redistor, the mass cf the foll and its chemical
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“composition must be known aocurately. The rediator is generally prepared by
distillation in & wacuum, and if it is made of a material containing different
chemical gpecies (like ordirary paraffin, the composition of the foil may be ’
different from that of the bulk material. MNainly for this reason, the radlators
for quantitative flux measurements wsrs prepared with glycerol-tristearate,
which is & definite chamical compound, rather than with paraffin,

In the second placs, one must determine the fraciionel number of receils
produced in the chamber wgich are dotectsd with the spezific experimental
arrangement., If no collimation of the recoil protons is used (see below),
the pulsss odbteined ranye in size all the way from zero to a maximum. Only
pulses above a cerltain size, B8, are detected, where B is detérmined by the
biasg setting. It is necessary to firast Xknow B in absolute valug, 1e9,,
in terms of ono;gy, and then to evaluate the quentity F(B/E,) which represents
the fractional number of recoils giving pulses larger than B, This requires
& simple geomotrical design of the chamber, so that F(B/En) may be calsulated
thooretically. Also, it requires an expe;imsntal zheck of the calculated
pulse height distribution. The experimental check is necessary for the following
re&sons:

(A) It provides the only reliaole metnod for the calibration of the
bias setting in terms of energy; i.e., [or the sbsolute determination
of B.

(B) It determines the lcwest bias at which only hydrogen recoils sre
detectsd., In addition to hydrogen recoils, one ususlly has in the
shamber recoils of other lirzht nuclei ( argon, osrbon, ets. ), and
2130 seocopndary electrons prodused by Y-rays.. If the resolving
time of the detscting equipment is not smell compsred with the

average time separation of the spurious pulses, these latter will
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"pile up" and give rise to pulses larger then those which an
individusl recoil or socondary eleotron could produce ( see
Section A.12). The biss at which spurious pulsss of the type
dosoribed above start‘being counted is generally oharscterized
by & gudden departhre of the experimental from the theoretical
pulsa heizht distribution ourve., '
(c) Finally; in many cases it is found that the experimental
pulse heizht distribution curves do not egree with the ocalculated ones,
even for bias energios at which one would not expect to deteot pulses
due to spurious recoils or to secondary slectrons from f}rays. One
can think of many resasons whioh may explain disorepencies betweon
sxperiment and theory, such @s:(1) lack of monochromaticity of tae
neutrons, either inherent in the neutron source or produced by
inelagtic scattering of the noeutrons in the meterial of the chamber;
incorrest evaluntion of the edge effects (sse Section 1D.7); runge
straggling or errcr in the evaluation of ths ensrgy-range relation
(only likely in the low energy region); lack of proportiommlity
batweon nurber of ions and pulse heizght; or spread in pulse height
when chambers with gas multiplication are used (see Section 1l.6).
Often it is not possible to determine what the sourse of the trouble
actually is, but it is clear that no chambter should be uged for
absoluts neutron flux mersurements unless the theoretical and experimental
pulse height distribution ourves agres.
It me; be pointed out that the measurement of the differential pulse height
distribution provides a much more rigorous qheck on the behavior of the chamber
than the determination of the integral pulse height distribution. It may also

be pointed out that for accurate regults one must he able to g8t the bias
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suffieisntly low to count a large fraction of the recoils produced in the
radiator.

Another possible method for determining the ratic of the number of
recoils detected to the total number of recoils produced is to collimatse
the recoil protons in such & way that only protons ejected within a certain
anglo,é;o, with respect to the direction of the incoming neutrons, enter the
chanher. These protons have energies above En coszégo. and if this walue is
sufficiently large, one can adjust the bias so that all of the protuns sre
detscted, In this way, ths fractiomal number of recoils detected is determinsd
by the geometrical arrangement rather than by the bias setting. An exsmple of
& detector based on this principle will be discussed in Section 19,

Finally, one may use a g&s recoil, integrating, ionization chambar (see
Section 8) for absolute measurements of neutron flux. An instrument of this
type will be described in Section 18,

The chambers usud &s nreutron spootrometsrs must satisfy requirements
somewhat different from those laid down for the chambers used for absolute
flux measurements. Only the energy dependence of the efficiency, but not
its sbsolute value, needs to be known. On the other hand, the pulse height
distribution for monoe¢nergetic nsutrons must be accurately known, and, also,
it must be of a gufficiently simple shape go that the neutron spectrum may be
calzulated from the observed distribution of recoil pulses,

In principle, one coull mave an ideal neutron spectrometer by using s
very thin radiator and by having both the incident neutrons and the recoil
protons well collimated. In such a way, one would obtain pulses of s single
size for each neutron snergy. The drawback to this scheme is & low sensitivity
caussd by the double collimation, and for this reason no detectors of the
typs described were built at the Los Alamos Laboratoriss, even though they

may be useful for some speoific applicationss
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The next best choice for a neutron spectrometer is & chambor in which
& monosnergetic neutron beam gives a constant differential pulse height
distribution (infinitely thin radiator, ion pulse chamber; gas recoil, ion

pulse chamber of very large dimensions, etec.). In this casge, if N(En) dE,

repregents the number of incident neutrons with energy between En and Ep 4 dEp,

und‘¢f(P)dP represents the number of pulses observed with the heisht betwsen

P and P + dP, the following equation holds (see Ejuation 14)s

o0
Y/(P)dp = oconstant [ N(E,) O (E,)dE, (dp)
<P En
n
From this it follows! ’ (32)

, N(E ) =z constant FTE) -k e -

Chamboers approechlng this type were built and used successfully (sese Sections
11 and 12),

With regard to the chambers to‘be ugsed for the investization of scattering
orogs-gections, it will suffice to note that they must be of sufficiently simple
design so that from the observed pulse height distribution one may be able to
deduce the energy distribution of the recoils. Equation 4 shows that the energy
distribution of recoils in the laboratory system gives the differential

soattering cross=section in the center of gravity system.

14,11 HIGH FRESSURE, GAS RECOIL ION PULSE CHAMBER

Figure 8 shows the 6onstruotion of a chamber used &8 a neutron spectrometar,
This ohamber is similar in its desigh to one described by Barschall and Famer

in Yhysioal Review, 58, 590 (1940). The sensitive volume is @2 cylinder 8.5 centimeter

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

in diameter and 8.5 centimeters hizh, In order to obtain a sufficisntly
high field through the large sensitive volume, the latter is divided into
six gections by meauns of metal grids made of ennealed copper wire of 0,308
inch diameter, the mesh width being 1/8 inch. The transparency of each

grid is thus about 87 per cent. The solid plates, which limit the sensitive
volume at the top and at the bottom, as well as grids (2) and (4), are
commected together and form the high voltage elactrode. Grids (1), (3) and
(5) are similarly connected together and form the collecting electrods.

Each of the three grids which forms the collecting electrode is mounted on

2 thin bress ring. This is supported by a wider brass ring, the gusrd
oleotrode, by means of two small amber beads. Fach of the three also
carries a tongue which protrudes through & slot of the guard eleotrode into
& pgrounded brass tubing containing the connecting lead for the threas collecting
grids (ses detail), The capasity of the collecting electrode assembly is
approximately 60 micromiorofarads.

The chamber was used with pressures up to 26 atmospheres of pure hydrogen
or of hydrogen-argon mixtures., Before admitting it into the chsmber the gas
was freed from organic vapors and frum water. A small amount of oxygen (0,01
per cent) was added in order to produce nogﬁtive ions and thus avoid the fast
part of the pulse due to tne motion of .free electrons. The chamber was usualiy
opersted at 6000 volts, The pulse ampliffer had & rige time of 0.6 milliseconds
and a decay time of 2,0 milliseconds. This small btand width was used in order
to minimize the noises. The chamher, despite its sturdy construction, is very
sensitive to microphonic disturbances. It is also wery gemsitive to Y-rays
becauss of the high pressure used. The large wvalue of the decay time constant *
of the amplifier, vhich is reﬁuired in order to avoid excessive distortion of

the ion pulses, enhances the probability of large spurious pulses produced by
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Figure 9

High pressure ge&s reccil chamber ( see Section 11)
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the piling up of ¥ -ray pulses. In the absence of \*~-rays, it was found
possible to record recoil protons dovm to an enerzy of about 0.8 million
eleotron volt.

The advantages of the chamber are high counting yield (of the order of
1l or 2 per cent) and lack of directionality (exéept for the wall effect
corractions ).

The wall effect corrections can be expressed by the following equation,

whioh gives the differential pulse height distribution:
¢ (Pfome By 3 O (Bg) {1 +U(E) Bn (1 - £/ | (35)

The quantitiesa and W depend on the neutron energy E, and on the gas

prassure., For a sufficiently high pressure, or for & sufficiently low energy

(k= 1,W=® 0 ), Equation 33 goes over into Equation 15, which represents the
pulse height distribution when wall effects cun be neglected (ses Section 8).
For a gas filling, the stopping power.of whicﬁ is equivalent to that of 39

atmospheres of Hp, X is represented by the curve in Figure 10, while W (Ey)

is approximately given by the expression

U(E,) = 0,23 (E, - 0.6) for Ep > 048

W(B,) = O tor En< 0.6
where E, is measured in million electron vélts. The neutrons are assumed to
travel in a direction perpendiocular to the elestrodes of the chamber,
The performance of the chamber was tested by irradiating it with mono-
energetic neutrons of 2,5 million elestron volts energy obtained from the
DeD reection. The observed pulse height distribubion is represented by curve
(a), Figurs 11, Curve (b) in the same figure represents the ensrgy spectrum

of the primery neutrons, as computed from the observed recoil distribution,
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Figure 10

Valuss of tho functionXEp, which enters in Equation 33
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Figure 11

Differentisl rulse hoight distribution o¢f hydrogen
recoils cbitsined by mesns of the chamber described

in Section 1l irradiated with monoenergetic rneutrons
of 245 million eleetron volts energy (ourve (a)),
Curve(b) represents the energy spectrum of the primsry
neutrons, as computoed from the observed recocil dige
tribution. Gas filling: 13.8 atmospheres of argorn

plus 2,72 atmegpheres of hydropen.
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- taking irto account the wall corrections. The extent to which curve (b)
aprroximates ar infinitely narrow distribution gives a measure for the

aguraey of %ho expsrimental method,.

14,12 THIN RADIATOR, ELECTRON PUISE, PARALLEL PIATE CHAMBER

Fizurs 12 snows the construction of & chamber used for sbsolute measurements
of neutron flux and as & neutron s;ectroreter. The chamber is filled with
argon and prossures up to 7 atmospheres can be used., A hot caleium purifier
is permanently coynected to the chamber through two 3/8 inch stesl pipes,
rut shown in the diagram,., This nnk;s it possible to purify the pgas whenewnr
r.ecessary, The chamber is normally operated at ~2000 volts,

The radiator is a zlyosrol-tristearate film of about 180 ¥ per square
centimeter propared by evaporation in & vacuum. It is plsced orn & platinum
foil, which is part of the hipgh voltage eloctrode. FExtensive tests were made
in order to make sure that the conductivity of the foil was sufficiently large
to pravent accumulation of charges which might disturb ihe electric field and
thereforas distort the vulss height distribution., For this purpose, & polonium
source #»as deposited on & platinum foil end then covered with a glycersl
tristaarnte rilms. The platinum foil thus prepsred was placed in the chamber
in place of the radiator snd the pulse height distribution of thoc ~particles
was determined, Ther e 1 graw redium source ke placad resdr the chamber so ay
to produca an irtense iontzation of the pas. The radium source was removaed and
the pulse heiprht distribution vwas remeasured immediately afterwards, The pulse
haight Jdistributions msasured before and after irradiation vroved to ne idantical,
This result was taken as & proof fhat, even in the presence of an ionization
much hoavier thean that existing under norms)l opersting conditions, the glyosrol
tristearate film dceg not acquire an amount of charge sufficient to distort the

rulse heisht distribution,
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Figure 12

Solid radiater, parellel plste ohamber ( ses Sectior 12)
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The colleotirg electrode and the attached lead have a cepucity of 10
tc 15 micromicrofaracs. The chamber wes used wilh an amplifier having a
rise time of 2 microseconds and & decay time constant of 20 mioroseconds.
The small value of tho latler time constant practicelly elimirates microw-
rhonic disturbances and makes it possible tc orerate the chanbier in the
presence of a fairly strcng ¥-redistion. The minimum pulse height which
can be meesured safely is approximately 0.2 millicur. electron velt. The
maximum neutron energy for which the chamber can be used is determired bty
the condition that the maximum renge of the recoil protions should be not
more than 5/¢ the spacing of the olectrudes (see Section 4). This energy
is about 2 millior €leotrocn velts.

In the corstruction of the chamber care was texen to avoid heawvy
materials in the path of the incident neutrons sc as to minimize the denger
of inelastic soatterirg. All metal parts in contect with the sctive volume
of the chamber were gold-plated and then outgessed by heating in vecuum
ir an ef’ort to minimize the tackground crused by r1ecoils from hydrogen
ebgorbed in the metal. This background was experimentelly deternined by
irracdiating the chamb.er with neutrons after replacing the radiator with a
blank platinum folle The number of recolls recorded under these conditions
was about ten per cent of the number recorded with the radiator in placse.

The chamber can be used with or without the grid (1) shewn in Figuro 12,
“hen usod, the grid is kept at a volbage of -1400 volts with respeet to the
cclleoting electrode (thre high voltage electrode being at -2C00 volts). In
both conditions, the operation of the chamber wes tested by determining the
pulse heipght distribution with a polonium scurce on & platinum foil in place
of the radistoer. .iithout any grid, one should expect a "rectargular® pulsze

height distribution it the measurements are taken with a channel disoriminater
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of infinitesinmal width, or & "trapezoidal" pulss height distribution if
& channel discriminator of finiteo width is used { geec Section 1%.1),

with the grid, one shoul& expoct all the & ~purticle pulses to be of
the same sire (see Sections 10.Z and 1Z.,1), The experimanbal'curves
obtained confirm this prediction ( ses Figures 13,1 ana 13.2).

Thoe chamber was also tested, again with and without the gric, by
détermining the pulse height distributicn of the hydrogen reccils vhen
the chamber is placod in & moncenergetic noutron beam, falling normally
uron the radiator. The curves obtsined were of the expected shape. As
an example, Fipgure 13 gives the results of measurements taken with the
grid in position, ir. which case, if an infinitely narrovw channel were
uged and if the radiator were infinitely thin, ore shoulc obtain 2

"oonstant" pulse height distribution as descrited in Sectior 3.

14,17 THIN RADIATOR, ELECTRCN PULSE, PARALLEL FIATY DOUBLE CHAKBIR

This chamber, baged on the same principle as that descritbed in Section

12, was designod primarily for the purpose of measuring fission crossesections.
It consists essentislly of & rission chamber end a recoil chember in the same
cagse, the latter being used as & neutron flux meter. The fissionatle material
and the thin layer of hydrogenous meaterial are deposited on two thin platinum
foils which are placed back to back and constitute the common high voltage
eleotrode of the two chambers. Thus the two samples are almost exsctly in
the sane plane and are separated by an emount of material which dces not
produce any appreoiabie amount of. scattering or ebsorption of the neutron
besam., The neutron flux is therefore the same for both\samples and the ratio
of the cross-gsctions is simply equal to the ratio of the number of procoasses

per gram stom of the active material.
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Figure 13

Differential pulse height distritutions obtaired
with the chamber with grid shown in Figure 12

irradiated with monocensrgetic neutrons of twe
differert enerpies.

APPROVED FOR PUBLI C RELEASE



800

\——X—-—l_—

—¢—i

[Ery—

3¢ —

700

26—}

600

500]

400}

300}

200}

2

J
L

»

0.2

0.3

0.4

0.5

0.6

07

0.8
b ( MEV)

0.9

1.0

1.2

34SVv313d O I'ldNd d04 d3IN0dddV



APPROVED FOR PUBLI C RELEASE

cre cormanpuet e detajie ol e chahei arse shwn in Floure 14,
Pxtrard core was tewen to aveid eny hemyy materisl alcne the path of ihe
neutron bosm, so a8 to minimize the danger of scattering end absorption
of meutrens. The chamber walls were mads as thin as suitable for the
prassure they had to withstand. Only glass insulators were ussd inside
the chamber. The seal between brass cap» and the base plate was mede
pas=-tight by means of & fuse wire gaskei, so that no other materials but
metal and glass are in contact with the gas. The leads to the collecting
slectrecdes and tc the high voltage electrode were shielded from each other
t.y the brass tubes supporting the chumber { see Figure 14),

Both argon and xénor, at pressures up to about 9.5 .
atmosﬁherea, were uged as pgas fillings. A hot calcium purilier was
pernmanently attached to the chambers The chamber was operated at a voltage
between 2000 end 3000 volts, depending on the pressure, with the high
voltage electrode negstive,

As hydrogenous radistors, glycerol tristearate films of viricus thick-
nesses were used, In order to avoid edge effects ( see Sestion 10.7), the
diameters of the hydrogenous foil and of the fission foll were chosen so
that the ranges of all hydrogen recoils and fission fragments were well
within the sensitive volumes of the chambers,

The amplitier used with the recoll ohamber had a rise time of 0,5
misroseconds and a deeay time of 20 mioroseconds. The pulses were
anglysed with an electronic ochannel discriminator.

The operation of the chamber was tesled with polenium -particles,
a8 descrited in Section 12, In addition, vhe pulse height digtribution
of hydrogen recoils vas measured fcr a mumber of neutron energiss. 1In
these measurements, the -plates of the ochamber were perpendicular to the

neutron beam with the glycerol--tristearete film facing awesy from the
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Figure 14

Double recoil end fission chamber (see Section 13)
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Figure 15

Differential pulse height distribution curves of
hydrogen recoils oblained with the chamber described
in Section 13 by using moncenergetic reutron beams
perpendicular to the radiator. The channel shares
are indicated &n esach graph. Experimental results
are represented by dots, circles or crosses, The
vertical bare give the standard statistical errors.
Points differently mmrked refer to different sets
of mosgurements. The dotted lines are theoretical
curves without channel correction. The solid lines
are theoretiocel ocurves with channel correctionse

Graph A B, & 0.457 Mevy T g 67vﬂ/cm2; 3 stmospheres argon.

Graph B E, = 0.57 MNevy t g 67 X/%m2; 3 atmospheres argon.

Graph C Ep = 140 Mev; ¢t = 178 r/me; 6.7 atmospheres sargon,
Grarth D E, = 1«8 DNeovy ¢ = 173 &/%mzx 9e¢5 atmospheres argon.
Graph E En = 2.6 VNevy f z 173 &yhmzz 9,.,C atmoépheres xenon.
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neutrcn source, Some of the results obtained are reprocduced in Figure 15,
w#here the ocrrespcnding thecretical curves (see Soction 8) are also given.

A channel correction was appliesd to the theoretical curves. This correctlon
was determined experimentally by means of &rtifiecisl rulses. The share of
the channel which is indisated ir each curve was found to be eapproximebely
trapezwidal, the deviaticn from a rectangle, of course, being due tolnoisos.
The abscissae of the experimental and Lheoretical curves were matched at the
hizh energy end near the point of steepest descent, where the inllusnce of
the channel cérrection is & minimum, The ordinmtes were matched a little
below the peaks of the ourves.

It appears from an inspection of the figures that the agreement between
thooreticel and experimental pulse heizht distribution ourves is excellent.
Tho deviations at the low energy end are oczused by spurious rulses produced
by piling-up of argcr. recoils or of electron recoils from §-reys. The energy
at which these effects set in depends, of course, on the experimental conditions.
The direotionaslity of the chamber was tested by taking counts with the ohamher
inverted; i.e., with the glycerol tristearste film perpendicular to tho beam
but facing the neutron source. Under these conditions,and with neutron energies
around 1 milliop electron volt, the counting rate was found to be about 3 per
cont of that recorded in the same neutron beam with the chamber in normal
position. The per cent oountigg_rate increases somowhat with increcsing
snergy and is about 6 per cemt around 1.6 million electron volts. Tests were
also made with a blank platin&m foil in plece of the gadiator. in most cases,
the counting rate with the blankvﬂas_abou§j 2 per eent of that recorded with

A redintor of 173 #* per square centimetsr thicknesa. .
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14414 GAS RECOIL, CYLINCRICAL CHAMKBER

Figure 16 snows the construction of a chamber which wss used for measuring
differontial scattering cross-ssctions of light nuslei, The chamber is cyline-
drical in shape with & tnin wire as the colleobting ele;troda. It is built as
light &s possiila in order to mininize freolastic scettering and absorptior of
neutrons. The chamber can be usel beth with «rd without gas multiplioatior srd
in either oase “re vuter oylindur 1s kept negative with respect tc the wirs,

The recoils undsr investigstion arise from the gas. In order to reduse the wall
effects it is advisable to use & gufficientiy high ges pressure so that Lhe max-
imun range of the recoils is & s*mll fraction of the diameter o¢f the chamher
(245 ceontimeters),

The opers.tion of %he chexber was tested by using the N14 (r.,p)C}4 resctiun,
which with therusl neutrors gives rise to morocezergeitic rrotons ofvabout 0.€
million elesotron voit energy. For Lhis test the chamber was filled with 0.5
atmogpheres cf nitrogen and 1,f stmospheres of argor. Under these oconditicns
the rerge of the V.6 million slectron volt protons is about Cl.5 centimeter.
Messuroments were takern bctn without gas nultiplioution ard witn & gez multi-
pliocatiun of sbout 35, Tho pulse anxpiifier kad & rise time o mbout 0.0 micros
ssocnd and a decay time of sbou*t 20 migrosaconds §0 that, when used without ges
multiplication, the chanber was oporatva as an ¢lectron pulse chamber,. Howevqr,
bscsuse of the very small dismeter of the wire not much gpresd irn pulse height
was produced by the faot thet only the fast part of the pulse was recorded (see
Seation 1C.6)," Fipure 17 repressnts the differentiel rulse height dlatributiors
as measured with a channel &is§:1m1nanor 0l the width indiomted in the diagrsm.

theoretionl pulse height distribution curve Ior eléctron pulses was ok lculsted
by aconsidering the jrotor treoks as irfinitely sfhort, which invclves (a) neglecte

tng the wall effacis and (b) assumirg, in the caleulation of the slestron pulse,
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Figure 16

Cylirdriesl chamber (see Sestion 14)

APPROVED FOR PUBLI C RELEASE



TN e r iy R @ I A0 T R | (@ TN SR AR T Bkl
ORASS FLANOL FOR
MOUNTING PRE-AMP
1
= f 88"

11-uuw¢2 i _H FUSE WIRE GASXKAT

3 PoRcALAN FLUBH SCRAW

INSULATOR S

ASv313d O 1119Nd d04 d3anodddv

. N TOR WITH TER
THEMADRD OB WAL BRASS  gumnace ?t:nmztbﬁw
~>
GLASS DISC ) o ‘l 38 DIec
9
] ~u
y J/ BUSHING A NG A
e’ X wikk SusuiG
N\ 38 - KOVAR SRAL
HioH VOLTAGA — CLASS INSULATOR Wit
LRAD OUTER SORFACE PLATINIZED
1 F g
$08T $ouDER 1
GLASS- KOVAR $EAL 516 P4 BRASS ROD
"Macur:uw P T 7 PP 4 y s P I T I I I YT T YT, z
To COVAR 1-.‘9».. HOLLS
USRD N ASSEMBLING HARD $OLDSR
HARD $OLOR
SRASS L.020" wALL BRASS

.020° sPuUN®cy car

L)
pusniNG A

ASV3T3d O I'1dNd d04 d3aNodddv



APPROVED FOR PUBLI C RELEASE

fipurs 17 '

Diffarential g:lsc heZlzht digtritutior ourves {rom

the H"‘é(u‘p)c roaction in the wylirdriersl chanter
degorited in Fipgure 1€, Jas fillirg, D8 stmoapheres
of Kz, 15 stmospheres cf argon.

&) Yo pas multipliocstion

(b, Gms wuitiylicstion «f atout 36

{a) Thscreticsl curve for oparmilon as
an eiectiron fulse -mamter {correcied

fcr chernel width,

\wharmel widil indiested Uy the rectangle in the figure)}
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trat the ionizatiun of eazh track is roncentrated ir. one point, This theor-
etical curve, corrected fcr the channel width, is also represented in Figure 17.
Bolh of the exrerimental fpulse height distributions sppear to te scme=~
what wider than one might have snticipated. The deperture of the ourve taken
without gas multiplioaticn from the corresponding theoreticsl curve may possibly
be voocunted for by wvall effectga In the case.of the measursments taken with
gas multiplication there was proltebly sume spread in pulse height due to lack
cf uniformity of the wire, erd offects, or to a sm&ll amcunt of capture since
the yas was not purified. The messurements with gas multiplication were repeated,
efter rebulicing the cestre? wire assemtly, with a highser pressure in the chsmter
{Cef wimospheres ot nitrogen, ¢ atmospheres of argen)s The pulses were analyzed
photograghioally. Ths pulas height distribution thus coiaired is represaented ir
Figure 1€. This curve is considerstly narrover *han the correspording curve (b)
in Filgure 17, The J1ifl'srence is probahly due partly to a decremse in the w‘11~
effects anc partly to an improvement in the unifornity of the pas multiplisation,.
The clamber wa3 used successfully for memsuring the differentisl scattering
crosy~s¢atiocn of helium and of nitroger.,
A chamber of similo; degiga operstled as ; pfsportional oou;tof was also used
s 8 noutron flux mstwr. For the nerzurements at the lowest nesutron energies
(0e03 mi1licn 6lectror volt) the chamber wxs fille? with pure hydropen st s
pressure of 1C centimsters Hg and the volisge was sdjusted sc &8 to obtain & gas
multiplication of atout 50. For the messurszeits at higher enerpgies, higher
pressures ¢f hydrogen or hydrogen-argon mixtures were uged, It may be noted
that "cr saoh neulecn energy the pressure should be rdjusted in suoh a wey as to
strike the most favoratle compromise betwsan the aray backgrourd, which incrgtzes
with inoreasirg pressurs, anc the wll effeots, which decresas with inéreaaing
pregssuré. For & counter of the proportions shown in Figure 16 with the neutron

beamw parsllsl to the 4xls, the Lest condition is reached when the raximum rangs
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. - Figure 18

Differentisl pulge height distributiom ocurve ohtained

from tre N4 (n,p)C“ resctior. in the oylindricel

cnanber cesoribed in Figure 1€, Gas filling O.F
atmospheres of N2, 4 stmospheres of argon, Gas multie-
plication about 15. Fulses analyzed photographically,
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¢f the recoil protons ir the center 15 ¢f bLue order of the rediug ¢ the
counter. Also, in order tu mirimize the BL-ray background, it i1s sdvissdble
L¢ use,wherever rossitle,jpurs hydroger. rather than & hydrogen-argon mixture.

A number cf pulse neight distribution curves were messursi by expoaing thg
cuuants: Lo moncersrgetio neutrons traveling »erallsl to the axis. The resulta
¢hteinsd with noutrons of 045 =millicn oloctron volt energy are represented in
Figure 17, curve {c¢), The pressure wes chcsen $0 “hat the msximwe renge R of
the recoil pretons was le2 times the radius b of the counter. The ai fferentisl
puage helght distribution ourve, derived theoreticully ;t deserited in Section
9 for K 2 b, 18 also shuwr ir Figure 15, curve {&)e In computing this ocurve,
toe greusl decresse of the gas multipliem®ion tuwards the ends of the wires
(se0 Section 11,5) was reglected., A czaleulstion which taxes into account thiz
effeer +my warrisd cut under certain simplifyirp sssumpfona for R = b, The
results are given by curvs (b) in Figure 19, If cre consjders the uncerisinties
in the thecuretical celouletions and the f'inite wicth of vhe channel disorimirmtor
used fur the analysis of the pulses, cné concludes that the agreerent tetween
the experimental end theoretical results, curves (¢) and (b),is reasonat.ly good,
It ma; bte noted that the pulse hsizght distrivutiun curves areq not very sensitive
to the retio E/b. Kerce, the comperiscr Letwsen the thaurstical snd exrerimentel
Surves 18 not seriuvusly irvalideted by the fact that tne value of this yatio ms
slightly different in the twe seaes,

At lower energpiss, the oxp;rlnontal curves depert from the thacra*ioal ones
end the discregsncy bscomes mure provounced as tho snergy deoreases. The reason
foer auoh w discreiancy las not teer clesred upe It is not impessible that it wmay
be cavsed,in part or complately,by lack of monochrumaticity of the neu-ronm besms

used.,
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Figure 19

Differential pulae nelght distritution curves of
hydrogen recoils for & proportionkl counter ¢f the
type showr in Figure 16, Neutrorn beam parsllel
Ttu the axise.
(&) Calculated for Ry » b, by nezglecting
the ohsnge in gas multipliostion near
the snds of the wirs,

(b) Cslculated for R, = b, by teking into
agoount the clarge ir gas multiplicsziom
near the erdg of ths wire,

(o) Obsgerved with 0,5 millior. elestrur wolt
neutroms (R, = 142 b).
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14,14 GAS RECGIL PROPCRTICNAL COUNTER

Figure £0 11llustrates the oconstiruotion c¢f & chember(similer in
prinoiple to that desorited in Section 14) which vms used sz & flux meter
for nouvtrons of low enmergy (down to 0,035 million slection volt). The most
interesting fosture is the arrangement cf the collecting electrods and of
the supporting guard electrode vwhich are so designed as to avoid any deform-
stion of the sleotric field nesr the ends of the collecting electrode ( see
Seation 11e5)s The ocollscting electrode and the guard elestrode both consist
of secticns of hypodermioc needles, 0,042 inoh 0.D. They are mechanioally
conneoted and eleotrically insulated by msans of gless tubes about 0.,R5 inck
CoD., as shown in the detail in Figure 20, The electrical connsstion to the
collectiry slectrode is merde by means of & thin metsl wirs whioh slides through
the guard elsotrode and is soldersd to the inside of the collecting electrods,

The walls of the counter and the outer cese are rnate of gurtl in crder to
minimize the darger cof scattoering and sbsorptior of neutrcnas. The Kowver pieces
are gsoldered to the dural end plates with the following technigues First, the
Kover pieces are tinned with soft sclder and the dural pieces are covered with
Belnent aluminum solder, Then each XKovar piece is svldersd to the ccrraspornding
durel piece with aluminum solder without using sny flux. The screw counnection
between the pieces (3) and (5) mekes it possible to adjust the position of the
gusrd elesctrodes supporting the collecting eleotrode vefore the last Kover
flecs is soldersd into place. The counter was used only &t lcw energies (dovm
to 0,035 million electron volt), usually with a g&s filling of pure hydrogen at
1,5 centimeter Hg pregsure and a gas multiplication around 5Ge The pulse height
distritutlionrn curves obtuired with monoensrgetis neutrons ars very siniiar to
those obtained at the cerresponding energies with the ccunter cdeseribsd in Seation

14, and do not gise very well with the csiculsted curves,
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Figure 20
Proporticnal counter(sse Seotion 1Y)

(1; Outer dursl casgs, grounded; 4 inches C.D.,
1/16 inch wall, 13 inches lorg.

(2) Kovar tubte, 3,8 inch 0.D., it is grounded
during operstion,

(3) Kowar tube, 3/8 inoh O.D,, thremded on the
inside,

(4) Glass.
(5) Brass rod, threaded on the outside.
(6) Lucite spacer ring.

(7) Dursl tubs, 2 inches C.D., 1/22 inch wmll in
+he thinner section,

(8) Hypodermio needle, 0,042 inch 0.D.., it forms
the guard elctrode, . - .

(9) Hypodernic needle, 0,42 inch O.D., 4 inoches
long; 4t forms the acllecting elsctrode,

(10) Fover tube, 1/18 inch wall; 2-1/4 inch 0.D,

(11) Gas inlet arnd needls walve,

(12 ) Amphenol connesotor tc tue colleoting electroie.
{1%) Amrrenol oconnector te the high vcltags electrods.

(14) Glass spacer,
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14,16 THICK RADIAT(R, ELECTRUN FULSE, SPHRERICAL CHAMBIR

This chamber, the construction of which is shown in Figure 21, was
aesigned as a directionil detector for reliative flux measurements, The
radistcer is a thick paraffin layer deposited on i section of the removable
hemispherical cap and coated with a very thin layer of graphite 1o make the
sugface conducting. The chamber is made gas tight with neoprens gaskets
thkroughcut. The inner electrode assembly is putALogether, then placed in
position und fastened with the nut (a). The. gaskets between'the collecting
electrode and the inner lucite insulator,and between this insulator and the
guard electrode,are tightened by means of the mut (b), The gasket between the
guard electrode and the outer lucite insulator is tightened by means cf the
mt (c). The pasket between this insulator and the brass collar is tightened
by means of the nut (a), The brass disc on the stem of the collecting electrode
is used to reduce the disturbing effect cf recoil protons from the lucite
insulators, The chamber is filled with argon and pressures up tc 6 atmospheres
can be used, The chamber is usually operated at a voltage of -2000 volts, 4
small hole in the chamber wall, covered with an aluminum foil enables one to
introduce « ~particles fraom ; polonium source intc the chamber for testing
purposes, As already menticned, the chamber was degigned as a directional
counter which detscts only those neutrons which enter the chamber through the
paraffin radiater, The “directicnality factor*, defined as the ratic bétween
the numbers of counts reccrded when the neutrons enter the chamber thrcugh the
coated and the unccated surfaces, respectively, was improved by lining the
chamber with gold sheet, In this way a value for this ratio of about 100 was
obtained, The counting rate, as a functicn of the angle of incidence of the
neutronsg is shown in Flpure 22, 1In these measurements the incident neutrons

had an energy of 3 million electron volts, The two curves were taken with

>
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Flgure 21

Spherical chamber (see Section 16)
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Figure 22

Anpular res=ponse of the chamber represented in Figure 21,
The black areas represent the pertion of the shell lined
with paraffin, TIne arrow marked N represents the direction

of the incoming neutrcng, Neutron energy 3 million electron
volts, '
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biases adjusted in such a way as to count all pulses larger than 1,4 and 1,7
million electren voits, respect;vely,

The dependence of the counting yisld of the chamber on the bias energy was
investigated and found similar to that described by Equaticn 28' and shown in
Figure 6, A close agreement could not be expected because the assumptions under
which Equation 28' was deduced (plane radiatcr, ion pulse chamber) are not ful-
| filled,

It may be noted that the chamber described was not provided with a gas purifier,
Some difficulty was experienced during its operation because of a gradually in-
creasing contamination of the gas of the chamber leading to electron attachment,
This was probably caused by organic vapors slowly evolving from the lucite insul-
ators and the neoprene gaskets,

' 14,17 THIN RADIATOR, PROPORTICNAL CQUNTER

Figure 23 shcws the construction of a counter designed as a flux meter for
neutrons of low energies, Argon and krypton at pressures ranging from 12 to 170
centimeters He were used as gas fillings, The voltage was chogen 8o as Lo obtain
cas maltiplications between 5 and 50, The radiator was a layer of glycerol
tristearate deposited by distillat;on in vacuum on a platinum foil, Its thickness
varied from 6C to 390 ¥ per quare centimeter, The counter was operated with the
case grcuhded and the center wire at a hipgh positive potential, The pulses were
taken off the center wire by capacity coupling,

1f the gas pressure is sufficiently high so that practically all recoil
tracks from the radiator teminate in the gas, the yield of the counter shmld
depend on the neutron energy -Ey, and the bias energy B as indicated in Figure 1,

Experiments were carried out to test this prediction and the results wers

in fair agreement with the thecry,
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Figure 23

Thin radiater proportional counter (see Section 17)
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14,18 INTEGRATING GAS RECOIL CHAMBER

Figure 24 shows the construction of an ‘integrating chamber designed
at the British T, A, Prcject for the flux measurements of monoenergetic
neutrons, The chamber is filled with ethylene (Ca Hy) and the walls are
coated with paraffin wax to a thickness larger than the maximum range of
the récoil protoné. The. surface of the wax is made conducting by evaporating
silver to a thickness of 0,2 milligrams per square centimeter The paraffin
wax used had the composition (C Hz)n: i.e,, it contained carbon and hydrogen
in the same proportion as the gas'filling of the chamber, Under these cir-
czimstances, whqn the instiument is used as an integrat.ing chamber, the u;all
effects are eliminated, In other words, the ionization per unit volume of the
gas is the same as if the dimensions of the chambers wex'e' infinitely lgrge |
comparad with the range of the recoil protor;s. The ionizatim current pro-
duced by the hydrogen recoils, Iy iS then given by Eguation 29 which may be

rewritten as follows s

Iy =¢AY\H g (En) E—g— -‘2-

o
where A .is the volume of the chamber, ¢ the neutron flux density, i,e,,

the number of neutrons per second and per square centimeter, Ny is the mumber
of hydroggp atoms per cubic centimetezj of the gas, and Oy is the total
scattering cross-section of hydrogen,

'Tg the ionigation current produced by the hydrogen recoils one has to add
that produced by the carbon recoils, which has the expression:

T, e PAng 0 (Bq) (B)y, -
o]

whers N, 1s the number of carbon atoms per cubic centimeter of the gas, @ (B,)

is the total scattering cross~sec‘tion of carbon and (B)é.v is the average energy

-
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Fipure 24

Integrating gas recoil ionization chamber ( see Section 18),
Yacuum 3eals on the body of the chamber made with low melting
point wax,
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of the carbon recoils, Because of same uncertainty in the values cf G:c
and (E>av,' the relation between I; and n is not so well known as that
between Iy and n, On the other hard, I, is small compared with Iy since
the carboen cross-section 1s considerably smallr than that of hydrogen,so
that this uncertainty does not introduee any appreciable source of .err‘or.

Very often neutrons ars accomaanie? by ¥-rays, while, with a pulse
chamber, the ¥-ray pulses can be blaged off, This cannot ve done with an
integrating chamber, However, it is possible tc separate the effects of
rneutrons from those of §'-rays by determining the icnization current simult-
aneously with the chamoer described above and with a second identical
zhanoer in which all hylreren has been repliced with deuterium,

The substltution of den*arium for Aydrogen in an ionizatlion chamber
joes not change the sensitivity of “he chamber for ¥-rays (this was exper-
inentally verified), It chanzes, however, its sensitivity to neutrons,
Hence, the difference of ionization currents is proportional to the neutron
“lux,

If one assumas isotrople scattering of neutrons on deuterong in the
senter of gravity system, the difference of lonization currents, A I, is

related <o the neutron flux density n by the equation;

2

AI_,.(;A..ED_ _%\.ntc‘ﬂ (Ey) - _%_G‘D(gn)]

where G’D(En) ig the total scatiering cross-gection of deuterons, n is the

number of eitrer hydrougen or deuaterium atons per cubic centimester, and
1

8 .
- (...E.n) represents the averiage energy of the deuterium vecoils, It may
)
[ -
be pointed out that the assunption of igotrople scatlerius of nestrons on
deutsrons, which enters in “he evaluaticn of the averape energy, is somewhat )

aneertain,

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

14,19 COINCIDENCE PROPCRTIONAL CCUNIHR

Fimare 25 {llustrates the nsonstruziinn of a detector used 15 an absolute
neutren flux mater, Tt corsists essentially of two proportional counters,

Ihe re2oil preotons, ejected from the paraffin radiatcr, are collimated by the
{lapnramms (Z) and (3). Only those recolls are recorded which traverse both
sropertional counters, tnus orcducing simultaneovs pulses, The ralis of the
number of recoils recorded to the total number of recsils generated in the
ratiaver is determined by the solid ancle defined by the diaphragms, The
effeative arva of the radiator is Jetermined by another diaphragm (1),

placed directly in front cf the raldiacor,

The radiater ccnsists of a paraffin film evapcrated on a metal disc, Tank
argon, a% nressures ranpging from 1 to 10 centlameters Hg, was used a3 3 gas
f11ling, Alumiaum and collodion foils of different thicknesses, mounted un
Twe discs could te placed along Lhe path of the recnil protons for the purpose
of determining their range, {rom which the enersy of the inciden® neutrons
could be calculated, The discs carrying the absorbing foils can te rotated
“rom the outside through ground joints, The thin wire rings on both sides of
“ne absorblng foils were used Lo shield the two counters électrically from
sne ancther, This was found necessary because ctherwise the operation of the
ounters was mgiified by the inserticn cf an aluminuz foil between <hem,
Yeasurements of the colncidence counting rate versus bias were carrisl out
and showed the existence of flat "plazeaus”™, indicating that all of the pulses
produced by thie hydrogen recoils in tne proporiional counters haa sizes grzater
than 3 certain valae, whizh, in tum, wag well above the background noises,

I* must- be noted thal the instrument deseribed did not prove very reliable
1$ an absolute neutron flux meter, Howsver, it is likely that a satisfaclory
instrument tased on the same yrinciple could be built by improving the design of
the counters. Multiple wire proportional ccunters (see Seotion ll.7) might

prove particularly suitable in this arrengement,
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Figure 25

Coincidence proportional couniecr ( see Section 19),
Shaded arcvas represent hard rubber ‘nsulators,
Counters made gas tirght with glyptal.
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CHAFTER 15

DETECTORS OF (n,ct ) AND (r,r) REACTIONS

NEUTRON SFECTHCSCCFY USING (n OR_{n REACTIONS

In principle it is pcesible to use the (n,« ) and (n,p) reactions for
messuring the energy distribution of s neutron beam, At any given neutron
energy, the totel ernergy released in the reaction is ccnstant and depends
on the neutron energy in a simple form, vrovided that the reaction products
are emitted in the ground state (this is the case in mary resctions). The
totsl energy, which is the sum of the incident neutron energy En and the
reaction ensrgy Q, is divided betwesn the two outgoing chargeéd particles,

If the reaction occurs in a gas with sufficient stopping pcwer to prevent
the escape of any of the particles from the ccunting vclume, ore obtains
rulses the sizeg of which are proportioral to En+ q. Since Q is ccrnstant
and usually well known, such an arrsngerment rrcvides an 2lmost ideal wethod
for measurinrg the energy of monoenergetic neutrors for which (En+ Q) > o.
For accurate measuremente ¢ shculd not be tno large. However, for the
determiration of the energy distrilution of ror-meroenergetic neutrons, it
would be ne'cesaery to kncw the energy dererdence ¢f the crose section
gcevretely. Unfertunately, this is not the cese and, morecver, all reactions
with sufficiently small Q exhibit pronounced rescrarces which meke the
itnterpretation of the experiment&l‘reﬁultx evern mere difficult, The fellowiig
iz 8 list cf reactione which have been under torsidarsticn foxr specirasecplc

aurposes,
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Table 15,11 oo
Reaction Q : Remarkse
1 6 nl__-p el" + H3 */' 63 uw Resorance' at E . '27 Mev.
* 3‘{)1 + () ZH l vC. . o

2e 5]310 + nl ety Hez' + ?L:i'? +2.3 and 2,78 Mey No resorances, Q fsirly large,
° 2 - See below) O very large at En s 0,

%, 1 1, |

3¢ N+ pT—¥ H ¥+ 0 40,60 Mev Sigma shows sharp resonances
at .55, .7 and 1.45 Mev

1 1

be N “ + ) — .,HOI' N «0,28 Mev Sigma showa resonance at
= 5 1.5 Mev

Extensive uss kas been made of (n,) reactions for detecting slow neutrors.
The reaction B(n,o ) i3 most commonly used because the cross section is very
large and furthermere known to cbey the 1/v° l‘mv in tde low energy r?gien
(E, << 500 eV}, The value of the cross section for v 3 2200 microseconds

18 703 9 x 10-% cn? for the natural fsotopic mixture of B'C apd B!, and

therefore 3830 x 10'% on® for pure Bm. Reactions 1 and 3 in Table 15.l1e1
(which, because of thd positive Q value, occur also at thermal energles) have
considerably lower cross secticn than the reaction B(n,a(). In the case of
reaction 1, the matei‘ials are not as easy to handle as boron, For thege
reagons the follpwing sectione shall Le confined to the discussion of toron
detectors., Such detecters have not only bteeu used to measure small neutron
flux but also to deteci fast neutrons after they have been slowed down by a
suitatle moderator,

The B(n,o( ) reaction has been extensively studied by Bower, Bretscher

and Gilbert,.(l) The reaction is not moncenergetic tut leade for thermal

(1)
Froc. Cambridge Phil. Soe¢,, 34, 290, 1938

o ]

neutrons only rarely to the ground state of Li7. The majority of the disine

tegrations result in the well known excited state of L17 at 44 l{ev.' The
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ranges of the particles are given as .7 centimeters for the o¢ -particles and
4 centimeters for the I§ nuclei., Since the ¢ value of the reaction leading
to the excited state of Li is 2,34 Mev; the Li nucleus, for thermel neutrons,
carries .85 Mev.

Solid boron as well as gaseocus compounds can be tsed, In the latter

case the filling consists most frequently of EF_ which is a comparatively

3
stable compound, However, considerable difficulties are encountered in

purifying the gaé sufficiehtly to prevent electron capture, particularly
at pressures in excess of one atmogsrhere, Careful distillation from frozen
(-127°C) cormercial BFB improves the gas considerably in this respect,
apparently by removing substences which capture the electrons, such es HF,

However, the best BF_ fillings were obtained by thermsl decomposition of

3
Cép5N28F4. The difficulties of purification are avoided by using thin films
of s80lid boron coated on the electrodes of the detector and filling the
chanber with an inert gas like argon or a mixture of argon and 002. The
films can be prepered by decomposing borane (B206) on heated foils of
tungsten or tantalum., The dissdvantage of this type of detector as compared
with the gascous ones arises from the fact that in order to obtasin high
ccunting ylelds a lsrge nunber of foils must be used since the range of

the reaction rerticlesis very small, For absolute méasurements the use of
golid films is advisable because the amount of irrediated material can be
(2)

very accurately determined. It may be mentioned that the use of e isotope

-

(2} '

Tungsten as a carrier foil has proved to be unsuitatle for such
measurerents since borun apparently diffuses into the metal., This does
not seem to occur in the case of tantelun foils,

obviocusly incresses the sensitivity of both tyres of detecicrs by about a
factor of 5 as compared to detectcrs using the natursl isotobic mixture of

81,6 per cent inactive B11 and 18./ per cent Blo.

¥or absolute measurements of a slow neutron flux, a knowledge of the
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R
neutrcn energy is of course required since the cross section of the B(n, )
reasction varies rapidly with energy. Corrections have to be applied for the
finite film thickness in the case of s0lid films and wall corrections in the
case of gas filled detectors,

Let us consider first the case of a parallel rlate ion pulse chamber
with a solid boron film of finite thickness t deposited on the high voltage
electrode, The detection efficiency F(B) (number of counts divided by the

munber of disintegrations) is given by the equstion:

F(B) = 172 [1 - 2(R°L- Rm)] | (1)

where R is the range of the emitted o -particle, R(B) the range of an

o -particle of energy B. Both ranges are to be measured in the materisl

of the film (see Section A,6), In this formula, (Equation 1), it is assured
that all o -particles have the same energy, that [Ro - R(B)-S)t, and that the
pulses from the 1ithium nuclei are not ccunted (B > .85 Mev), The formula

does not rigorcusly apply to the case of an electron rulse chamber, However,
it applies approximstely if the range of the et ~particles in the chamber is
sufficiently small and the v~lue of B sufficiently low., If the bias eﬁnrgy is
lower than .85 Mev so that Ii pulses are alsc counted, the expression fcr the

detection efficiency becomes:

F(B) = 1--% [ L 1 ](z)
4 Roy - F1 ) * Ro, = Ry (8)

where the subscript 1 refers to the o -particle and the subsexript 2 to the 14,

Agein this formula hclds only if ['R°2 ~ Ry(B) | 2t. Let us consider next.a
cylindrical gas filled chamber of radius b and operated as an jon pulse chamber,
The computation of the exact expressicn for the detection efficiency is very
complicated if the finite range cf the 1i recoil is taken into account.

Furthermore, it cannct be carried out without an exact kncwledge of the range

energy relation of very slow li particles, Thus it shall be assumed that the
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jonjzation frem the 14 recoil is confined to a very small region arcund the
origin of the disiptegration. The contribution of the 14, in the case of
thermal neutrons, shall be taken as equal to .85 Mev. This assumption is rather
crude since the range of the Ii reccil according to Bower, Bretscher, and
Gilbert is abcut 4/11 of the total range of the two particles, It appears,
however, frem thg photometric traces of clcud chamber tracks that most of |

the ionization of the Li recoil occure clo;e to the point of origin of the

disintegration. Under these assumptions the detection efficiency becomes

o 5 |
F(E) = 1 - _%J. (3)

where r(B) is that portion of the range of the o, -rarticle (meas;ured from the
point of origin) which it must spend in the sensitive volume in order to
produce, together with the Ii recoil, a pulse equal to the bias energy.

1f R is the range of the X-purticle, E(R) the energy corresponding to a

certain range R, B the bias eneréy, and E_ the energy of the Li reccil, we

6.
have:

B-E, ° E(R,)) -E [Ro - r(B)] (4)

In deriving Equation 3 it is assumed that r(B) b,

In nost cases the best prccedure to obtain the counting rate at zero
bias energy consists in determining the number of counte as a function of
the bias and extrapolating linesrly to zerc hias, This prodedure proves to

bhe satiafactory if the reasurements extend to a sufficlently low biss,

15,2 _BORON CHAMBER OF HIGH SENSITIVITY

Figure 1 shows the construction cf a highly sensitive boron chamber which
can be used for detectinrg neutrcns of all energlies by slowing them aom in
paraffin in order to increase the croas section for the B(n,e{,) reaction,

The chamber consists of a cylindrical vessel with a central electrode

suprortad by e slegpiiShe il AEBIRSEEA ek of Perestin
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Figure 1
.High sensitivity boron trifluoride chamber.
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50 x 50 x 50 centimeters. The difmeters of the inrer and cuter electrodes are
2«1/4 inches and 4-3/8binches;srespectively. The gas filling consists of

EF 5, specially prepz:ured by decomrosition of Cg H5 N2 BF;, at a pressure of 74.6
centimeters Hg. The chamber is connected to an amplifier of .2 microsecond rise
time and 20 microseconds resolving time. ¥Figure é showe the dependence of thae
counting rate on chamber voltage. The drop of the curve below‘3 kilovolts shows
that a considerable fraction of electrons is captured even in as pure a gas as
the one used. Figure 3 shows the bias curve at 4 kilovolts chamber voltage,

For all neutron energies the highast sensitivity is obtained if the source
is placed in the cylindrical cavity of the inner electrode. However, the
sensitivity is then dependent very markedly on the energy of the primery neutrons,
and source étrength comparisons are only possible by a careful cslibration at
varicus neutron energies. If the source is moved away from the chamber in a
plane peryendicular to the axis, the sersitivity decreases (éee Figure 4). The
decrease is more rapid for less energetic neutrcns, and there exisis therefore
a region (13 centimetsrs from axis) where the counting yield depends only
slightly on the energy. From the same Figure it appears that‘ihe maximum
sensitivily, defined as the number of counts divided by the mmber of emitted
neutrons, is of the order of a few per cent, in fair agreement with an estimated
value, The detector has been used for measuring the strength of very weak

sources. The background is about 15 counts per mirute.

COUN A WENT _OF HIGH SENSITIVITY

The apraratus consists of twelve BF_ proportional counters arranged with

3
their axes on a cylinder of 9 inches dimmeter and embedded in a cylindrical
block of paraffin 18 inches in diameter and 16 inches in length, with a central

cylindrical opening of 5 inches diameter in which the source is placed. The

The central electrede is 1 mil kovar wire supported by glass insulators.

No guard electrodes are used, which makes careful cleaning and drying of the
APPROVED FOR PUBLI C RELEASE

counters are 2 inches in diameter and 12 inches long, and are of simple conmstruction.
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Figure 2

Counting rate versus chamber voltage for the boron trifluoride
chamber of Figure 1.
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Figure 3

Counting rate versus bias for boron trifluoride chamber
of Figure 1. Voltage 4000V, Pressure 746 wm Hg.
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Figure 4

Sensitivity of boron trifluoride chamber (Figure 1) versus
distance of source frcm chamber, in a plane perpendicular
to the axis of the chamber, The variocus curves are taken
with scurces of different average primary neutron energies.
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insu;ators necessary, ‘The countere are £illed with B0 enriched BFB
containing 70 per cent 319 to a pressure of 600 millimetersHg., With a Po-Be
neutron socurce in the center of the paraffin block, the sensitivity is 13
per cent. The counters were connected in parallel and operated at -2600 volts.
The resolving time of the amplifier was }5 miocroseccnds, Figures 5 and € show
the dépendence of the counting rate on the ccunter voltage at fixed bias, and
the dependence of counting rate on the bias at the normal counter voltage of
=2600 volts, Both curves exhibit flat regions arcund the operating roint, In
addition to its very high counting yield, this arrangement has a high resoclution
and is therefare capable of counting at high rates without appreciable loss,.
At 40,000 counts per second in the twelve counters, the loss is only 5.5 per
cent, This quantity was measured in the ueuzl way by comparing the counting
rates of two different sources, measured individually, with the observed
counting rate when the sources were placed simultaneocusly in the detector,
From the measured loss and the resolving time of the amplifier,.it is apperent
that the total resolving time of the arrangement is mainly determined by the
counters.‘ .
15,5 FLAT RESPONSE _COUNTERS

The dgtectors described in the two preceding sections have sensitivities
which depend very strongly on ths ensrgy of the primary neutrons, Several
attempts have been made to find an arrangement of paraffin surrounding a
boron destector such that the mumber of boron disintegrations is proportional
to the number of primary source neutrons and indepeﬁdent of their energies
over a wide range, Thess detectors have been termed long boron counters or
flat response counters, The theoretical treatment of the response of such
an arrangement is very complicated. Qualitatively the following arguments
might serve to illustrate their performance. Suppose a boron detector is

embedded in a cylindrical block of paraffin, A source of neutrons is placed

on the axis at a large distance from the front face of thas eylinder. The
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" Figure 5

Counting rate versus counter voltage of high sensitivity boron
trifluoride proportional counters. '
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Figure 6

Counting rats versus bias at 2600,§01ts counter voltage of
high sensitivity boron trifluoride proportional counters,

\
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‘thermalized fast neutrons have an increased chance to escape from the paraffin,
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deteétbf 18 sssumed to eitend to the front face of the block aﬁd‘be very long
compared to the mean free path in paraffin of any neutron to hg detected,
Neutrons entering the paraffin will be degraded to thermsl energies and diffuse
into the detector where they will give rise to B(n,« ) reactions, Due to the
large cross éection, the counting rate will be essentiallj determined by the
flux of thermal neutrons. For an infinitely large slab of paraffin the efficiency
would be higher for higher neutron energies since low energy neutrons penetrate
only a short distance into the paraffin before being thermalized, They have
therefors a better chance of escaping back through the front face (instead of
passing through the boron detector) than neutrons which were originslly of
higher energy and are therefore thermalized at a greater distance from the front
face., The reason for this 1s twofold, At higher energies, more collisions |

are required for thermalization,and the collision cross section is smaller

’thén at Yow energies. In order to minimize the dependence of the efficiency

on the energy, one has to limit the dimensions of the paraffin so that the

Obviously it is not possible to accomplish this for all energies from thermal
to several Mev. However, arrangements have been found which exhibit rather
flat respon;e curves over energy regions of several Mev,
Among the various constructions, two shall be describad which have shown
the best flat response curves. The first one {so-called 8% long counter)
shomn in Figure 7 consists of a paraffin cylinder of 12 inches length and 8 inches
diameter, Along its axis s BF3 proportional counter, 1 inch in diameter and 8
inches active length, is embedded. It protrudes slightly over the front face
of the paraffin but is protected from direct thermal neutrons by a cadmiun
shield. The counter is electrically shielded by an aluminmun tube. For insulation

purposes the space between the counter wall and the shield is filled with ceresin

......

diameter, The coﬁnter is £41led with enriched (80 per cent Blo) BF3 to a pressure
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Figure 7

Detail of 8 inch flat response counter,
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of 25 centimsters Fg. With -2700 volts applisd to the wall, a gas amplification
of about 10 is obtained., The sensitivity versus nsutron energy is represented
in Figure 8. The measurements were taken with the source of neutrons on the
axis of the detector 1 meter from the front face. The arrangement was in the
center of a room 20 x 15 feet, and 50 inches above the floor 8o as to minimize
the effect of scattering and degrading of the neutrons by floors and walls.
Nevertheless it is believed that 15 per cent of ﬁhé counted neutrons still

were scattered. The absolute sensitivity is about one count for every 105
neutrons emitted by a spherically symmetrical source. The most reliable points
of the sensitivity curves are those taken with the li(p,n) and D(D,n) sources,
The flux of these sources was determined by U-235 fission counts. Their energles
are exactly knomn (points at .5, 1,0, 1,5 and 3 Mev), Similarly reliable are

the points at ,15 Mev and .023 Mev which were taken with { ¥,n) sources of

known strength of (Be + Y) and (Be 4 Sb), respectively. For the points at

o4 Mev, 2,2 Mev and 5 Mev, sources with a complex neutron spectrum were used to
which a certain average energy is ascribed, These points are therefore open

to some doubt, This is particularly true for the point taken with the Ra-Be
source. It is furthermore estimated that the response at thermal energy of the
neutrons is around 70 in the units used on Figure 8,

A considerable improvement of the response was achieved with the arrangement
shown in Figure 9. Here the counter is shielded with an additional layer of
paraffin separated from the inner part by a boronecarbide or boron-trioxide
shield, which reduces the number of counts caused by stray neutrons to about’

5 per cent when the source is again placed at 1 meter distance from the front
face. The sensitivity for low energy neutrons is inereased by drilling a.set

of holes into the front face of the paraffin cylinder. These holes give the
slow energy neutrons a better chance of entering the boron detector before being

reflected back through the front face. Eight holes 1 inch in diameter and

3-1/2 inches deep are drilled parallel to the axis of the paraffin cylinder with

their centers on a Cirg&ﬁmﬂéwéi}/eCi?ﬁBLE&ﬁqstgia_Ez&ﬁéboron trifluoride counter
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N Figure 8

Sensitivity curve of 8 inch flat response counter,
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Figure 9
Detail of 15 ihch shielded flat response counter,
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used in this arrangement has a diameter of 1/2 inch and an active length of
12 inches. It is otherwise similar to the one used in the preceding arrangement,
The dependence of the sensitivity on the neutron energy is shown in Figure 10.
The thermai energy point was measured with photo neutroms from (Be 4 Sb)
degraded strongly by a layer of heavy water. The point at ,023 Mev was obtained
with the same source without degradation,and the point at 1.2 Mev by a Li(p,n)
source, the flux of which was determined by a U-235 fission detector, These
points are therefore very reliable, The points at .4 Mev, 2,2 Mev, and 5 Mev
(Ra 4+ Be) are taken with a complex neutron spectrum and are therefore somewhat
questionable,
15,6 SOLID BORON RADIATOR CHAMBER

The chamber is of the parallsl plate type with the boron covered foil
on the negative high voltage electrode, The electrode separation is 0.4
centimeters and the diameter of the electrodes 1.6 centimeters, The chamber
is filled with argon at about 3 atmospheres pressure and operates with a
collecting voltage of between 100 and 200 volts, The boron is deposited on a
tantalum foil by thermal decomposition of B206° The deposit has a diameter of
1.4 centimeters and has a thickness of about 25 TV%mz which is congiderably
leas than the range of both the « =particles and the Ii recoils, The bias
curve obtained with this chamber is shown in Figure 11l. A sufficiently flat
plateau is found,and the correction for finite thickness given by Equationsg 1
and 2 can be applied in order to determine the counting rate at zero bias,

15,7 ABSOLUTE BF, DETECTORS

Two detectors with gaseocus boron compounds suitable for absolute flux
measurements are shown in Figures 12 and 14, Their common characteristic
is the accurately‘known volume in which the counted pulses originatse,

In the cylindrical chamber (Figure 12), there exists only a small Tegion
where it is uncertain whether or not detectable pulses originate. This region

is one where the collscting electrode passes from the opening of the high

voltage electrode through the guard electrode. The counting volume was
APPROVED FOR PUBLI C RELEASE
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Figure 10

Sensitivity of 15 inch s!(iielded flat response counter at different

neutron energies.
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Figure 11

Bies curve of boron foil counter.
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Figure 12

Definite volume boron trifluoride ionization chamber.
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N\

determined by filling the chamber with water, The counting rate C is related

to the neutron flux density gﬁ by the equation:

C 2gagn - (5)

3

where n is the number of B0 atoms per cm”, O the disintegration cross section,

and A is the active volume, For the chamber shown in Figure 12, ths counting
volume is 17,86 cm3. The volume of the uncertain region is .31 cm3, or less

than 2 per cent of the main counting volume, The corners of the counting

volume are carefully rounded, a precaution which greatly reduces the wall effects.
Figure 13 shows bias curves obtained with this chamber at different pressures

and suitable collecting voltageas., The various curves were taken with the

chamber in the same neutron flux, The numbers attached to each curve give the
counting rates per uni£ pressure at equsl temperature, and it is apparent that
within a small error of abrut 1 per cent these numbers are equal. The counting
rates for zero bias were not calculated but were obtained by linear extrapolation
of the observed curves., Since the slopes are guite small this procedure éeems

to be adegquate. A calculation of the correction due to well effects for this
type of chamber would be very inaccurate,

In the proportional counter (see Figure 14), the counting volume 3s limited
by two discs of semicohducting material carrying sufficient current to prevent
accumulation of charges., The discs establish at the boundary of the counting
volune an electric field which varies radially in the same manner as in the
central reglion of the cbunter, In this way the usunl end effects of proportional
counters (see Section 11.5) are avoided.

The discs consist of soft glass, coated with "Aquadag", and metalized on the
ocuter edge in order to insure contact with the counter wall, The central 10
nil platinum wire is fused into ve?y small holes in the glass discs. The
technique of drilling small holes into the discs is as follows: The glass plate

is cemented onto a rubber diaphragm covering a vessel connected to a rubber
APPROVED FOR PUBLI C RELEASE
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Figure 13

Bias curves of definite volume BF, ‘onization chamber.
Curves taken at different pressures. The numbers accompanying
each curve give the counting rate at unit pressure at 0%,
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Figure 14

Definite volume boron trifluoride proportional counter,
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Fo\sry

squeese-ball, In this way the disc can be pressed gently and with uniform
pressure against the drill. The latter consists of a short piece of tungsten
wire, the diameter of which is slightly less than that required for the hole.
It is soldered into a round piece of brass which is clamped into a couck driven
by an air turbine or a suitable high speed electric drill rotating at about 7000
rpm, Six hundred mesh carborundum with water serves as a grinding agent. With
this arrangement, holes as small as 3 mil in diameter can be drilled, In order
to fuse the platinum wire into the glass, the wire is threaded through the hole
of the disc which is then placed into a furnace at the annealing temperature
of the glass, The fusing is accomplished by passing a current of suitable
strength through the wire so that the glass melts onto the wire.

By shooting A-particles radially into the counter through mica windows,
it was found that the gas multiplication is very constant up to a distance of
1 millimeter from the disca, Figure 15 shows bias curves obtained at various
pressures. The gas multiplication was made sufficiently high so that pulses
from secondary electrons from ¥ -rays within the counting volume were at least
s big as boron disintegration pulses outside the counting volume. The bias
curves are quite flat and can easily be extrapolated to zero bias, The counting
rates at zero bias per unit pressﬁre at 0% are given with the corresponding
curves, Tnese counting rates are very closely the same, This shows that the

detector can bs used for absolute measurements,
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Figure 15,
Bias curves of definite volume HF3 counter. Curves taken at

different pressures. The numbers accompanying each curve
give the counting rate at unit pressure at o°c.
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HAPTER 16
F1SS ION DETECTORS

16,1 INTRCDUCTION N
The main purposes for which fission detectors are used are:
(a) Measurement of the rate of fissions in a given neutron flux for

the determination of the fission cross section; measurement of the rate of

fissions in a material with knomn cross saéction for the determination of

flux of monoenergetic neutrouns, In both cases it is important to know accu~

rately the amount of fissionable material and to count quantitatively the
nunber of fissions occurring in the material,
(b) Relative measurements of neutron flux of sources with identical

spectra, In this case it is desirable to have a detector of high counting

yield, but the absolute value of this quantity does not need t» be known,
The various fissionable materials offer the possibility of co nstu'cting
detectors with different yields for different neutron energies since the
materials have different threshold energies, ‘

(¢) 1Investigation of the energy distribution of the fission fragments.
Detectors for thie purpose are very similar in construction to the ones used
for the study of cK-particle spectrsa,

In most cases the fissionable material is used in the form of thin foils,
Since :t.he mean range of the fission fragments is only about 2.1 centimeters in

air it is evident that only very thin layers of material can be used for sbsolute.
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détectors. This makes 1t necessary to spread the raterial cver large sreas
if detectcrs of high counting yields are desired, The use of a gasecus
fissionable compound would aveid this difficulty. Uraniwm-hexafluoride (UFG)
might te suitable, but v srtunately experimente in this direction have not
teen successful. Electron collection, which in the ceee of fissicn detectors
is c¢f prime importance (because of the necessity of achieving short resolving
times; see telcw), could not te ohtained in this gas., Moreover, the highly
corrosive rature of UF6 causes difficulties with commor irsulatcrs,

The fimsion pulses originating from a sclicd deposit of fissionable
raterial show, of course, a wide spread in energies ranging from zero tc
abtout 110 Mev., This is partly due to the natursl spread of abcut 40 and
110 Kev, and partly due to the energy lcss which the fragmente underge ir
pegsing through the fissionatle material, Nevertheless it is pessible to
cbtain tias curves which (telow about half the marimum ernergy) show a rather
flat plateau., It is slso worthwhile to rememter that since two fissicn fregments
result from every fission process, the murber of fission pulses obgerved within
a 20lid angle cf 27T is equal to the nurber cf fissicns produced in the material.

In every fission delector, the fisaion pulses are superimposéd over
a buckground of very numercug <A-particles (gee Section A,.311). It is there-
fere inportant that the reesolving time of a fissicn deteclor and its amplifier
be made a8 short as poseitle in order to avcid piling up several Ciuperticle
plleee to & height comparsble to a fissiorn pulse. Since the < -particles
have energies of arcund 4 Mev, whercas the fisrion fragments lave energlies
of abeut 80 Mev, one can allcw & pile-up of abcut five A -particies and sti’l
oteerve a rather large fraction of the fission pulses, This consideration
usually sete ap uprer limit cn the tctal amcunt of material which can be put
into « detector, An approximate estimate of the pile-vy of 0(-pﬂrticles can

be ohtained frer the following formula (see Section A4,12):
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n-l
¢ (n) @ Yo (Mot} ~ KT (1)
1+ NQT (r; - 1) ‘ }

C(n) ie the rumber c¢f counts per unit time containing n unresolved pulses;
No i8 the true rumber c¢f pulses per unit time. The pulses are assumed to be
of rectangular shape cf a cduration T . It may be pointed cut that n pulses
of height P do not necessarily pive a pulse of height nP. The resulting
size derends largely upon the frequency response ¢f the amplifier, since the
pulse height nP is only reached durirg a time t € T . It should be nctod that
for rrectical purposes this formula holds only appreximately since in mest
cases the pulses will be of an exponential character, However, it gives ﬁhe
right order of magnitude if one takes T as equal to the resolving time as;
defired in Section 10.3, ¢
In wany instances where it is desirable to have as much flssiorable

material as possible in a chamber, the pile-up of A .particles can be effece
tively reduced by adjusting the dimensions of the detector and the pressure
of the gas so that the fissicn fragments spend in the sensitive volume only
a fraction of their range, Since, in contiast to the behavior of

A wpurticles, the highest energy lose per unit path length occurs fer fission
fragmenta at the beginnirg of the track, and since the range of the

ol -particles is rcughly twice the range of the fission frsgmerts, such an
arrangement leuds to a large increase in the relative size of fission pulses
ae compered to S\-particle pulses, An additional improvement consists in
placing over the fissicnable materisl a plate in which a large number of
suitable holes is drilled, In this way tﬁe fissicn fragments and <A -particles
are ccllimated to a certsin extent, and are prevented frcm entering the chamber
at small angles with respect to tbe electrcde, Even in a shallow rarallel
plate chamber, most of the particles emitted at a grazing angle wculd have all
or @ large rart of their path withir the countirg volume and therefcre give

an unfavorable ratic of fissicn to <l pulse height,

Since in any fissjon deteclor, the size cf the fiscion rulses varieg
APPROVED FOR PUBLI C RELEASE
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from zerc to & maximum value, ore wi]l alweys cbeerve only a fracticn of

the fiss{one ceceurring in the materjaml. Fer absclute reasurements of flux

cr croas section, it is necessary tc correct for the finite thickness of the
foil; i,e,, the detection of effiviency, defined as the rumber of obtserved
puises divided bty the nupler of fissions, has to be known. Fcr a rlane foil
of fissjiorable material, arranged so that no fission fragment can escape frcm
the counting volume without producing a deteclable pulse, ths detection

efficiency 1s gliver by:

‘I : - t‘
F (B 1 S ERTEY (2)

where t i8 the thickness of the foil,Ro ths range of the fissiop perticles

in tre fissionable materinl, and R(B) the runge of a fission particle of
energy equal to the tias encrgy B, In Jeriving this relation (see Section 4.6},
{1t ie assured that all fission fragments have the same range Ro and that the
thickness ¢ of the foil is t (R - R(B)] . InFigure 1 a calculated bias
curve is compared with experimental data. At high bias, the experimental
roints ceviate cconsiderably from the curve, This is to bte expected in view

of the assumpticrs rmade in the calculation. Ipn the case of a cylirdrical
fissicn chamter, carryirg fissionable material cn the inside of the outer
electrcde, an additional correction, a "well correction®, has to be applied,
For an infinitely thin layer of fisrionable material, the detecticn efficiency

which takes into acccunt particles striking the cylindrical wall ie given by:

F{B) = 1- ‘A‘g» (3)

where b ig the radius of the chamber and r(B) is that portion cf the range of the
particle which must be spent in the sensitive volume of the chamler in order

to rroduce a pulse equal to the bias enerpy B, It is assumed that r(B) is

very small compared with b, The necessary data for computirg the thickness and

the wall correcticns are found in Section A,10, which gives storyring power and
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Figure 1

Bias curve of an ion pulse chamber carrying a thin fission foil on
a plane electrode, Curve calculated according to Equation 3, Crosses
represent measurements using a foil of appropriate thickness,

S . .. @ | cances 4 s nb
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range energy relations for fissiocn perticles. If both corrections are small, ;
the final expression for tﬁe detection efficiency is the product of Equations
2 and 3,
16,2 _PARALLEL PLATE FISSION CHAVBER

A chamber suitable for the absolute measurement of the number of
fissions is shown in Figure 2, It is operated at a pressurs of 1.5 atm o
argon or nitrogen with a collecting voltage of -500 volts gt the electrode which
carries the foil., The largest amount ofrPu239 which hag been vsed was 1,2 @g
deposited oo a circle of 4 cm diameter (95‘3‘/cm2).' With pure argom, the
rise time of the pulses is of the crder of 1 microsecond. The amplifier had
a resclving time of .1 microsecond. This arrangement reduces the piling up of
ol -particles to the size cf a fission pulse very effectively., No such pulse
was observed over a peried of ueeks; Figure 3 shows a bigs curve cbtained
with a .434 mg foil of plutonium iriédiated with slow neutroﬁs. I£ élearly

shows a practically horizontal plateau over a ccnsiderable bias range,

16,3 SMALL FISSION CHAMBER

A chamber suitable for quantitative flux measurements and of very small
dirensions is shown in Figure 4, The small dimensicns are a particularly
desirable feature for measurements of flux in a neutron atmosphere where the
introduvction of large cavities would change the neutrcn distribution: The
volume of the chamber including the long support is only abecut 50 cm3. It is
filled with approximately 1 atrosphere of argon, The inher electrode serves
as the high voltage electrode and as the eollecting eleétrode, the ocuter
electrcde being grcunded. The inner electrode is ccupled through a small
capacity to-the>input of the amplifior as shown schematically in Figure ﬁ.

No spurious pulses comparable in size to fission pulses were detected if

the collecting voltage was kept below 250 volts. Foils containing up to

10 mg/cmz of UZBs_were used, The material was deposited on a 1 mil plétinum
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Figure 2

Parallel plate type fissgiin chamber for absolute measurments of
- fission rates,

[
*

Gas tight cover,

Mounting position of sample,
High voltage electrode,
Collecting electrodie,

Guard elactrode,

Polystyrene insulator,
Ganket,

Collar for connection with creamplifier,
High voltage lead,

Lead to preamplifier,

Gas inlet,
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Figures 3

Fission blas curve taken with chambcr gshown in
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Figure 4
Small figsion chamber,
1. lucite {~sulator, C :
2, Contact spring,
s, Lead to cellecting electrzia (#28 wire),
4, lucite guides, o ,
5. Aluminum shield (, 328 inch wall thickness) forming outer electrode,

The inset drawinz shcss the electrical connections for the case
that the inner electrcie served as high voltage and collecting electrode,

bt - 4
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fcil which then was rolled into a cylinder and slipped into the chamber, The

total amount of material in this case was 60 mg of U3 ge

16,4 FIAT FISSION CHAMELR OF HIGH COUNTING YIELD

A chambter for very large amounte of material confined to & comparatively
small volune is shown in Figure 5, It wes used with 750 mg of U308 on each
plate ( 63 per cent U235, 37 per cent 0238). Tne chamber was operated at pressures
between 1,7 atmospheres and 3.4 atmospheres of argorn with a collecting voltage
of 100 to 200 volts. Since the layer of material is very thick, no plateau in
the bias curve could be ohtained. Using an amplifier with a square transient

resronse and 2 resolving time of about 0,1 microsecond, sericus trouble from

piling up of X -pulses was enccuntered,

46,5 NULTIPLE PLATE FISSION CHAMBYR CGF EIGH COUNTING YIELD

In this chamber, skown in Figure 6, a very large amcunt of material is
distributed over a number of electrodes. Twelve of the fourteen electirudes
were covered with enriched vranium on both sizes, The two front and tottenm
Ilates were only plated on one side. The plates consisted of .8 mil aluminum
foile of 20,5 centimeters diameter mounted on 1/16 inch thick aiuminum rings.
Alternate electrodes are connected, so that they form two sets, one set serviﬂg.
as a collecting electrcde, the cther as the high vcltage electrcde, With a
coating of 1 mg/em? of uranfum, a total of 7.74% gm wae deposited on the plates.
The material was rot highly erriched, since only ,89 gm were U235, The
chamber was filled with argon at{ ataovsjheric pressure. No plateau in the
bise curve was obtained. The chamber js therefcre cnly suitahble for relative

measuraments of neutren flux,

26,¢ SFIRAL FISSION CHAMEER
Thia section describes a fissicn detector of very high ccunting yield

corbined with very small dimensions., It consists of two concentric spirals

closely spaced and ccated with fisr fonable materisl on toth sides. The two
APPROVED FOR PUBLI C RELEASE
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Figure ¢
Flat fisslion chamber of high counting yleld.

1. Metal glass sesl.

2, /8" stecl tubing 1/32" wall,
3. lucite suprort.

4. Brase cover plste,

5, lueite ring,

b, Lucite rirg.

7. Brass btuttom 1late,

2. Surport for folls.

S, Gms inlet,
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Figure 6

High counting yield chamber,

1. Lead through insulators (lucite).

2, Gas inlet,

3. Heavy second top plate to be removed after filling of chamber,
4. Alumimum rings supporting foils,

5. Supportirg rod and leacd.

6. Metal spacer.

7+ lucite spacers,
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spireles represent the high vcltage and collecting electrodes of the chamber,
Since the preparation of the foils and the aesembly of the spirals is unique,
a detailed account of the procedure is given in the followirg peragraphs,

Preparation of foils!Uranyl nitrate is dissolved in a minimum quantity
of alcohc].‘ A sclutice of 1 or 2 per cent of Zapon lacquer in Zepon thinner
is prepared and added to the first solution until the ccncentraé&on of
uranyl nitrate is about 50 wg/cc. The nitrate ccncentration ray be much
lower, but the value mentioned should not be grestily exceeded,

This solutior is aprlied tc an aluminum foil in a thir layer by means of a
soft brush. The brush should not again touch any rortion of the foil from wnich
the sclvent has evaporatad. The feil is then baked for three or four minutes
at about 550° C to turn off the Zajon lacquer and to convert the wrmnyl nitrate
to U30 o If platinum foil is vsed, the beking tempersture may be 800 ocr 900 C,
The higher temperature will result ir more nearly comrlete elimination of Zapon
arnd quantitative conversion of uranyl nitrate to U3°8'

¥hen the foil bas cooled, it is rclled flat betwesn sheets of raper
ard the coated side is rubbed smcoih w'th a soft tissue. Initially, the
coeted surfsce will exert considerable fricticnal drag on the tissue but
this rapidly dimimishee, without apparent remcval of oxide, and a smooth,
lustreus surface is produced,

A single layer of U308 arplied b; this method is, and apperently muast be,
quite thin. However, the procedure may be repeated until the desired surface
density is reached. The coating is very tenacious and will withstand sharp
bending of the foil,

If the foll is to be ccoted on both sides, as fer spirals, 4t is advisable
to paint alterrately on the two sides rather than to complete the coating on
one c£ide before teginrirg the other.

Small areas of foll arc conveniently painted, on a flat surfacs, by

hand, larger areas are more essily handled if the foil is wrapped arcund

an aluminum drum which is rotated against the trusk.
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Aluminum foil which bas been used in moet'of the spirals, is prepared
for costing by lightly etching the surfaces in a dilute sodiunm hydroxide
solution, It is carefully cleaned witk water and alcohol and thoroughly dried
befire the painting is begun, |

Freparation of spirals; Spirals have been wound bi two methods., The
first, ;11ustrated in Figures 7 and 8, makes use of a strip of material
for spacing the foils as they are wo;nd. Ordinary sewing threed of the
desirod'diamoter 18 wound on a straight; stiff metal bar ‘somewhat longer than '
one of the.foils. The turns are wound tightly together until the width of the
winding is slightly leés than the width of a foil., A dilute solution of
Amphenol 912 Cemént and thinner or benzene (gbout 1 to 5), or of rubber cement
and benzene ( 1 to 10), is row painted on the ihreada., Aftier drying, the
threads are cut at one end of the bar and are removeé from it as a Btrip twice
the length of the bar, In either solution the concentrstion of cememt should
be as small as will produce a coherent atrip,

The winding form in Figure 7 is a piece of 4" metal tubing with a
narrow, smootheedged longitudinel slot a little deeper than the width of
a foil, A flstefaced cyli‘ndor 1 inch in diameter and drilled with & 4 inch
hole 1s pueshed intc the tube to provide a guide surface to prevent the foils
frem wandering axially as they are wound.t The foi] ends, provided with iire
leads soldered across the ends, are inserted into the slot and are bent
over against the inside of the tube as shown in Figure 8, The middle of the
thread sifip is inserted into the slot and the spiral is fofmed by winding,
under tehsion, half a turn at a tiwe, foil and thread alternately, The fingers
are used to smooth the foil and thread to aid in producing a tight, evenly |
spaced spiral, When the winding is completed, narrow strips’of an gdhésivo
tape may be wound around the spiral to hold it together temporarily.,

Final stages in produeing a spiral consist of sealing the ends in

supporting and insulating material and removing the threads, By means of a

force exerted on the 1de CE%)iT:dqes Pﬁlgus;éiral is gnshed partly off
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Figure 7

Method of winding srirals for spiral chamber.
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peiss |

Figure 8

Fastening of ends of spirals.
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~\lC A

the mandrel and abcut a third of the threads are pulled, one at a tims,

M sbe €2

from the end of the spiral. Wrirkled edges of the foils may be straightened

)

with & scriber, ¥

Sulphur ur ordinary red sealing wax provides satisfaclory support and !

insulation for the ends of the spiral., If sulphur is used the lead wires ;
should be platinum or another metal which does not form a conducting sulphide,
Otherwise flakes of sulphide may fall from the wires and short the foils,

Ordinary "*flowerg of sulphur" does not seem to insulate the foils satisfactorily.

L4

Better insulating and mechanical properties are obtained by using a mixture

of three parts by weight of sulphur flowers and one part of finely powdered

PO

alumirum oxide.

A small quantity of this mixture i=s melted to the viscous stage on

. W nediie

. pyrex platé or in some shallow flat-bottomed vessel and is stirred to ¢
keep the alumimim oxide in suspension, The exrosed end of the spiral,
still on the mandrel, is carefully lowered into the molten mixture and -
geritly rotated to aid in wetting the entire end of the spiral, Unless care
is taken in adjusting the temperature, sulphur in its fluid phase will rise
to a considerable height between the foils. Excess sulphur may be removed
by judicious application to a heated glass surfsce, The central hole in the
spiral must be reopened if sulphur has covered it. A heated wire may be used,
in removing sulphur, |
Temporary support for the sealed end is provided by dapplying a narrow
strip of adhesive tape around the spiral at this end. The tape previously
applied is now gently removed and the reraining threads are pulled from the
open enc of the spiral as before, Tape should be reapplied to keep the outside
ends of the foils in place. The wire leads are now bent back on themselves
and are pulled through to the completed end of the spiral so that they will
not interfere with the sealing of the remaining end. ;

If sealing wax is used for insulation,care is necessary in sealing the

gecond end of the BP”A%PF@&EE}%OWMP& %L%Et the other end,
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A set of foils used in one of these spirals is shown in Figure 9. One
of the large spirals is ready for dipping while the other is completed and
ready for installation in ite chamber, |
Should the spiral be damaged after completion, the foils‘may be
easily salvaged. Sulphur-insulsted spirals may be taken apart by pulling
the two foil enda. Those employing sealing wax are placed in acetone or
alcohol until the foils may be easily pulled apert, }11 reraining wax is
then removed with clean éolvent. After all visibls traces of insulating
raterial have been removed, the foils should be beked for a few mimutes
at.about 500° C. They m;y then be smoothed and siraightoned by plaéing
them between sheets of paper on & flat surface and drawing a smooth cylinder
along the foils, | .
A second method of winding spirals uses only two or three threads in
the winding process and these remain in the spiral, serving both to support
and inrsulate the folls. This methed is particu]arly-adaéted to the winding
of very small spirals but may slso be used in preparing the larger'ones.
The wirding mandrel consists of two lengthe of 1/165 steel rods each
milled to a semi~circular cross-gzection for sbout an inch of ite length,
These are inserted into the bearings of'the.apparatﬁs‘shownvin Figuré-lc.ao'that
the milled sections overlap. Threads which have been previcuély soaked in
éilute Ampheno} cerment and dried are insertea between these sections, Their:
spacing is determined by the grooved rods 1§.the foreground and background
'of Figure 1C. The ends of the foils are inserted between and on opposite

sides of the threads for a little less than 1/16 inch of their length; They

are carefully aligned and the small cylinders are pushed onto the split S
section to serve ac clamps and as guides for the foils. The free ends of

the foils are then placed in the clamps shown at the topvand bottcm of

Figure 1C, ' : T

Tension of the fcils and thrpads is provided by weights and must be

adjusted to the foil and thread which are used. Too mudh’tension causes the
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- Figure O

Ccmf)leted spirals,
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Figure 10

Second method for winding of spirals,
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foils tc¢ he creeged and the threads to wander. Too little tension produces
a loose spiral which will corme apari when it is removed from the machire.

In the case 1ilustrated ons lead ia soldered tec the jueide ernd of one
foil and one to the ocutside end of the other.

After the aligmnment has been completed, the epiral is wound by turning
the shaft shown in Figure 10, ¥hen about 1 inch of foll remains unwouns. the
top clamp is loosened and a strip of 001 inch Arphenol polyetyrene tupe
slightly wider than the foils and about 3 inches long is cemented to the
last 1 inch of this foil, Tensicrn on the foil is maintained mantslly and
winding is contimieé until the bottom clamp nust be disconnected; The threads
will guide the bottom foil for the last halfltnrn cr o, When the ernd of
the top foil hasviaacheﬁ the epifal, a sharp ragzor bvlade is used to cut
the top threads just beyond the end of the top foll. After a further half
turn the other thresds are similarly cut. With the pulde cylindérs pushed
back, several layers of the‘Amphenol tape are applied and the ené is fastened
down with & small drep of Amphencl cement, |

Tre spiral is now corpieted and is removed from the machine%by
"~ leosening the set screws which hold the split rcds in their beariégs and
ruiliog the reds from the spirul, If the spiral is shorted, thé';}cuble
will generally be found in the center of the winding, Careful prebing in
the 1/16 irch central hoie will ususlly remcve the disturtion which shorte the
foils, Small spirsls prcduced by the above technique are shown i% Figure 11.

The spirale are mounted in a suitable small container. A c?mpleted
chamber is connected to the f£illing system at the valve which jsbprovided and
is evacuated. The entire chamber is baked uniil evclution of vapers is
negligible, The temperature of the spiral end of the chamber will be limited,
of course, by the melting or softening temperatures of the insulating material

of the spiral or by the solder used in sealing the chamber. Sinae the spacing

of the two foils is quite small (20 mile) it is necessary to orerate the
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Figure 11

Three spiral chamhere of different sizes ready for assenmbly.
In the foreground are two coated folls,
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chambers st rather high pressures, from 5 to 10 atmospheres of argon for the
larger typs, 1C to lk_atmosphpres for the smaller type, For the same reason thé B
‘collecting voltage is quite low; 135 volts proved to be satisfaétcry for both
types regardless of foil aspacing. ' - B ' .
The capacity of the spiral chambers is as high es 500 micromiorofkrgdﬁt . :
They can be operated by either grounding one foil, the other one serving as -
high voltege and collecting electrode, or by applying the col}qct;ng voitsgo
fo one spiral and using the other aé,collecting electrede, In the former case,
ths collecting voltsge is applied through a .25 megohm resister and tho.iﬁput of
the amplifier coupled through a condenser of 100 to 500 micrémicrofarads, The
lesk resistor in the first case should be about .25 megohms, an@ sbout .1 megohms

in the eecond case., Due to the large amount of material used in thﬁsc ddféctéra,

the counting bias has to be set at a comparatively high value, in order fofgvoiq “>v"

pulses from & piling up of &=pulses. Consequently ihe dotegtion effiéiéﬁcy
is somewhat low. For a background of not more than one té‘two counts per minute
due to pile-up, the detection efficiency wus found to be between 80 and 90 per
cent,, The amplifier used with these chambers had & resolving time of 1,5
microseccnds, The rise time of the pulses is less than 0.2 microsecond, if
not more than .25 mg/'cm2 of U,0q are used, the bias curves show a plsteau. The
following table gives & 1list of comstructions which were actually used. |

Foil Spacing  Diameter  Length Useful Area Mex, Débosif' .

in mils inches  inches in cm? ng U
20 1 1 200 240
20 1 1 360 556

7 3/8 3 22 - 35

16,7 INTEGRATING FISSICN CHAMBERS - S
Figure 12 shows an integrating fonization chamber used for relative flux
measurements in'very dense slow neutron atxospheres. The ionizatioh currend

can be measured diredtly with a gslvancmeter, . The chamber is constructed im

LV Caw e

such a way that the jonization current is predominantly produced by fission
APPROVED FCOR PUBLI C RELEASE :
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Figure 12

Integrating i{onization chamber for fissions,
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fragments and only to a small extent by ¥ -rays or electrons. One hundred
and eighty-four mg of U235 (345 mg of 63.1 per cent enriched U308) are
deposited in the form of nitrate on both sides of the 1/ eléctrodes with the
exception of the end plates'which are coated only on one side.. The plate

spacing is 25/32", Alternate plates are connected to the collecting and to

the high voltage leads, It was found that residual ifonization due to the F:"

activity of the chamber material, produced by previous neutron tomberdment,
could te greatly reduced by using ordinary cold rolled iror for the container
and parts of the intarnal structure, The chamber is filled to s pressure of
one atmosphere of argon and operated with voltages up to 1800 volts. With
the maximum voltage, a linear relation between ionizatioﬂ current and neutron

flux was found for currente up to 21 microamperes,
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I {_TO PAR

Agd RANGE ENERGY RELATIONS AND STOPPING IOWER
Figures 1, 2, and 3 show the range energy relations for d:;.\articies
protons, and deuterons in air at N.T,P, (760 mm Hg, 150° C) according to
Livingston and Bethe. These curves were obtained by fitting fc.heoretical
expressiéns to experimental data., In order to obtain the range energy relation
for deuterons, it should be rememhered that a deuteron of energy 2B has twice
the range of a proton of energy E.

. Figure 4 shows the range energy relat.’gon for protdna in argon accoréiﬁg
to Bethe's methods, The results were fitted to expericental values, in
addition to the range energy relation, Figure 4, shows the stopping crops-
section O as & function of energy. This quantity is directly connected with

the specific energy loss, =~JdE/dx, by the equation
T = .d. B
n dx

where n is the number of atoms per en’ (at N.T.Pey n = 2,548 x.lGlg). The
third curve in Figure 4 marked X gives the distance of the center of gravity ‘
of ionization of a track of energy E from the point of orjgin of the particle,

neasured along its path: R

*x(Eg) = R(E,) = _J.. fn(n) dE = —%- (~dEB/dx) x dx (1)
(o]

0
Figure 5 showe the same three guantities for xenon.

Figures 6 and 7 show the range energy relations of protoms in paraffin
( (.‘.n H2 2) and glycerol tristearate, The curves are based upon calculated
values of the stopping number B in C, O, and H, The stopping number B is

related to the energy loss -dE/dx by the equation

4 2 '

where Ze in the charge of the incident particle, v its velocity, and m the

electron mass, The expressions used for the ccmpuution of these cm‘vea arez
' ' APPRO\/ED F% UBLI C RELEASE
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Figure 1

Range erergy relstion for & -purticles., (Livingston and Bethe)
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a3

Figure 2

Range energy relation for protons ard deutercns. (Livingston snd Bethe)
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fi ~sy

- Figure 3

Range energy relatiot;; for protons. (Id.v;i.xngswn and Bethe)
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Figure 4

Kange erergy relation, stopping cross section and center of
jordzeticn for protens in argon (760 mm Hg; 15° C),
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L

P O

Figure 5

Range energy relation, stopping cress sectisn and center of
ionization for protons in xencn (760 mm Hg 3 15° c),
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Figure 6

Range encrgy relation for pretone in peraffin,
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Figure 7

Range energy relatiorn for protors in glycerol tristearate,
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~y s

By @ 944406 log), (E/.0094704) = 2.2652 Cy(1/n, )
+4.3479  logy, (E/.223%6) - 1.0497 Cy(l/g,) for E 2.8

By = 904406 1og)q (E/.C094704) = 2,2652 C,(1/n;)
+1.0497 Be(ny) for ,03{EX.8

By 22,2652 Br(n, ) + 1.0497 By () for EX .03

withY), = E/.811520 and Y} ZE / .034,378

ogen
B, = 2.30259 1og10 E - .55248 CK(l/‘q) + 4,800 for E = .03
B = ( EA1.21) B.(n) . _ for E < .03

with N 3 E/ .029863

Oxygens
B, = 18421 logyy B - 3.4199 Cx(l/ﬁL) - FK(I/QK)
4+ 24,741 -for EZ 1.5
4+ 22,496 , for .09KELL.5
By ® 3.4199 -BK(Y\L) + BK(jqK) ‘ for E < .09

with\’ly = E /1,480 and‘rlL S E / 09036

The functiors CK(I/‘}) and BK(Y]) used in these expressions are represented in

Figure 8 according to Livingston and Bethe, The energies have to be taken in Mev.
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Figure 8

The functions' By (1) and C.(1/q) for the calculation of stopping
numbers, (From ¥, S, Liv&nget.or. and H., A, Bethe: Rev. Mcd,
Phys., 9, 245, 1937).
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A*2 ENERGY W, SPENT IN THE FORVMATICN OF ONE ION FAIR

Table A«2~1 gives the various velues-of Wy for different gases, particles

and energies.

Table A.2-1

Gas Wy in eV Particle and Energy Reference
Air 32.0 slectrons +3 lev
Alr 3640 protons 2.5~-7.5 Lo Le He Gray, Proc. Canm~
Alr 3541 ~ =L=particlas 7.8 Mev bridge Phile. Socs, ﬂ)_,
Alr 3546 ol=particles 5.3 Mev 72, 1944
ﬁg 36.0 ° of-particles 6.3 Nev
He 31.0 o< -particles 5.3 llev
o 84-7.. © o< —particles 5.3 K+ Schmieder
{02 34.8 o ~particles 5.3 M Ann d. Phys., §_§_, 445,
CoHy 27.5 obeparticles 5¢3 ) 1939.
Coly 282 ol -particles 5.3 Nev
Gy 27.6 ol-particles 5.3 M }
e 27.8 ol-particles 5.3 ¥ K. Schmieder
A 24.9 ad-rarhicles 5.3 M } Ann. de Thys., _.3_5., 445, 19389.
A a6.9 ‘¢lectrons . 17.4 De Be Nicodemus, Thesis,
Stanford University, 1946
Kr 23.0 al-particles £.3 lev K+ Schmieder
) Anne d« Phys., §_5_, 445, 1939.
Xe 21.4 oC-particlas 1.3 Nev Re W. Gurney

Proce Roye Soce, A117,332,1925 .
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A, RANGE COF ELECTRONS Ik ALUKINUM: _SIFLIFIC ICNIZATICN CF
ELECTRONS 1IN AIR |
Curves (a) and (b) in Figure G show the extrapolated renge of eleciroms

in alurirum as a furction of their encrgy. Curve (¢) shows their specific

jonization in don-pairs per cm in air for N.T.F.

Ayl SCATTERING CROSS-CECTIONS OF PRO’I‘OI‘JSéND DLUTERONS FOR_NFUTRONS

- Figure 1C-and Figure 11 show the scattering cross-eections cf rrotons
and deuterons ( at rest ) versus the erergy of the ippirging neutrors,
The protcn curve is the ploi of a theoretical expression which fits the

experimentel date very well, The deuteron curve is purely experirental,

Ag5 _COFFFICIENIS OF. ATTENUATION OF ¥-RAYS IN g;, Cua Sn,_ AND Fb
Figure 12 shcws & plot of the coefficients of attenustion T of T ~rays
for Al, Cu, Sn, and Fb versus the energy of the qusntun, For lead the
three comporients of T ( {.e,, the pho‘celectric, Compton, and pair croduction
coefficient) are shcwn., If O is Lhe total cross-section per atom, and n

the number of stoms rer cm3, then T is defined a8 T Znd” |

A,€ THICENESS CORRECTION FOK _FLANE FOIIS
Suppuse particles of uniform range are emitted isotroplcally frenm a
material layer of thickness t, cne particle being emitited per disintegretiorn,
The recording device shall be bimsed such that every particle lcsiﬁg ar
arount of energy E 2 B in the detector is cownted. The observed number
of counts C divided bty the true rumter of disintegrationsz C0 is the detsction
efficiency F at the bvias B, The number of counted particlses from a layer

tetweer. x and ¥ 4 dx (see Figure 13) is given Ly

-~

4dc =] 2T ain@ R 4x

o

where ‘!9'0 is that angle at whicl: the particle, upon emerging from the foll,

has just enough erergy to be counted, Let the range si this energy be R(E},
APPROVED FCOR PUBLI C RELEASE
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— 25 i

= Figure 9
(a) Range of slow electrons in alumimm} Rasetti, "Elementa of Nuclear
(v) Range of fast electrcns in aluminum Physics®,

(c) Sgecii‘ic ionization of fast electrons in air, Rutherford, Chadwick, and
- Ellis, "Radiation from
Radioactive Substances™
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Neutren proton scattering cross section,
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E Figure 131

Neutron deutercn scattering cress section,
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Figure 12

Attenuation coefficient for ¥ -rays in Pt, Sn, Cu, and A]; as 8
furetion of frequency {from Hei tler, The Quantum Theory of
Radiation")., The dotted curves show the three ccrponents of

€ for lead,
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Figure 13
-Thi ckness c’orz"ection for plane foil,
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o e
NS

and the oripinel reuge Ro, both measurod {n tis malellnl ¢f tne foll, Then,

R{(B} = R_. = X

° cG3
0
and the total runler cf counts is
¥ 8,
’ 3
S e 2 éx ‘ sin® a& = PRI { ]l « ....M....‘r.,...._,-.,.
¥ j J RN
(o > s

shere Co < AWt
nel F(R, = "";:“ { 1l - :—-*-'—;"“M—-.-—. } {3)
? < & [ Rh . r((Bl' ]

The relstion is of course only valid if x & (_Rc - R\Bf‘x ., It iz aleo essumad
that the pulse slze is independent of the dirsction »f the particle., Since &o
is assumed to be rather large, the effect of clectresm ccilection may be
reglected if' the foll is on the rneyntive elecircde.

For lcw blased boren detectors, tne datection offintency wil) be the
sum of the efficlercies frr o -jarticles and 1ithiuvp rercils #s snown in
Chapter 15, For fi:sslon detsctores, since tw. frepmerts are em!ited per
disirtegration, the detection efficiency Lw twice tlautl giver by the formula,
&8 stated in Sectlon 1€,1. For reaztione glving rise to single pariveoles

21 uniform erergy and for tidck layers ( t PA Y_R“ - R(B)3 Jp F I8 giver by

~ - R )
F(B) = = 2
Al

—~
-
~

Ap,7 RANGE CF_LITHUIN RLECCIIS AN _ATORIC STOPFIMNG FTCWER_OF BORON,

Arn ayiroxirale range energy reiation lor 117 hag bedn corstructed
from the photometric traces of ciocud chamber tracks from B{n,at ) disirtegre-
tione of Bower, Bratgcher, and Gilbtart. Withir trhe considersble uncertainty
it mar found that the same energy range relation holds for LiT 55 for

slox K-pariicles, The atomic stopring ypower relative to eir for very slow

O ~rarticles has toen estimnted by snterpolation to te abeut 6.2,
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A,8 DETECTION EFFICIENCY O CYLINDKICAL DEITENTOR WITE RADIATCR

If a foil containing the emitting substance is placed cn the inside
ot the vall of a cylindrical detecter of raifus b the detection efficiency is
reduced tecause of the particles, emerging with sufficient energy sinder a large
sugle with respect to the radius, which leave the counting velume by strikirg
the cylindricel well surface. If this geometricel effect and the thickness
effect (see Section A.6) are both small, the detection efficlency is the preduct
of the efficlencies for eamch effect separately. This requires, therefore, that
r(B)<<bu, r(B) teing thet rart of the iritial range in the gas of the ‘
Aeteclor necessary to produce a measurable pulse. Feor sn infinitely thin t
layer, ard under the game assumptions as in Secticn A€, tie delesticn efficicbcy
of a eylirdrical detector is glven by the ratio of the area of that part ~f
the surf=ce of a sphere of radius r(B) (with its center on the cylindes of

'

radius ¥) which is localed inside the cylincder to the total sphericul surfute,
4 g PZ(B) (see Figure i4).

Let us ccnsider a pelar gystem cf coordinates with the crigin on the
wall of the counter, the pclar axis along the radivs, and the plane CP 20
perpendicular to the axis of the cylinder., The differcnce f between the

surface of the haif sphere and its part laceted inside the c¢ylinder is

f-‘-j/rz sin® 4O d ¢

The boundary curve of the surface is given bty the equations cof the sgphere

given by

and the cylirder

r = r(B}

2 ~
r2 sinz& cos ‘P +r" cosz® 2rbeosS = 0

1f cos & :/4 , then
2 /*'*)

f=r2(E)/ 3¢ d i

o]
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Figure 14

Wall correcticn for cylirdrical foil.
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CURVE OF INTERSECTION BETWEEN
SPHERE OF RADIUS r{®8)WITH CYLINDER
OF RADIUS b

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

wi:cre ,All is glven bty the equation of the tourcdary curve

o - ——s - e bt (A A S A—

1 -'\/1.. [ir(;g)‘/b ) _sin QQQSQ}:
2@ ( r(Blfv)

u, =
M | sin

Experding it and reglecting higher than linear terns ir. { r(B)/D ) ne get

= N r(E)
£ - 2 b
, s 1 - )
and F(B) 3 ( 1 _L_l().BJ.) {5)

The totel detection efficiency taking the thickness ¢f the fell into

account §8 *herafore

~ / \
- -'éﬁ- - t - _ﬂ_JE ct
F(B)totsl 2 ( 3 2R - R(BT])K 1 4Lb , (')

In the cave «f fissicrs, where twe particles are emitted, the toinl detecticn

efficlerncy is twice that given by Equation &',

Agg WALL CORRECTICN FOR CYIINDRICAL DETECTCR WITH VERY SMALL INNER

ELMCTRCDE IF FARTICLFS ORIGINATE IN THE GAS

If the disintegrations take place in the gas filling of a large
cylindrical chamber of radius b, scrme particles will hit the walls befors
naving produced a sufficiert ionizeticn tco be recorded at the pgivern tias.

It shall be aessumed that all the disintegration energy goes into one particle,
that all particles have the same range Ro weasured in the gas and small compared
te b, and that they are emitted isotropically.

If cartesian coordinates are introduced (see Figure 15) with the origin
at the point P, the z axis on a radius, and the y axis parallel to the axis
of the eylinder, for any given direction of emission of the particle, therw
is & polnt F at a distence W] from the axis C suchk that the particle loses
sz energy B equal to the bise energy befere striking the wali. For particles
being emitted ip the directicn given by the polsr angles & ana k;’ s the

feleetton efficfenny is
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i e e &

Fipure 15

Kall cortecticn for cyiindrical chamher if lonizing
particles origirate in gas.

o Batud
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(_7_;,1‘9,_52)_) aip dﬂd(ﬂ

The equetion of the cylindriecal wall is

(rcos@+7\)2+(rsin@cos({) )2-'-132 (6)

ard n = b2 {_ 1=-(2r/v ) cos &-_\ if higher terms

in ( r/v ) are neglected. This determines Y| for every given r, 8 , and ¢
let r(B) be that portion of the initial range which has to be within the

sensitive volure in order to produce a pulse of size egual to the biaa energy.
r(R) ¢ R =-R(E . B)
o o

where Ro is the original range of the particles, Eo the originel energy, and’
B the bias energy.

In order to find the total detsction efficiency, the integration hss
to be extended from O to @m( ¢ ), where (Qm( @ ) is given by the relstion in
Equation 6 with Tl S b, The integration over 60 extends from C to 2 W, For

\@ms A S, M remnins at its maximun value b. Thus

-
F(B) = -—-—-— f d(p{ (7\"/1)2) sin@dfg-&-JQ sin O d@}

o s -hi fb -Cj__) ﬂi@co* N
Rith CS'GN - i) einar‘f ﬁé.L

~ -kl iy

Within the above arproximation, F beccmes

F:l--‘ilgl (7)

A,10 RANGE ENERGY RLLATION FCR FI1SSION FHAGMENTS: STOFFING POWER OF

VARJOUS WATERIALS FOR FISSION FRAGVENTS ,

The mean range of fisgion fragments in various materisls has been ccmputed

from the measurements of Bohr, Bgggild, Brestrfm, and lauritsen, and is shown
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in Figure 16, The two curves rerresent averages for the two groups of
fission frapgrents.

It wmag found that approximately al) materiels have the same stopping
rower for fissicwm fragmente as for Y -rarticies of 4.5 Mev, The data for sair
was taken from the atove reference, Values of the mean range of fission
fregrents and tune stopring power of varleus materiale for fissicn fraguwents
sre given in Teable A.1C.l, The values for the ranges are not considered

to be very accurate except for air,

Table A.1C=1

Meterisai Kear. Rarge of Fissign Atomic Stopping Power
\ Fragreate in mg/em©,

Air 2,70 1.0

Al 3.7 L 1,51

Cellodicn 2.6

o 502 . 2.40

Ag é'i 3.08

Au 11 .1“ 3-96

v 12,6 (4.2)

0308 10.0
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Figure 16

Range erergy relation for fissiocn fragments (Bohr, Beéggild,
Brostrgm, and lauritsen, Prys. Rev., 58, 839, 1940; also
Beggild, Brostrpm, and Lauritser, Phys. Rev., 59, 275, 1941).
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Ay12 FHESCLUTION AND PILING UF OF PULSES

In the following discussion cf the resolution of pulses, two cases will
be treated:

In the first case, it is assuned that every pulse‘which is ccunted
paralyzes the detection equipment for a time T which is large compared with
the duration of the nulse, The dead time U shall be independent of any
other rulse occuring during this time.‘ Such a situation arises, for instance,
in the case of a Geiger-Mueller counter or in the cases of n thyratron triggered
by a very short rulse, The probability that n-l additional pulses oceur within

the time U after a pulse is given by Poisson's formula

- e © (8)

where N, is thre average muber of pulses per unit time. The number of counts

per unit time containing n pulses is given bty
c(n) = K * B(n-1)

]

where the constunt K is determined by the normalizing condition
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n, = Z KFfn-1)n 2K S Fla~1) (n-142) 2K (Tn +1)
t . . L

Thus we get for C(n)

) (T 6)" T 1

C(n) - T+ .t-no (n N 1) : e” .t'no (9)

For tre tctal ccurting rate (numbear of cotnts per unit time, drreepective of

how mary rulees are cortained in & count; we lave

0 % e o (10)

R
n |
0 : 4 tnn

(11)

A very convenient way of cdeterminirg T »nd thersfore the counting loss consists

in comparing the counting rates 003 and Co¢

-

cf twc sources with pnlee rates T,

#nd n,_ with the counting rute C°1” of the combined scurce which is given by
< ’. .

c - ooz = _CSop ¥ %oy = 2T CoyC0y (12)
10 14 Tlrgy + voy) 1T+ 6, C, '
= i°2

The rate of accidentel colrcidences G of two recording devices giving
fulees of dursticr T and baving counting rates C01 and Coq is given by the

equation:

oQ bacd o
G 2{012 (&) - &€, (n) %Cz (v).
For (C01 ¥C_ )<< 1, one obtains, neglecting higher than lirear terms:
2
Gz2tCc_ ¢ - (12)

8 a second cmee, consider that the deal Linme is not & constant,
inderendert of subsequent counts falling within €, but that the recording
sbelruaert recerds a pulse rrovided that the voltspge of the collecting

electrode has been at zero for any arbitrary short time preceding the pulse,
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Again let n, be the pulse rate. The protability that a pulse is followed by

a “"gap" of duration T, (ro further rulse during the tine T ) is given ty

e'1n°. Thus the counting rate Co (rimber cf recerded ccunts rer vnit tiwe) is

-Tn
0

The nurbere of single, double and n fold courta are, respectively:
+

-2 ¢
¢ (1) = r e <TI0, <ince one Recuires & gap

of at leasi C before and after a pulse; %
{

s T -Ttn i
TP (1.6 ©) requiring thut the

c (2) = n, €
fulee be followed by ons cother within the time T ; and

c (n) - 7‘0 e"'l'fno ( ]_o'tno) n~1

For the determiration of the resclving time T we leve, using the same

notuiion as befcre:

Co. 4+ Cq. - C f
[a) [s] ’.
T = ..,,*25,.MS]§-_.- ‘
Corz ™ Poy ™ %oy :
The piling up of square pulses of unifurr height I ang aquﬁ” width T ie

diecuered beleow.

A pulee height n°F 1a pruduced if n rulses occur wlihin a time T. The
countirg rate of counte of helght nP is therefure givern by the cour tirg rale
C(n) giver by Equation 9. It should be kept in mind tha* the height nF exists
only during a time spmaulier thar U . Congeguently, many of the multiple pulses
are of very short duration. In practical cases, where the julses usually have
an eyponeriial rise and decay, the formuia gives aryroximete vaings if T i»
tuken as the resolving tine, For an accurste treatment of vractical caeeg, the

knowledge of the complete trantient respense of the detecting oqulrment is necessary.
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4,13 NULERICAL VALUES OF THE BACK SCATTEFING FUNCTICN & Foke - TAKTICLES

(s} Relativs values of £ for varicus materials:

Material f materisi / égold
Au 1,00
rt W0
0308 S99
S.iOﬂ,3 .39
Al 323
Ee o1C

(b} Values of § for gold using o« -particles of 3.68 cm renge (N.T.FL)
At various valves of R(B) in air { R(B) S the range of anX-farticle whose

energy is equal to the bias energy B ):

R(B)_cn $act

0 9.7
.1 ~,0
.2 B.§
.2 2.0
o 7.7
o3 7.5

(¢) For the varistlcns of f with the rengc RO of the o(e-paviicies, one

can approxirately assume tlat

Fie) = FoGes B

or that @ varies approxirately irverrely with the square root of the rarge,
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