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CHAPTER 15

AlFHa PARTICLE DBETECTORS

13.1 ALPHA PARTICLE SPECTROSCOPY

In most cases of interest the 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 ensrgy, 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 ion pulse chamber, the vcltage
rise of the collecting electrcde resulting frcm every particle will oe 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 chanmber, the
pulse height is proportiocnal to Qg .

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

Q = N el ~ cos @ ) S (1)

aixi

where Ny is the total number of lon pairs produced by an « -particle, x is
the distance of the center of gravity of ionizaﬁion froa the origin of the
track and © tie angle between the track and the pa‘pendi.cular electrale

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

of particles emitted between & and ®+d8 is proportional to 2in @ a8

the number of pulses with height between P and P 4 dP is given by:
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f\F) dP = (comst.) sin & 4 &

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

and f(P) = (const,) . . (2)

The curve representing f(P) is called the differential pulse heiéha distribution,
Equation 2 shows that far the case under consideration f(P) is a constant

beltneen Fmax and pmin where:

Pran/Prax = 9% pyn/% pax - 1 " x/d (3)

Tne pulses of size F, correspond t¢ particles emitted perpendicularly to the
electrcde; those of size F_ . . to particlés emitted parallel tc the electrcode,
he relative spread of the pulse sizes depernds only on the ratio of electrode
separstion to particle ;ange ard the stopping power of the gas used,

In Section A.1 (see Appendix to Part II) the value of X is given as a
functior, of the o ~particle energy for various gases, In Figure 1 two experi-
mental distributions measured with o( -particles from polonium are shown, (o=
gether with the theoretically expected curves., The finite differential resolution
of the detectcr was taken irito account. This is the reason far the finite
slope of the theoretical curves at Prax and Pmin’

From the foregoing, it 1s obvious that the use of plane parallel chaﬁbera
with elesctren collection for ol -particle spectroscopy would offer great
difficulties in the interpretation of the result, since every morochromatic

oL -line would show up as & aquwré 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 1s placed so far {rom the negetive slectrode (carrying the O -particle

APPROVED FOR PUBLI C RELEASE
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Figure 1

Differenial. rulss telght distrilivtien fir menoenetgetic
ol =rvarticles of polendvrm in an elect*run rvlse chemtet.
bAotive materinl on nepative clécivode, Data iaker with
stopping rowers of 2.1 and L,€ reajeclively teo shew effect
f éifferent values of X2, Curver arc calculsted srd
correcled fur finfle clernel widil of detecling irstrunernt,
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source) that it is not reached by the X ~particles, shields the collecting
electrode fram the fiela of the posiiive jons remeining after the ccmplete
collection of tr.e electrons. Conseguently, the pulses otserved are all equal
arg proportional Lo Nje Ihe constructicn of a grid chamber used for ol-particles
is shown in Figure 1%.12, The negative electrcde, carrying the thin deposit
of the /L -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 ard negative electrode can be small,

It should only be high encugh to prevent recombiration or attachment of the
electrons. The high voltage between grid and positive electrode tends to
reduce® the spread in the sizes of the ol~particle 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 ccaétructed 80 a8 to give a.
maximuu of transparency in order to make the fraction of electruns captured
by the wires as small Qs possible., It ccnsists of 3 mil diameter parallel
stee) wires, spaced 1/16 inch apart,

*'ith a chamber filling of 7.5 Atm. argon, and a normal sample of uranium
(U~ 234 in ejuilibrius 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 internsiity. The width of the peaks is only
slightly larger than the channel width of lhe detector as indicated in the
figure,

It may be pointed out that spectral distributiuns could also quite con=-
veniently be determired by accurste range measurements, However, it was found
that the results ovtaired by the abeve described pulse height method showed
considerably better resclution, since the straggling in range has no eifect on

the pulee size.
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Figure 2

Iitfferential ruise heizht Sistirilution fer o ~jarticies of
normel uraniun ( U=234 and U=238 in eouiijbrium) in an elecs
Lron pulee charnber aith prid,

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Q
X
= Qo
=) e
=
J
(1]
4
z 1 o
<< (o)}
b
(&)
. o
- A
N -
o O
—3% Q
| [ & cumny ~ .
—~q
— o
w0
(o]
- 33
&)
4
o
12
o
Y
Q
o o Q o o o . o o 00
© A o o ® ©0 < ~

31vd  ONILNNOD

APPROVED FOR PUBLI C RELEASE

RELATIVE PULSE HEIGHT



APPROVED FOR PUBLI C RELEASE
5]

12,2 APSCLUTE CCUNTERS

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

If the material is present in the form of a thin depesit {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

A ~particle traversing tie counting volume precduces a pulse large enough
to be counted , Ideally thc solid angle subtended for every nucleus of the
sample is 27} . Therefore, the detection efficiency defired as the nurter of
counts divided by the numbter of disirtegrations shcuid be:

F= 1/2.

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 toil surface may 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 resuits in a reduction of
the efficiency witich 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.6b, F(B) is given by the equation:

t
L/Z(l-m-ﬁ) (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

gso-called integral pulse height distribution:

APPROVED FOR PUBLI C RELEASE ’
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O

F(5) = /f(p) dp
B o0
wlhere f{P) is nomalized so that ~O/I‘(P)dP 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 scatteriig of the oL -psrticles by the
plate supporting tre active material and the material itself. The back snattering 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 number of those scattered 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. hLowever, & noticeable increase
of particles in the counter volume is caused by a large number of multiple
scattering processes under small angles, 'The proulem was lreated 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§ ]
where the second term is tne thickness correction as before, and tlhe term
.201§ (R) is the back scattering corrvection, The quantity j‘fl is a function
of the initial range R, of the A -particle, the residual range H(DB), and
depends on the material in which back scattering takes nlace. Numerical

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

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

Polystyrene insulater,

vollecting electlreoie,

Amphenol insulator,

Guard electrode,

High voltage electrole - —-

., Holder for plate carrying the source,
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Figure L

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

Gas inlet, -

Kovar-glass seal,

Jfolder for foil,.

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

-
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Rﬁiﬂ saycr of a(-ﬁCLjVE rateriai, bicken oy a sulid thick plute, thie oick
scattering does ot cenena on the thickness ¢ ¢l the active laver,

~n example of a 21 counter is shown in Figure 3, The active material
18 soread over .. circie oi 3.1 cm diareter on ¢ ovlatinum foil, which is mounted
on the nes:tive clectrode of tLhe chumber. The sepirition of the electro:es is
1.2 cm. The chambter is fillec with 1.5 Atm. of argun. The back scattering for
& uranjum source wis deteririned erperinentaliy ane theoretically with the re-
sutts:

2ol = L6513 (experimentally)
oul } - %10 (bhebretic;lly/

Al arrangerent known asa “4Trcounter", which allows <quantitative counting
of o ~particles and avoids th; effect of bick 3cattering is -snown in Figure 4.
It consists of a brass block in wh.ch tw: overlaing cylindrical openings have
been drilied, Two thin wires are ccunted olong the axes of the two cyiinders,
thus forming two projortiunal cuounters, They are supported on one sicde by retul
glesys seals, on the other by lucite diskn., The o€ ~active naterial is deposited
¢n a very thin collodicn fuil which is nounted over the windew cf the teil holder
(see oetail;. The foil hulder is inserted into a siot betweon the twe counters,
In this wuay oll the o -particiey emitted over thne rull solia angle 4 P are
detectedy The counting rate is not affected by buck scattering and conly the
thlckness correctiun hus to be applied, It was found teo be unnecessary to in-
sure conductibility on 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 ia shown in Figure 5.

13.3  aNGE MEASURIMENTS

4 very simpiec arranpement for the measureicent of the ranpe of o4 -particles
ie shown ir Fipure ¢, The lonizaticn charter, of the narallel rlate typre, and

the foils carrying » WRPREUED FOR'PUBEI-e-REEAgkSrial are supported by a
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Figuré 5

Bias curve of 4% counter (shown in Figure 4); thin collodion foil
with thin uraniim ecocating, The ordinate represents the sum of the
counting rates of pwoth 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

JLNANIN ¥3d SLNNOD

APPROVED FOR PUBLI C RELEASE

1.0

BIAS



APPROVED FOR PUBLI C RELEASE

Figure 6

Arrangement of source and ionization chamber for range measurements,
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track. This allows an. exact reproduction of their relative distance. The whole
srrangenent is glaced in an airtight 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 ot counts is ieasured s a function of the
pressure in thecontainer with the sampie a fixed distance frow the chasber, This
distance should be rather large In order to aveid excessive variaticns in the path
length of the various particles if absoluite range neasuremcnts are desired. The
= -ber is very shallcw {c.l'cg). The front electrode is formed by a yrid of parail.
lel wires of 14 mil, diameter and spaced' 1/32% apurt. The chamber is operated

ot 40C volts., The bias of the detecting equipment h#s to be set so low that’ any
& ~particle traversing thic cLambor at.the lowest pressure in the container is
counted.

A typizal number versug pressure curve obtained with thnis apparatus is shown
in Figure 7. The most simple procedure to obtain accurate values ol the range
consists in compariﬂn the unkrovn saaple with o 5tandard, such 48 polonium. If
the unkrown sample and the stundard are both thin (layer thickness very smull
compared tc the range) und are spread over the same area, the mean ranpge Iy, in

standard air of the unknowr sample is

By =T+ d.. (_42) .
/i

In this equation Rg is the meun range in stindurd air (see Livingston, Bethe:

3
2

'

Rev. tod. “hys. 9,281,1937) of the standard, d thte distance of the samples {rouw

the chusber, s the stopping power of the gas for an energy of the oL -particle

H -
corregponciing to a range 1‘;*—I°o , and & p the prussure difierence for corres-
2 .
pending points of the number versus pressure curves for the unknown and the

standard source, As corresponding sointu of the two curves, crne <an, for instance,

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

¢ is obtained from the measuresent with the stondard. I the &~ —particles were

collirated, the pressure st which half muxirum counting rate cecurs wouid bDe re-

APPROVED FOR PUBLI C RELEASE
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Fijure 7

Counting ra%te versus pre¢ssdare takea with apparaius of Figure ¢
witnh a polonium sample, Distanse of source t¢ chamders 2. 84
centimeters, = '

APPROVED FOR PUBLI C RELEASE




EISVEI'EB&NI.?%W? ﬁﬁﬁ d3aNnodddv

2X10

1107

1

i .

800

900

1000 3.842CM 1100

MM Hg PRESSURE OF ARGON

1200

ASv3aT13d O 119Nd d04 d3aNodddv



APPROVED FOR PUBLI C RELEASE
170

lated to the mean range Ro aii the distance d by the equation

as(1e) . o
F3 /150

5 .,
where s is the storping power for o -purticles of mean range Q. This procedure
is not quite correct since the lack of coliimativn results in the abscisva at half
maximum counting rate being slightly smaller than the mean range. The érror,'how-
ever, enters only in the corguitation 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 nearly independent of the & -particle energy,A

For range measurements of samples with several ranges, diiferential 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 induce
on the collecting electrode opposite and nearly equal cherpges, Therefore they
give rise to swall §ulses which can pe blased off, and oniy particles ending in
the front half of thre two chambers are recorded. With polanium samples differen~
tial ol -particle distributions with a width at half muximuh of ¢.3 em air at

N. T. P. were obtained. Tuis width is 6rnsidcruoly more than the une observed
with grid chanbers using ghc Pulne heipht muethad, where (see Fipure 3) the width

at half maximum corresponds to about (.13 cm,

APPROVED FOR PUBLI C RELEASE
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P'ir,um g8

dltferegntial chamber for range measarements of X ~particies
(Schematiz), o :
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CHAFTFR 14

DETECTRS FOR NEUTRON RECUILS

lie) INTRIDUCT(RY COWSIDEKATICNS

Tho chamter: dasorited in the prasent seotion are desigred for the
purpcas of detecting recoils produced when 'neutrtms ol ‘ide elsstically
witr stoemlic ruclal,

Ir the lxvorstory system, lst E, be hthe energy of the neutren before
the ccllision and & the ery;le tetween the lines of flight of tie ircoming
neutruw. and of the recoil nucleus. From the princiaples c¢f conserwation
of enorf;‘y wrid - momer-tum, t;r.e cbtains for the ersrgy & cf the resoil tis
folloving expressiom:

E z % S cost & (1)

e n

{ 1+4A )

wisre A is the mss number of tre rucleus. The recoll] srergy E 18 a
caxism Por & hesleon collistiom ((93 0), in which case it Las the fcllewirng

valive

E- : v ———— to N
o X -7 n WLy

Ancther ugel :l realatlion L& tlat ccrvecting tne resv:l energy E with
Liie s die ¢l seabier ng ¢ 50 tue peutcor: in the frane of refererce where
tne zerter of grevity of Lthe reutron and the neucleus is av rest. This

reiatic csn re eesily shoan to te as follows:

PERN
(2]
-~

E» ____%:\.2____ E, 1~ ocs @)
[ )

172
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Let U7 be the integral gcattering ereoss sestion, G'(tp)rhe

differential scattering ocrcss secticm in the center cf gravity systexw,
sc that SEL%;rSE. repreaents the probability thet in & collisicn the
” .

neutron be scattered through the engle ¢7, inte the elemert of solié
angle dw, 4)and dw ‘veing messursd ir the csnter of<grtvit$ systen.
The probability p(E) R for the nucleus to scquire in & collision &
recoil energy tetween E &nd E 4 dE .is then given hiy:

p(E) & = G"G{L ) g sﬁm‘gl)d.(P

whore (P is the function of E defined by Rqustien Z. It follews:

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

Equation 4 &xprssses a siﬁple relnticn'tetngen the erergy distribution
of the recoil ruscle: in the lnboritcry system and the snyular
distributien of the s&uttered neutrors in the ocenter of 5rn§1ty aystewm,
It may bs pcinted oul trat tue maximum recolil energy decroases e&s
the mlaé number incresses. Heucs the recvils <f higkest energy ulwtys‘.
srise fiom the elements of lowest mase numbter presernt in the pas or

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

quantitatively, one gorvrally ssees to Lt thet one of the elemerts present

in the active volums of the chamter is coraiderally lighter than ali
the cthers, and cno drranges the sy, erimant in such & wey &3 to detent
cnly the reccils of higher erorpy arisirg from this lighter element.
Recoil charters may bs -lassifiad according tyv the nature of the
light elemert from whicn the re.oils aro yfoduced; end iécording to
whether this element is part ~f the gas or is pressn£ as & film or the
valls of tho shamter, In the latter case ¢re muy further distirguish

“etweer thin radiators, namsly racdiaters of s thickreas small comrared
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with the raﬁge of thé fastest recoils, ard thick radiators, nsmoly
radiatorg of & thicimese larpger than tha ranpe of the fastest recoils.
Moreuver, rocoil chasters differ sceording to tneir gecmeiry (parsllel
plate, sylindricel, sprerioal, et:.; and socordiny to the methad of
deteoction of ths ionizetion {sleasctron pulse ohamber, iorn pulse chamber,

sroportional counter, irtagrating chamberj.

14,2 SEMERAL fROVERTIES OF HYLROGEYN RECGI{L CHAMBFRERS

Rydsepen starnde oubt aming otier elements as & radistor fbr'ré:oil
ohaxbers hecause at most energies its acattsring crose ssotlion is
sappreciably larger than that of other lignt nqoléi anc is well known,
at lesst in the ‘ererpgy re,ior, from about T.4 to 5.ty 'million'eleot:on~'
volts (ses 3ection A.4;. Also, the oross sectior is & smooth funstiuw, ¢f
the onerpy (no resonances), and the enerzy of Lydraigan recoils is larzer

thar, that of receils from any other elemont,

For hydrogen, Fjuations 1 ard 2 be-cue:

For enerzies Yelew 13 millior electrir vulta, “he s2etiering
47 meutrons ~n protons is spoterisally symmetric inm the contar of gravity

systen, namely:

;)“ ((L} - }
a

.8 Gt
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It then follicws from Ryumtion 4 timt ths protakilit, o{E) dE of s
hydrogen recoil of energy (E, dE) teing produced in & ocollision is

given byt

r(E) = s oonst for BLE,
E, -
)
p(E}) = O for EYE

Rurpb, H, ard erergy loss per ceptimeter, -dE,'dx, s & furtion of
enercy for troters in various ssistanoes aro ;iven in Sectior A.). The
erergy loss per centimeter aividod by the energy per ior. pair { see

o
Seciior AJl) gives the speulric ionlzetiony i.e., the number of ion
Sara per captimeter, A fairly pcod approximatium 10r thn erergy-range

) .
reietion in the high enorgy reslun is the folluwing:

2,C N
K o E / (87
*aare o is 8 zonstant. brom tiils sjusticn one obiuins for the erergy

‘ogs the expressions

1 d -0
dx dR z
ik
Boti axpressiors, Bpuntions 3 and 3, are grossly lnsoccursate for low
onor;isy (< V.4 millicen eisotror volts). In this resfen, & tetter
sapproviestion is ¢given by the ey wmiiuru:
/2
R sXE' + pF (8')
_ 4B i - (s")

- /s
dx L { gl 2, S

wioo9 & «nd (5 sre twa aonatantis,
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The tollowing sesotions ( Sections 3 and following) describs the
distribution ir size of the ionization pulzes produced in hydrogen recoil .
shemhers of different deaign by moncensrgetic reutrons. The funtions
reprasenting the difrerential pulss height distributions w#will be normalizel
g0 85 tec give thelnumber nf pulsss par unit pulss height intarvai dividad
by the total number of recoil protons rrodused in the radimtor, Correspond=
ingly, the functioms roprsssniing the irtegral pulss high distributions
will be norimalized to give the numier of pulses larzer inan s coriain
amount, rolstive to the total naumber of recoilse With this no;malization,
the walus of the integral pulss helizht distribubion function carresponding .
to & given value P of the oulse nsight coincides with the detestion
efflisisncy for & bias snerzy B = Fre. Tte deteotiorn efficiency is here
dofined «s the ratio of the number af counts to the number of secondary
prosesses produced in the radiator.

It is convanient to measurs pulse heights in terms of the neutron
energy E,, rather than i1 eV (asee Section 12,3); 1.0., to exoress the
differential and ‘nteprwl nulse height distributions by means of Tunotions
of the rutio ;yth or [ (rygn) snd F (;7gn), respestivaly., 1f P is 1‘
function of thé revoil ensrgy wlone, f f§7%n) i& relatsd to tho probabilisy

piE; defined previously by tie egquation

£ 2 8, p(s) | (10}

T, ————

ar

The efficiency of a radiator, & , usfired as the averaygs numbsr ol hydrozen
rezoils prodaced wnen 8 neatron traversss tho chsaher has, for moncensrgetisz

noutronsg, the followin; 9xpressior.:

3 - %
EE) & VN 0! (11)
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waerd % ois hae thlcknmess »f whe radigtor ffor the réatrar basm unltor

~
3.

cunkivsration in miceougrams ;er gauare centimeter | z‘,Quf),~1/is 120
numbse i hydrogsn etoms péy njuarogitum irn the radtiator, and VG; «i%J

is the neutron semticring eross sestion fur hyldrogens Tablo 14421 zives
tne afficieancy a8 & funtion of onargj for « film of glycerdl-tristeacata

{ CS7H11HOG) of 107 mierugrsms per square c¢-itimetsr,

Tuble 14.2-1
Etrisisacy £ «f &« slycercl Lristearate reiistor i iy B per sjuare

centimeier as & function of neutron snerpy E,.

o Oel G5 2 ]
‘Mer)
5 :
5 x 1- 9056 5.“5 2.23 e

In the cassy of moroenergstic nsutron:, the coarbting yisld M 1.6,
Lho nuamber o) c.ounts per neutron Lraversing the clembes) ls given by the

sjurtion:

- E ) - ' 3 ’ -
T\ - 8( / “( B/E ) = l"V(I"(Bn) o\ B/En/ \h)
whare 5 is tho Lixs saargy.

14.3 INFINITELY THIN SOLID RADIATOR: ION PULSE CHAMBER, OR
~—ELECTRON PULSE CHAMBER W1TH GRID, OR PROPCRTIO:AL COUNIER:

NO WALL CORRECTION

In Lhis ~836 no appre-ianle amcunt of erergy iz dis:ipatez by tune
3 § = & 1 .
recoil protons in the radiater, wnd tae chembder is supposad so bs gufficiently

deep sc thet nome aU tne protons hivs the wmlls. Henoe, the enerzy
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dis%icated by each proton i tne chamber Ls oqusl to its origlpai rocolil
gnerzy. Xorsover, on gaocount of the specifies’ method of detsotiin, the

pulss heipght P ip equal to tue ensrgy dissi;sted, Therefore,

Pz % = B cos’ &

if we now sssume 1hat the chamber is irradistsd with neutrors

sens ero:rgy by, Yhe 2ifferéntial pulss height aist1°;blxtion, eccording to

~

Equwtions 7 and 10, is glvsn by

r (£B,;

1]
»

for 1/B,<1
£ {FE,} x O for v/B D1

The ccrruvspording intazral puise height distribution is
1

F (FB.) = ff(P'/En) ¢ B = 1 - P,-’En :

V/B,

Ths counting yle:d of the chamber for a bias energy B (see Bquation 12)

smn wo Arittsn as follows:

T‘ - YJ‘I)G} (En) (1 - B//'Sn)

o a firet w;prorimmtion, in *he snerzy recion bdtaser 2,05 aad & million
slsatren wolts, the soattering cross ssction of hydrogen sey te sssumsd to

be inisraely properticnal to the gjuars root of the ensergy, 8t that we may

arite

N Io

0% '\En) =0, k),

where @ = -~conesant, fith this exjreesion for 07, qustlon 16 tesoxmes

[

v
B, \ B
- n
T\ - EB(n ) - £
et n
/ -
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Figurs 1

Ion pulse, parallel plate chamber with infinitely thin
radiator or ion pulse gas recoil chamber with negligible
m 11 effeots. Counting yieldnin terwms of the efficiency
€p &t ths bies energy, as a functior of the ratio En/’B
of the neutron energzy to the bias eneryy.
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Ji.ors

Yy
EB = tyo b

reprosents the efficien:y of tone radlator for neutruns of erersgy E, = 3
{ses Byustior. 11). Une sesos that the sounting yleld i &« funetlon of tie
ratjos of the ,oeutrer onerzy to the bias ererzy. Ths tehavior of this
fanction is shown in Figurs l. The yiesld A is obviously za}o for EC 3.
It reszhos & maximum for 8 wvulue of En‘(which by differantiaticn of

Eiurtion 16' ma,; e shown to te E, = 3B) and then lsoreassd vary slowly,

1444 INFINITELY THIN RADIATOR: FRRALLEL iIATE, ELECTRON FULSE
CHAMBER ;90 JALL CORRE TLONS T

—— — e vt . o n—————

The énsrzy loss of the recoil protrns in the ruliator is still
neglizibls, and the protons are aupprsed to dissipats «ll of their energy
in the sensitivs vol-me of the claster. Howsver, ‘e pulée height is no
longse squal to tlie energy- dissipated in tha chember but is given by this
snercy maltiplied by the distance of the "certer of gravity™ of the
icnizstion from “nn rositive olsctrcde and divided by the sepsration of
tne elestrodes. Let us azsums that the radiator is pluced on the rnegative
elecirode and tiiwt 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 !n satrostheres.’

st us consider a reccil of energy E enitisd from the radistor unler an
angle é;, und let X/p Ls the disténce from the origin of the resoil track to
the center of gravity of the ionization. The pulse hulynii »nroduced iy the
recoil undsr consideratior is then given by twe a;uatidnx

P ( L. X aos &

pd

)E {18)
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Plgure 2

Iarallel plates rocoil chamber with solid radiator.
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Since the specific ionization is proportionel to the energy loss, the

. quantity X has the following general expreasion

R
o1 :
- ' x ..? (- -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 funotion of energy, in Section A.l. For sufficiently large recoil energies,

dE :
one oan use® for R and - 3 the expressions Equations 8 and 9 and one obtains: -
X
. = - ' 3/2
£ = 3/5RZ 3/50E (20)

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

whioch ocan also be written as

P_E_SEQ(E)S (21)
Bn B 5 pdtE,

3/2

where Rg = X En is the maximum range of the recoil protons.

By differentisting Equation 21' ones obtains

@ - 4 (P/R) =, _9_R __E..)z (21'1)
dE d (E/Ep) 5 pd * B,

Now E is a single valued funoction of P only if dP/hE never changes sign.
According to the squation written.above, this is the case if the following

oondition is satisfied:

Ro& 5/9 pd (22)
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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.

hen Equation 22 is satisfied, the meximum pulse size corresponds to the

me.ximum recoil energy, namely:

Proax 1 S  Ro (23)
= - v -
Ep 5 pd

When Equation 22 is not satisfied, tho maximum pulse size is that for which

dP/ﬁE vanishes, namely:

P 1/2
mx . 2 (’5 pd (231)
E, 5 \ 'R,

If Equation 22 is satisfied,the differential pulse height distribution

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

r (P/By)

[

'
o]
o | |
&1

( E )z for P\< Poax (24)
En
s O for P;>Pmmc

whers E is givon as a function of P by Equation 21',
Grapha of r(P/E“) for various values of the perameter %&— are given
in Figure 3., The area under all curves is l, since all the recoil protons pro-
duced in the radiator penetrate the active volume of the chamber.For %ﬁ—-: o,
the function f(P/En) reduces to a constant as in the case discussed in the
preceding section. For RBo - 5, f(P/E,) becomes infinity at P =z P _.
For_%%r:>_g ,» the funotfgn exhib?ts peculiarities on account of the multiple

valued relation bstween E and P. The function f(P/En) for the ¢sse under
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- a

Figure 3
Elesctron pulse, perallel plate chamber with infinitely
thin hydrogenous radiator on one plate. Differential
rulse height distributions of hydrogsn recoils produced by
monoenerge tic 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 d 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 is similar to that digcussed in Section 3 exocept thatAtho thick-

" ness of the radiator, even though smaller than the meximum range of the recoil
protons in the radiator itself, is not negligible compared with this rangoe. We
shall egsume that the radisator is placed on ore of the plates of the chamber

and that monoenergetic neutrons of eﬁergy E, 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

R'(E) répresqnts thé range in the haterial of the }adiatof of protoné of energy
E, it follows that & proton, generated at a depth x in the radiator, at an angle
f;, and with an energy E, will produce a pulse larger than P if x§;x, where

X eatisfids

RU(E) = — % . RY(P) (?5)
o008

or

R'(E) - x—igzg RV(P)

Henoe, ﬁhe total number of pulses larger than F, relative ic¢ the totail
number of reacoils generated in the radietor, is given by the follewiug

sxpression: Ep

- .- . 1 . ‘. . -
F = %"'n’n fx (E) aE (26)
P

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

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

3/2

proportional to B’ , Equation 25 becomes:
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/2 ef2

3
x - Ro' E E - P
En ( En ) (En ) (25%)

-

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

26 can then be written as follows:

1/
F (g—-—) = j (1/%) X (_% ’ __f_:__) d (_IE:_) (28°)
" F/E, noor n

Since X/t is either 1 cr a furction of Ro! , E/En and P/En. Ejuation 26!
t

shows that, under the assumption made, the funoction ¥ depends only on the
1

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

re.tios F/En and The sene is true for the differential pulse height
The functions f(P/En) and F(Pytn) have ﬁoen calculated, under the

agaumption of R' proporticnsl to 33/2. and the results are given in Figure 4,
It may be noted that the saress under the curves for f(P/En) corresronding

to different thigknesses cof the radiatdr erc not squal. The resson is that

as the fadiator becomes thicker, an ineressing fraction 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
WALL CORRECTION - - T

This ocase is similar to that discussed in Section 4, except for =
Vfinite thickness cf the radiater. The différential and irtegral rulse
reight é¢istributions for this case were calculated, on the busis of the
energy range relations givern ir Section L.l. for rediators cf glycerol-
tristearate ( CS7H11006) 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
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Figure 4

Ion pulse, parallel plate chamber with thin
hydrogenous radiator on one plate. (A)
Diff'erentisal and (B) integrsl pulse height
distributicns of hydrogen recoils produced
by moncenergetisc rneutrons falling rerpende
iocularly upon the resdiator, for different
walues of the ratic t/R,' between the thick-
rness of the radiator and the maximum range
ot 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

Kn = 0.3 Mev

pd

x 4,02 atm, com

1

3ISV313d. O 1'18Nd €04 d3anodddv

t =20 .t 3 25 Y/‘mu2 t = 60 7/ on® t s 75 Y/ o
P T
/%a £ il £ F £ F £ i F
0.1866 1.0083 i 048430 0.7410 |  0.7449 045622 0.8864 1 0.6045
0.3333 1.0122 | 0.8935 0.5960 i 08159 0.5337 0,7642 | 0.4853
0a5000 1.0476 0.9557 0.4420 |  0.8931 0.3945 0.8485 | 043531
045000 1.0695 ! 1.0004 0.3425 0.9444 0.3007 0.9020 | 0.2644
. | ‘ |
0.5666 1.0874 1.0260 042735 0.9773 0.2356 0.9396 | 0,2024
07000 1.0979 1.0393 0.2385 0.9952 0.2022 0,9613 | G.1701
0.7333 1.1088 i 1.0862 04,2050 1.0166 0.1697 0.,9854 .| 0,1383
0.7666 1.1203 | 1.0742 0.1700 1.0375 0.1362 1.0082 | 0.1055
047848 1.1278 1.0850 041500 1.0496 0.1158 1.0216 % 0, 0864
0.8386 - 1.1508 P1.1145 0,015 | 1.0830 0.0605 0.7220 ! 0.9400
0.8909 1.1773 ' 1.1467 0,0300 |  0.5733 040150 0.3822 | 040100
0.9423 1.2040 . 0,0000 0,0000 !  0,0000 040000 0.0000 | 0,0000
. . §
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™able 14.6-1 Continued
En - 0.4 Mev P2 = 4.02 atnm. cn
: t -0 | t,2‘3 ')// om 't = 50 ’}//t:m2 : t x 757// qm2
=) e zed r/om L.t E g L7577,
P/E, £ ; £ | F R & i F | £ F
....... U SR . Sy :
0.1250 1.0073 . 0.8151 § 0.8005 © 0.7117 . 0,7358 0.65688 1 0+3890
042500 1.0201 0.3835 @ 0,8910 ' 0.7990 0.6393 047449 | 0a5990
043750 [ 1.0414 C.9471 ! 045760 0.3318 0.5348 " 0.8343 ; 045006
045000 . 1.0735 1,0086 0.4545 1+ 09582 0.4218 ' 0.9188 I 0,3933
0.5250 " 1.1%62 1.0776 043220 1.0385  0.2967 - 1,00683 ' 042731
047500 1,2015 1.1564 0.1820 2.1358  0,1618 . 1.1099 0.1425
0.7750 P 142219 1.1398 0.1530 1.1606 0.1330 1.1360 061140
0.8000 L 1.2434 1.,2133 0.1235 1.1866 0.1037 1.1640 0.0845 -
[} .
043204 102622 i 1.2341 0.0985 1.2095 0.0790 1.1385 . 0,0594
0.3513 1.2926 | 1.2678 0.2605 1.2458 5.0407  0,8306 . 0.0271
2.8829 1.3292 . 1.3064 049190 0.6532 0.9095 0.4355 0.7063
0.9117 1.362 0.2000 .v,oo 047009 0,2000 G000 0.5009
: NL.m_m.*n.@mu_hn_hmuw e et Yo ot e
- i E 2 (65 MOV _ pd 3 4 02 atm. cm
.tz 0 . vae257fm?) ta 5°f?7§m? t = 75 ¥/on®
P/En £ £ , r by
0,4000 1.0649 . 0.9963 I 049424 0.9004
0.5000 1.1088 1.0591 ; 1.0173 0.9822
0.5000 1.1733 1.1364 1.1033 1,0743
0.7000 1.2702 1.2438 1.2188 1,1959
0.7600 1.3533 1,3308 1,3071 1,2854
0.8000 1,4250 ; 1.4018 1.3827 1,3653
0.8208 1.4691 | 1,4479 1.4295 1.4132
0.8326 1,586 A 1.4947 1.4771 0.9847
0.8581 1.5652 ; 1,5464 0.7727 5151
_ 0.83756 1.6090 0,0000 042000 049000
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Tahle 14.,6~1 Continued

Bn < 06 Mev

P 3 4.0 atm. om
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radiator thickress,t, and of the product,pd,of the ges pressure times ths
depth cf the chamber.

In Figure & the function f(P/En), corregponding to t g Oand t « 178 »*
per squars centimeter and calculated for the sare wvalue of En (1 million
electron volt) and pd (8.98 atmospheres times ountimeters), is reyresented
graphically in order to illustrate the influence of & finite radiator
thinkness ocn the pulse heipht cistrilution curves. The differontial pulge
height cdistritution for t « 0, ce2loulated on the basis of the R«:ES/2
approximation, is also represented in the seme rigure. The difference
between this curve and that salculated ¢n the basis cf the more accurate
energy rense relatiom is very smll,

14,7 THICK RADIATOR: FPARALLXL FIATE, ION FULSE CHAMBER, LLECTRCM

TUILSE CHAMBER WITH GRIiL, OR PROIORTICNAI, COUNTIR; NO WALL
CORREC TION

- e e atsopm

The rediator is again placed on the negative plate of the chamber, and
the neutrons are ircident perpendicularly on it, &s shcwn in Figure 2. The
thickness of the radiator is now supposed to be larger than the rsnge R,'
cf the fastest recoil protons ir the redistor itself, .

The integrel pulse height distribution in the ouse of moncensrgetic
neutrons striking the chamber is given by Equation 26 or 26' where row

X(Bn, F, E) is always defired by Equation 25; i.e., it never beccmes squal

to the thickness t of the radiater. If we assume the range to be proportiomml
7 [/

3,2

to E ¢ then Equation 25' holds and one obtains

< /2 - .
F E
F (P/E,) \rf/. {:(__*_) - ('f;;') / i;:- da( i

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Figure §

Electron pulse parsllel plate chamber with glycerola
tristearste radietor ur ore plate. Plate ssyarstion
d = 1,33 contimeters; gas filling 6.7 atmosrheres of
argcon. Differential pulse height distributions for
hydrogen recoils produced by neutrons of 1 million
electron volt cnergy falling perpendicularly upon the
rediatere

(A) Infinitely thin radiator(t = 0), calculeted by
assuming R proportional to E%/¢ , .

(B) Infinijtely thin redistor(t20), calculated cn
the basis of the energy range relation given
in Section A,.l,.

(C) "“Thin" radiator (Tt = 17517%n3), calculated on

the teasis of the snergy renge relation given
in Section A.l,
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cr

2
P R p 3/2
Pl o [1"'5;) ] (27)

n

The counting yield of the chamber for s bias energy B (ses Equatiocr 12) has

the expression:
1/2 2
. B "
Mz 1/3U0 (By) R [1 - (=) ]
En
3/
or, if one agsumes R' to be proportioral to B and J7% proportional to
~1/2
3
n /.
2/2
B \/°
¢!

Ep ;
1/3 gB = [1-(—E—n-) i (281)

(28)

E

In the above eguation

-1/2

! - R (B)Vg, B
B - o]

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

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

of energy E. Equation 28' indicates that nis a function of En/b. A graph of

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

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

with Iroreasing noutran energy.

14,6 GAS RECOIL CHAMBFR: NO WALL EFFECTS

Weo 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 chamlber are very large compared with the range of the fastest recoil

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

Ion pulse parsallel plate chamber with thick iy
radiator. Counting yield v) in terms of 3= Y&, B R'(D)
as » funotion of the retio E_/B of the reutron

snergy to the bias energye
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If the chamber is ugsed as an icn pulse ohamber, then P = E and the
differeontial and integral pulse height distritution for wmonoenergetlie
neutrons are the same as in Section 3 ( see kquations 14 and 15), If
the ohember is used as san electron pulse ochamber, Lhe pulse height
digtirihution depends on the geometrya

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

pure hydrogen, then the irntensity I of the ionization current is given bty

I = g In i

z Yo (29)
where i is the number oI recoils per second produced in the chamber, e is
the eleotron charpe, Wy is the energy per icn pair, and ;ﬂ_ represents the

saverage energy of the hydrogen recoils,

14.9 “AS RFCCIL, ION FULSE CHAMBER, COMPUTATION OF WALL EFFECTS

let us consicder the two following types of ionizsetion chambers:

(A) Parullel plate chamber, with & circular collecting elsctrode,
surrouncded by & gusrd ring &s showvn in Figure 7.

(B) Cylindrioal chamber with 2xial collescting eslectrode suprorted
by guard electrodes ss shown in Figure 8.

In both cages thre sctive vclumes are supposad to be sharply def'ined and in
the ghape of oylinders with f'lat ends. The direction of ths incoming neutrous
is rarellel to the axis of the cylinder, as shown by the &rrowg. In the case
of (A), the wall effects are caused: (1) by recoils hitting the olectrode at
the far end of the chsmber; (2) by recoils produced ir. the active volume, but
going out of the sctive volumeo through its lateral boundsry; end (3) by recoils
produced outside the active volume and entering the active volume through its

lateral boundary.
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Figurs 7

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

Figure 8 .

Wall erfects in & gas recoil cylindricsl ochamber.
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In the case of (B), the wall effects are caused.(l) by recoils produaced in the
active volume and crussing the boundary B (see Figure 8); (2) by recoils
hitting the lateral wall; and {3) by recoils produced outside of the }ctivo
volume end enterinpg the ective volume throuzh the boundary A, The recoils
hitting the central electrode are neglected .

A genersl computaticn of the vall effeots for the two types of chambers
desorited was carried out uncder the agsumption R s ES/Q.

In these oslculations, edge effects (see Secticn 1Q0.7) are neglecﬁed, and
sccordingly the pulse height fcr a particle which crosses the boundery of the
sensitive volume is computed by considering only the ionizstion produced by
the psrticle in the sersitive volume. This procedure is justified if the
conditions fcr an "idesl™ ion pulse chamber are fulfilled; {.,e.,, if the decay
time of the detecting oqufpment is very long compared with the time of collection
of the rositive ions ( ses Section 1046 ). 1In the practical cases, the
peculiaritias im the shape of pulsas produced by the motion of ions nesr the
boundiry of the sctive volume may have an apprecisble influence or the observed
pulse height distribution,

The rssults of the caloulations are expressed by the following, equaticns,
in which b represents the radius of the c¢ylirdrioerl sensifivo volume snd =
its length (s is the spacirg of the plates in cese (A) &nd the length of the
collecting electrods in cage (B)).These results apply to chambers of any
dimensions, provided that the maximum range Rgp of the recoil protong 1is
smaller than a.

Case (A) (s®e Figure 7)

AR TR IS D 1
(30)

F({(>l)=(- ”)+R° p(_E. +R°c.._+
(%) L () &)
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Table 14, 9«1

Funotions entering in equaticns 9«30 and

B c . D G H L
++0879 4,187 0  —.0273  ,125 «750
o +.296 0707 | ~.0511  .0964 965
-.0485 + .595 b -131 - -.0266 .6647‘“ .949
.462.*’; -.0765 +.252  -.178 V-.0224 .03731 861
-.0826 +.190  -;211 - «0139 | .0152  .244

+,0608 -.223  +,00277 =.01C1 .2§6

—.0436 -.156 - +.00801 ~,0110 =,2Q0

-+ 000985

‘

«oC1367 0
~-.0149 ~e01653 .
-.61209 . -.C284 ’
-+00688 - =-,03%5

-+.000590. -,0381

1

«C312

4+.00975 -.0152
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<0l
Caas (B) (see Figure 8)
P R - F R z P R P
f (—) - 20 — =L M (= kel e
(5 = 1+ Ligl+ 3 U (g +50 N g
(31)
2

F(f..) 1-_5 Ro
B ( En)+’~Q(

}l
)+ 8 (=
E, ot By, b En

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

14,10 USES OF RECOIL CHAMPERS

Recoil chambters are used focr the following purposes:

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

(R) Absolute flux messurement for monoenergetic reutron besns.

(C) Determination of the erergy distribution of neutrons.

(D) Investigation of neutron scattering or. light atemic nucled,

For (A), (B} and (C) hydrugen reccil chambers are generslly used.

No special prevauticns are needed in the corstrusticn of a chamber for
relative mersurements of peutron flux. High sensitivity, smell physiocal 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 problem of building a chamber for absolute flux meaurements is =
much more difficult one. In the first place it is necessary to Imow the
efficiency & of the radiater., In the cese of & gas recoil chember, this
implies ar accurate knowledge of the sensitive volume, of the tctal gas
pressure and of the concentration cf hydrogen in the gas of the chawmber.

In the oase of a solid redistor, the mass c¢f the foil and its chemical
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“compogition must be known socurstely. The radiator is generally prepsred by
distillation in & wacuum, and if it is made of a material containing different
chemical gpecies (like erdirery paraffin}, the composition of the foil may be ]
different from that of the bulk material. MNainly for this reason, the radiators
for quantitative flux measuremsnts wsrs prepared with glycerol-tristearate,
which is & definite chamiocal compound, rather than with parsaffin,

In thé second place, one must delermine the fractionsl number of receils
preoducad in the chamber wgich sare detectsd with the spezific experimental
arrengement. If no collimation of the recoil protons is used (ses below),
the pulsss odbteined ranye in size all the way from zerd to a maximum. Only
pulsms above a cerlain size, B, are detected, where B is detérminod by the
bias settinzg. It is necesssry to firat &know B in absolute value, i.s,,
in terms of ono;gy, and then to evaluste the quantity 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 reguires an oxpefimsntal sheck of the calculated
pulge height distribution. The experimental check is necessary for the following
re®8ons !

(A) It provides the only reliable method 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 are
detectsd. In addition to hydrogen recoils, one usunlly has in the
chamber recoils of other lizht nuclei ( argon, osrbon, ets. ), and
2130 socopdary electrons prodused by y-rays,. If the resolving
time of the detscting equipment is not small compared with the

average time separation ot the spurious pulses, these latter will
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"pile up" and give rise to pulses larger than those which an
individusel recoil or secondary electron could produce ( see
Seoction A,12). The biss at which spurious pulses of the type
desoribed above start‘being counted is generally charscterized
by & gudden depar£hre of the experimental from the theoretical
pulsa heizht distribution curve, '

(c) Finally; in many cases it is found that the experimental
pulse height distribution ocurves do not egree with the calculated ones,
even for bias enerzies at which one would not expect'to detoct pulses
due to spurious recoils or to secondary eslectrons f{rom f}rays. One
can think of many resasons whioch may explain discrepencies between
sxperiment and theory, suoh'ass(l) lack of monochrometicity of the
neutrong, either inherent in the neutron source or produced by
inelagtic scattering of the noutrons in the meterial of the chamber;
incorre~t evaluntion of the edge effects (sse Section 10.7); runge
straggling or errcor in the evaluation of ths ensrgy-rangs reletion
(only likely in ths low energy region); lack of proportionmlity
batween nurber of jons and pulse heizht; or spread in pulse height
when chambers with gas multiplication are used (zee Section 11.4),
Often it is not possible to determine what the sourse of the trouble
actually is, but it is clear that no chamber should be uged for
absoluts neutron flux mesksurements unleas the theoretical and experimental
pulse height distribution ocurves agree.

It mey; be pointed out that the measurement of the differential pulse height
distribu?ion provides a much more rigorous qheck on the behavior of the chamber
than the determination of the integral pulge height distribution. It may also

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

Another possible method for determining the ratio of the numiier of
recoils detescted to the total number of recoils produced is to collimats
the recoil protons in such a way that only protons sjected within a certain
anglo,é;o, with respect to the direction of the incoming neutrons, enter thne
chanher. These protons have energies above En oosz o? and if this walue is
suffioiently 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 bazed on this principle will be discussed in Sestion 19,

Finally, one may use a gas recoil, irtegrating, 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 as nsutron spsoctrometers must satisfy requirements
somewhat different from those laid down for the chambers used for absoluts
flux measurements. Only the energy dependence of the efficisncy, 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 sufficiently simple shape go that ths neutrom spectrum may be
calzulated from the observed distribution of recoil pulses,

In principle, one coull mave an ideal neutron spectrometer by using a
very thin radiator and by having both the incident nsutrons and the recoil
protons well collimatsad. In such a way, one would obtain pulses of s single
size for each neutron snergy. Thoe drawback to this scheme is & low sensitivity
caused 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 applisations.
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The next best cholce for & neutron spesctrometer is & chambor in which
& monosnergetic neutron beam gives a oonstant differential pulse height
distribution (infinitely thin radiator, ion pulse cheamber; gas recoil, ion

pulse chamber of very large dimensions, 6ts.). In this oage, if N(En) dE

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

and W(P)dP represents the number of pulges observed with the heigzht betwsen

Pand P 4 dP, the following equation holds (ses Ejuntion 14)s

o0
W(P)dP = oonstant N(E,) Og(E,)dE, (dp)
<P En
n
From this it follows! ’ (32)

. E, [d
. N(En) - constant &m) -t-d_PK)PEn

Chambers spproeching this type were built and used successfully (see Sections
11 and 12).

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

soattering cross-section in the scenter of gravity system.

14,11 HIGH FPRESSURE, GAS RECOIL ION PULSE CBAMBER

Figure 8 shows the 6onstruotion of a chamber used &s a nsutron spectromotar.
This ohamber is similar in its desigh to one described by Barschall and Famer

in Yhysiocal Review, 58, 590 (1940). The sensitive volume is a cylinder 8.5 centimeter
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in diameter and 8.5 centimeters high, In order to obtain a sufficiently
high field through the large sensitive volume, the latter is divided into
six gections by means of metal grids made of annoaled copper wire of 0,308
inoh dismoter, the mesh width being 1/8 inoch. 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
connected together and form the high voltage elacirode. 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
olectrode, by means of two small amber beads. Fach of the three also
carries & tongue which protrudes through & slot of the guard electrode into
& grounded brass tubing containing the connecting lead for the three collecting
grids (see detail), The capacity of the collecting electrode assembly is
approximately €0 micromiorofaradse

The chamber was used with pressures up to 26 atmospheres of pure hydrogen
or of hydrogen-argon mixtures. Before admitting it intc the chsmber the gas
was freed from organic vapors and frum water. A small amount of oxygen (0,91
per cent) was added in order to produce noggtive ions and thus avoid the fast
part of the pulse due to tne motion of.free electrons. The ghamber was usualiy
opersted at 6000 volts, The pulse amplif'fer had a rise time of 0.6 milliseconds
and a decay time of 2,0 milliseconds. This small band width was used in order
to minimize the noises. The chamher, despite its sturdy construction, is very
sensitive to microphonic disturbances. It is also very gensitive to Y -rays
because of the high pressure used. The large value of the decay time constant -
of the amplifier, vihich is reﬁuired in order to avoid excessgive 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 Y'-rays, it was found
possible to record recoil protons dowm to an enerzgy of about 0.8 million
electron 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
corrections ).

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

whioch gives the differential pulse height distribution:

£ (BfEn By) 3 O (By) {1 S (En) Bn (1 - P/Ep)] (33)

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

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

(k= 1,U = 0 ), Equation 33 goes over into Equation 15, which represents the
pulse height distribution when wall effects cun be neglected (see Sesction 8).
For a gas filling, the stopping power .of whicﬁ is equivalent to that of 39
etmospheres of Hy, X is represented by the curve in Figure 10, while W (Ey)

is approximately given by the expression

W(E,) = 0.23 (E, - 0.6) for Ep > 048

W(BE,) = O tor E,< 0.6
where E, is meagured in million electron vdlts. The neutrons are assumed to
travel in a direction perpendicular to the elsctrodss 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 reeotion. The observed pulse height distribution is represented by curve
(a), Figure 11, Curve (b) in the same figure represents the ensrgy spectrum

of the primary neutrons, ss computed from the obgerved recoil distribution,
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Figure 10

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

Differentisl tulse height distribution ¢f hydrogen
recoils cbisained by means of the chamber desuribied

in Section 11 irradiated with monoenergetic neutrons
of 2,5 million eleetron volts energy (ourve (a)).
Curve(b) represents the energy spectrum of the primsry
neutrons, as computod from the observed recoil disge-
tribution. Gas £illing: 13.8 atmospheres of argor

plus 2.7% atmegpheres of hydropen.
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© taking irto account the wall corrections. The extent to wiich curve (b)
aprroximates ar infinitely narrow distribution gives a measure for the

aoruracy of %tho 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 a neutron siectroreter. The chamber is filled with
srgon and prossures up to 7 atmodpheres caen be used, A hot calcium purifier
is permanently coynected to the chamdber through two 3/8 inch stesl pipes,
rut shown in the diagram. This nnk%s it possible to purify the pgas whenewnr
recessary, The chamber is normally oporated at -2000 volts,

The radiator is a zlyosrol-tristearate film of about 180 ¥ per square
centimeter proparad by aveporation in & vacuum. It 18 plsced or a platinum
foil, whi~h Is nart of the hiph voltage eoloctrode. Fxtensive tests were made
in order to make sure that the conductivity of the foil was suffiziently largze
to pravent accumulation of charges which might disturt tuhe electric field and
therefors distort the pulss height distritution. For this purpose, & poloniunm
source #sas deposited on a platinum foil and then covered with a glyrersl
tristaarnte rilm. The platinum foil thus prepsred was placed in the chamber
in plece of the radiator snd the pulse height distribution of thod -particles
was determined., Ther e 1 graw rediuam source «%s placad resdr the chamber so ay
to produca an irtense iontzation of the pas. The radium source wes removsd and
the ulse heirht distribution vwas remeascured immediately afterwards, The pulse
haight Jdistributions measured before and after irradiation vroved to ne idantical.
This result wes taken as & proof fhat, even in the presence of an ionizatiom
much hoavier then that existing under normsl operating conditions, the glyocsrol
trigstearate film dceg not acquire an amount of charge sufficient to distort the

rulse heisht digtribution,
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Figure 12

Solid rudiatcr, parellel yplate ohamber ( see Sectior 12)

(17
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(5)
(8)
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(8)
(9)

(10)

(11)

(14)

(15)

Grid suppcerted on brass ring.

Two mil platinum foll which bears thes glycerol
tristearste radiator.

Collesting electrode.
Guard electrcds.
Ho\'o electrodeo
1 3

lead to the ocollectirg electrovde insulated {rom
the tase plate wilh G.E. Kovar plass seal,

HoeV. lead insulated from the plate with a G.E,
rcvar glass seal ( & similar lead, not shown in
the diagram, provides the curnection to the grid;.
Sylrhon vellows.

Structure with xeyway for lirting end rotating the
radistcr in or cut of pasiticen. The figure shows
the redistor lifted out of positione A similar
structure sueperts e blank pletinun foil which
mey be substituted for the radiatur in order to
determine the backgreund,

Scft metal gaskel,

Steel rlate, 1/4 iroh thiok,

Steel shell, 1/1¢ inech thick.

itlags insulatecrs. The ends are platinired and scldered
ta brass carps.

Cress-section of & U-shapod ycke carryirg the kmurled
SCrow,

Keyway fcr roteling redistcor,
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The colleotirg electrode and the attached leac have a cepacity of 10
tc 15 mioromicrofaracs. The chamber wes used with an amplifier having a
rise time of 2 microseconds and a decay time constant of 20 mioroseconds.
The small value of tho latter time counstant practiocelly elimirates microw
rhonic disturbances and mskes it possible tc orerats the chamber in the
presence of a fairly streng ¥e-redistion. The minimum pulse height which
can be measured safely is approximately 0.2 milliar electron velte. The
maximum neutron erergy for which the chamber can be used is determired bty
the condition that the maximum renge of the recouil protons should be not
nore than 5/¢ the spacing of the electrudes (see Section 4). This energy
is about 2 mililion electrocn velts,.

In the cornstruction of the chamber care was teken to avoid heawvy
materiasls in the path of the incident neutrans 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 ir vecuum
ir an efort to minimize the tackground crused by :1ecoils from hydrogen
ebsorbed in the metal. This background ms experimentally deternined by
irradiating the chamt.er with neutrons after replacing the radiator with a
blank platirum foil. The number of recolls recorded under these corditions
was about ten per cent of the number recorded with the radiater in place,

The chamber can be used with or without the grid (1) shcvn in Figuro 12.
“then used, the grid is kept at a voltage of ~1400 volts with respeet to the
ccllesting electrode (the hipgh voltage electrode being at -2C00 volts}. In
both conditiona, the operation of the chamber wes tested by determining the
pulse heipght distribution with a polonium scurce on a platinum foil in place
of the radistcr. .ithout any grid, one should expect a 'rectargular® pulse

height distribution it the measurements are taken with a channel disoriminatcr
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of infinitesingl width, or a "trapezoidal" pulss height distribution ir
a channel discrimipator of finite width is used ( gec Section 1%.1).

with the grid, one shoul& expoct all the & ~particle pulses to be of
the same sire (see Sections 10.Z and 1Z,1), The experimanbaltcurves
obtained conrirm this prediction ( see Figures 13.1 and 13.2),

Tho cranber was also tested, again with and without the gric, by
détermining the pulse height distributicn of the hydrogen reccils when
the chamber is placod in a 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. vihich case, if an infinitely narrow oharnel wereo
uged and if the radiator were infinitely thin, ore shoulié obtain 2

“oonstant” pulse height distribution s descrited in Sectior 3,

14,17 THIN RADIATOR, ELECTRCN PULSE, PARALLEL FIATIH DOURLE CHALBIR

This chamber, based on the same principle as that descrited in Sectiom
12, was designod primarily for the purpose of measuring fission cross-sections.
"It consists essentially of a fissicn chamber and a recoil chamber in the same
cagse, the latter being used a8 8 neutron flux meter. The figsionatle material
and the thin layer of hydrogenous material are deposited on two thin platinum
foils which are placed back to back and constitute the common high voltage
elegtrode of the two chembers. Thus the two samples are almost exsctly in
the same plane and are geparated by an amount of material which dces not
produce any appreoiabie amount of scattering or absorption of the neutron
beam., The neutron flux is therefore the same for both‘samples and the ratio
of the orogs=-ssctions is simply equal to the ratio of the number of procoases

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 monoenergetic neutrons of twe
differert enerpies.
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Soe chrmatprae et leta{le ol tne shumbisi ace shme Irn Fleare 14,
bxtrand cere was tavwen to aveld sny hemwy materisl alcne the path of ihre
neutron besm, so a8 to minimize the danger of scattering end absorption
of neutrcns. The chamber walls were mads as thin as suitable for the'
prassure they had to withstand. Only gless insulators were ussd inside
the chamber. The seal betwesn brags cap and the base plate was made
gas-tight Ly means of & fuse wire gasket, so that no other materials but
metal and glass are in contact with the gas. The leads to the collecting
electrodes and tc trhe high voltage electrode were shielded from each other
ty the brass tubes supporting the chumber { see Figure 14),

Both argon and xéncr, at pressures up to about 9.6 .
atmosﬁheres, were uged as gas fillings. A hot calcium purilier was
pernmnently attached to the chambers The chamber vms operated at a voltage
between 2000 end 3000 volts, depending on the pressure, with the high
voltage electrode negstive,

As hydrcgenous radistors, glycerol tri§tearata films of wvericus think-
nesses were used, In order to avolid 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 amplitie¢r used with the recoil ohamber had a rise time of 0,5
mioroseconds and a decay time of 20 microseconds. The pulges were
analysad with an electronic channel discriminator.

The operation of the chamber was tesied with polenium -particles,
ag described in Section 12, In addition, vhe pulse height digtribution
of hydrogen recoils vas weasured fer a mumber of neutron energiss. 1In
these measurements, the -plates of the chamber were perpendicular to the

neutron baam with the glyecerol--tristearete film facing away from the
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Figure 14

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

Differential pulse height distribution curves of
hydrogen recoils obtained with the chamber described
in Section 13 by using monoenergetic neutron beams
perpendicular to the radiatar. The shannel sharpes
are indicated &n each graph. Experimental results
are represented by dots, circles or crosses. The
vertical bare give the standard statistical errors.
Points differently marked refer to different sets
of messurementgse The dotted lines are thecretical
ourves without channel correction. The solid lines
are theoreticel curves with channel correctionse

Graph A By, g 0.457 Mevy ¢ g 67 X‘/cmzz 3 atmospheres argon.
Graph B E, = 0.57 MNevy t g 67 ¥/em?; 8 atmospheres argon.

Graph C Ep = 1.0 MNev; ¢ o 173 r/bmz; 6.7 atmospheres argon.

Graph D 1.8 Mevy ¢ = 173 &/bmzz 945 atmospheres argon.

&

Greph E 2,6 VNevy t = 173 &/Emzz 9.C atmoépheres xenon.
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neutrcrn source, Some of the results obtained are reproduced in Figure 15,
w#here the ccrrespending theoretical curves (see Section 8) are also given,

A channel correction was applisd to the theoretical curves, This correctlion
was determired experimentally by means c¢f srtificiel pulses, The share of
the shannel vhich is indicated ir each curve was found to be approximetely
trapezoidal, the deviaticn from a rectsngle, of course, being due tolnoisos.
The abscissae of the experimental and itheoretical curves were matched at the
hizh energy end near the point of steepest descent, where the inllusnoce of
the channel cérrection is & minimum, The ordinstes were matched a little
below the peaks of the ourves.

It appears from an inspeotion of the figures that the agreement between
theoretical and experimental pulse heizht distridution curves is exsellent,
Tho deviations at the low energy end are czused by spurious rulses produced
by piling-up of argcr. recoils or of electrcn recoils from §-reys. The energy
at which these effects get in devends, of course, on the experimental conditions.
The direotionslity 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. Undor these conditions,and with neutron energies
around 1 million electron volt, the counting rate was fcound to be about 3 per
cont of that recorded in the same neutron beam with the chamber in normal
position. The per ocent oountigg_rate inereases somowhat with increcsing
snergy and is about 6 per cent 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 radistor of 173 #*per square centimetsr thicknese, .
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1¢.14 GAS RECOIL, CYLINCRICAL CHAMKBER

Figure 16 snhows the construction or 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 1s built as
light &5 possills in order to mirinize irolastic scattering and absorption of
neutrons, The chambe: can be usei beth with «rd witheut gag multiplioatior arnd
in either oase 're uvuter oylindur 18 lept negative with respect tc the wirs,

The recoils undsr investigation arise frum the gas. In order to reduce the wall
effects it is advisable Lo use & gulfficientiy highk ges pressure so that the max-
imun range of the recoils is & s*mll fraction of the diameter ¢f the chamrer
(2.8 centimeters).

The operstion of ‘he cheaber wes tested by using the N14 (,-,,p)(;}4 resctiun,
which with therzsl reutrors pgives rise to mouroezergeitic rrotons ofabout 0,€
miilion elesotren voit energy. iFor Lhis test the chamler was filled with 0.5
atmngpheres cf nitrogen and 1,f stwcspheres of argor. Under these conditicns
the rerge of the V.6 millfon slectron volt rprotons is about 0.5 centimeter.
Messuroments were takern betn without gas nultipliowtion ard witn & ges multi-
pliostiun of about 35. Thoe pulse aiplifier had 2 rise time of about 0.6 nmicres~
ssacnd and a decay time of sdout ZU microgezonds 80 that, when used without ges
multiplication, the chanber was oporatvu as an ¢lsctron pulse chamber. Howevgr,
bscsuse of the very small dismeter of the wire not much gpread irn pulse height
was produced by hie faot thet only the fast part of the pulse was recorded (see
Sestion 1C.6)," Fipure 17 repressents the differentisl rulse height dlatributiors
as meagsured with & channel &is§:iminator 0l the width indiomted in ths diagrsm,

theoretioal pulse height distrivuticn curve Ior electrorm pulses was ok lculsted
by aorsidering the jrotor trecks as irfinitely short, which invclves (a) neglecte

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

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Figure 16

Cylirdriesl chamber (see Sestion 14)
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slpurs 17 '

Diffareprtial g:isc he'zht dlgtrirutior ourves irom

the 844 (a,p) 't resction in tie oylirdricsl cremter
degorited in Fipgure 1€. 3Gas fillirg, O0.5 stmoapheres
of Kr, 1.5 stmospherss of argon.

%) N¢ gas multiplicstion

.

(b; Gas wuitiplicstion «f avout 36
{e) Thms.reticsl curve for oparmilon as
an electiron pulse -amvter {ocorrecied

fcr chsrnel width,

wharmsl widil indiested ty the rectangle in the figure)
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trat the fonizsticn of each track is concentratec ir ore point, This theor-
etical curve, corrected fcr the chenuel width, is also represented in Figure 17,
Bolth of the exrerimental pulse height distributions appear to te scme-
what wider than one might have snticipated. The deperture of the curve taken
without gas multiplioaticn from the ccrresponding theoreticsl curve may possibly
be rooscunted for by wvall effectga In the case.of the measursments teken with
gas multiplication there was proltebly sume spread in pulse height due to lack
cf uniformity of the wire, erd 6°fects, or to a small smount of celture gince
*he yas was not purified. The messurements with gas multiplication were repeated,
efter rebuilicing the cestre? wire assemtly, with a highsr pressure in the ohsmter
(Ceh wimospheres ol nitrogen, 4 atmospheres of argen)e. The pulses were anaiyzed
photograghioally. Ths pulas height distribution thus cozeired is represarnted ir
Figure 1€. This curve is considerstly narrover “hsn the correspording curve (b)
in Filgure 17, The diflsrence is probahl; due [artly to s decremse ix the w‘11~
effects anc partly to ar improvement in the unifornity of the pas multiplisations
The clamber wa3 used successfully for memsuring the differentisl scattering
crosy-seatiocn of relium and of nitroger..
A chambey of similo; degiga opersted as ; pfsportional oou;tof was also used
#s & noeutron flux mstwr. For the nerzurements st the lowest neutron energies
(0e03 mL1licn 6lectror. volt) the chamber wxs fille? with pure hydropen st a
preszure of 1C centimsters Hg and the volisge was adjusted sc &8s to obtain & gas
multiplication of atout 50, For the memsuraxzeits at higher enerpgies, higher
pressurec ¢f hydrogen or hydrogen-argon mixtures were uged, It may be noted
thatl "cr saoh neulecn energy the pressure should be mdjusted in suoh a way as to
strike the most favoratle compromise betwsean the d'aray backgrourd, which incrgtzes
with inoreasirg pressurs, anc the wll etfects, which decresas with inéreaaing
pressure. For s counter of the proport.ions shown in Figurs 15 with the neutron

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

Differentisl pulge hesight digtributiomm osurve ohtained

from tre nid (n,p)C“ rescticr. in the ¢ylindricel
cnanmber cesoribed in Figure l€. Gas filling O.F
atmospheres of Nz, 4 stmospheres cf argon., G&s multi-
plicaticn about 15, Fulses sanalyzed photographiocally,
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¢f the recoil protons ir the center 15 ¢f bLhe order of the reding ¢ the
counter. Also, in order tou mirimize the BL-ray background, it i1s sdvissdble
L¢ use,wherever rossitle,jurs hydroger. raithe:r than & hydrogen-srgon mixture,

A number cf pulse reight distributiorn curves were messurs:i by expoaing thg
cuuanis: Lo moncensirgstio neutrsns traveling »erallsl to the axis. The result s
¢hteirsd with nouirens of 005 =millienm elsctron volt energy are represented in
Figure 17, surve (¢, The pressure wes chcaen $6 “hat the meximur renge R of
the recoil pretons »as 1.2 times the radius b of the counter. The ai fferentisl
puage height distribution ourve, derived theoreticully ;t deserited in Section
9 for K = b, i8 also shawr. ir Figure 15, ocurve {(&). In computing this ocurve,
tne gre-ial decresse of tho gas multipliem*ion tuwards the ends of the wires
(seo Section 1145} was reglected. A =zaleulstion which taxes into account thiz
effecr +ws carrisd cut under certain simplifying sssump*fona for R = b, The
results era given by curvs (b) in Figure 19, If ore consjders the uncerisintiaes
in the thecretical celculetions ard the f'inite wicth of vhe channel disorimirmtor
uged fur the anwlysis of the pulses, cne concludes that the agreereni tatwoen
the erperimental end theorstical results, cwrves {¢) and (bj,is reasonat.ly goode
It ma; bte noted that the pulse hsizht distrivutiun curves arq not vsry sensitive
to the retio E/bt. Becve, the comperiscr Letwsen the theuretical arn? exrerimentel
2:rve8 18 not seriuvusly irvelideted by the fact that tne value of this ratio ms
slightly different in the twe craes,

At lower energpiss, the oxp;rlnontul curves depert from the thacre*iosl ones
enc¢ the discrafaney bscomes moure pronounced as the snergy deocreases. The reasor
fer auoh w discrejancy las not teer clesrsad upe It is not impcssible that it wmay
be caused,ln part cr complately, by lack of monochrumaticity of the neu'ron besams

used.,
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Figure 19

Differential pulae neight distritution curves off
hydrogen recoils for s proportiongl counter cf the

typ® showr in Figure 16, Neutron beanm parsllel
tuv the axis,.

{a) Calculated for Ry s b, by neslecting
the ohsnge in gas multiplication near
the mnds of the wirs,

(b) Cslculated for R, = b, by teking inte
agoount the clarge ir gas multijplicsziom
near the endg of thes wire,

(o) Observed witkh 0.5 millior. slestrur volt
neutroms (kg =z 1¢2 bj.
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14,14 GAS RECGIL PROPCRTICNAL COUNTER

Figure £0 illustrates the oconstiruction ¢f a chember(similer in
principle to that desorited in Section 14) which vms used ag & flux meter
for neutruns of low energy (down to 0,035 million elscton volt). The most
interesting fosture is the arrangement cf the collecting eleecirode and of
the supporting guard electrode which are so designed as to avoid any defcrm-
ation of the sleotric field nesr the ends of the collecting electrode ( see
Seation 11.5)s The ocollscting electrode and the guard elesctrode both consist
of secticns of hypodermioc needles, 0,042 inoh O.D., They are mechaniocally
conneoted and electrically insulated by msans of gless tubes about 0.,R5 inck
CeD., 85 shown in the detail in Figure 20, The electrical conneastion to the
collectiry electrode is mede by means of a thin metal wirs which slides through
the guard sleotrode and is soldered to the inside of the collecting electrode.

The walls of the counter and the outer ocese are made of dursl ir order to
minimize the darger cf scattering and sbasorptior. ¢f neutrcnasa. The Kowver pieces
are goldered to the dural end plates with the following technique: First, the
Fovar pieces are tinned with soft sclder and the dural pieces are covered with
Belmont aluminum solder. Then each Kovar piece is sovldered to the ccerrasponding
durel piece with aiuminrum solder without using any flux. The screw cunrection
between the pieces (3) and (5) mekes it possiltile to adjust the position of the
gusrd elsctrodes supperting the collecting electrode vefere the lsst Kovar
ilecs is soldersd into place., Ths counter wms used only &t lcw energies (dovm
to 0,035 million electron volt), usually with a g&s filling of pure hydrogen at
1.5 centimetor Hg pressure and a gas multiplicaticn around 5Ge. The pulse height
distritutlion curves obtuired with monoensrgetic neutrons ars very sinilar to
thoas obtained at the cerrezponding ensrjies with the ccunter deseribad in Seation

14, and do not agrec very well with the csiculeted curves,
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Figure 20
Proporticnal counter(ses Seotion 1)

(1; Outer dural casgs, grounded; 4 inches C.D.,
1/16 ineh wall, 13 inches long.

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

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

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

(7) Dursl tubs, 3 inches 0.D., 1 %2 inch wmll in
+te thinner section.

(8) Hypodermio needle, 0,042 inch 0.D,, it forms
the guari eletrode, .. .

(9) Hypodernis needle, 0,042 inch 0.D., 4 inches
long; it forms the acllecting elsctrode,

(10) Fower tube, 1/18 inch wally 2-1/4 inch 0.D.

(11) Gas inlet and needls walve,

(12 } Amphenol conneotor tc tiue collsoting electroie,
{13) Anmrrencl connestor teo the high veltags electrods.

(14) Glass spacer,

APPROVED FOR PUBLI C RELEASE



ASva13d O 1119Nd d04 d3anodddv

\{SEE DET. A

M

XXX

ro oo

i

SOLDERED
LAP JOINT

d ¢

ASva13d O 1'19Nd d04 d3NodddV



APPROVED FOR PUBLI C RELEASE

14,16 THICK RALDIAT(R, ELECTRUN FULSE, SPHRERICAL CHAMBIR

This chamber, the construction of which is shown in Figure 21, was
orsiygned as a directionul detector for reiative flux measurements. The
radister is a thick paraffin layer deposited on 4 section of the remevable
hemispherical cap and coated with a very thin layer of graphite to 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 fastuned 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 nmut (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., A
small hole in the chamber wall, covered with an aluminum foil enables ore to
introduce o ~particles fraom ; polonium source intc the chamber for testing
purposes, As already menticned, the chamber was degsigned as a directicnal
counter which detscts only those neutrons which enter the chamber through the
paraffin radiatcr, 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
neutrons is shuwn in Figure 22, In 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 response 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 neutrcns, Neutron energy 3 million electron
volts, '
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biases adjusted in such a way as to count all piulses larger than 1,4 and 1,7
million electron volts, 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 Hep were used as gas fillings, The voltage was chogen go as to 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 60 to 390 ¥ per sqﬁare centimeter, The counter was operated with the
case grcuhded and the center wire at a high 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 radiatvor teminate in the gas, the yield of the counter shwld
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 radiator proportional counter (see Section 17)
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14,18 INTEGRATING GAS RECOIL CHAMBER

Figure 24 shows the construction of an ‘Integrating chambe r desigzned
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-
cdmstancas, whqn the instfument is used as an inﬁegratinc chamber, the Qall
effects are eliminated, In other words, the ionizatlion per unit volume of the
gas is the same as if the dimensions of the chambters ueré infinitely lgrge |
comparad with the range of the recoil protoﬁs, The ionization current pro-
duced by the hydrogen recoils, Iy 15 then given by Equation 29 which may be

rewritten as follows s

y=fAang o (B B oo

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

the mumber of neutrons per seccnd and per square centimeter, N\ is the number
of hydroggg atoms per cubic centimetep of the gas, and Oy is the total
scattering cross-section of hydrogen,

.Tp the ionigation current produced by the hydrogen recoils ore has to add
that produced by the carbon recoils, which has the expression:

T, e PAng 0 (Bn) (B),, _%.;

whers N, is the number of carbon atoms per cubic centimeter of the gas, dj:(gn)

is’the total scattering.cross~seétion of carbon and (B)év is the average energy
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Fipure 24

Integraling gas recoil ionization chamber ( see Section 18),
Jacuum 3e2ls 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 hand, I, is small compared with Iy since
the carben cross-section is consideratly smaller than that of hydrogen,so
that this uncertainty does not introduee any appreciable source of .error,

Ver: often neutrons ars accomaanie? by ¥-rays, while, with a pulse
chamber, the ¥-ray puls2s can be blaged off, This cannot be done with an
integrating chamber. However, it is possible tc separate the effects of
neutrons 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 hylecren has been repliced with deuterium,

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

If one assumes isotropic scattering of neutroms on deuterons in the
center of gravity system, the difference of lonization currents, A I, is

related o the neutron flux density n by the equation;

2

AI_,.(}A_EIL. _%ntﬁ‘ﬂ (Ey) - _%_G‘D(gn)]

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

number of eitaer hydrougen or deaterium atons per cubic centimester, and
1

8 .
- (...E.n) represents the averige energy of the deubterium vecoils, It may
£ 9
o -
e pointed out that the assunption of isotroplc scatlering of nestrons on
dentarons, which enters in %he evaluaticn of the averape energy, is sorcewhat

anaersain,
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14,19 COINCIDENCE PROPCRTIONAL CCUNIHR

Figara 25 {llastrates the nonatrusticn 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 (2) and (3). Only those recolls are recorded which traverse both
sropertional counters, tnus orcducing simultaneous pulses, The rali: of the
mumber of recoils recorded to the total number of recoils generated in the
ra‘inser 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 radiazor,

The radiater ccnsists of a paraffin film evapcrated on a metal dise, Tank
argon, at nressures ranging from 1 to 10 centlmeters Hg, was used as a gas
f11ling, Alumiaum and collodion foils of jifferent thicknesses, mounted un
"we di18cs could te placed along the path of the resnil protons for the parvose
of determining thetir range, {rom which tihe enersy of the inciden neutrons
could be calcnlated, The dises carrying the absorbing foils can te rotated
“rom the auiside throurh ground joints, The thin wire rinegs on both sides of
~he absorblng foils were used Yo shield the Ltwn counters électrically from
sne anctter, This was found necessary because ctherwise the operation of the
counters was m;;ified by the insertion cof an aluminum foil between <hem,
Yeasurements of the colncidence counting rate versus bias were carrisl out
and showerd the existence of flat “plazeaus”™, indicating that all of the pulses
oroduced by thie hydrogen recoils in tne proporiional count-rs haa sizes grezater
than 3 certain valae, whizh, in tum, wag well above the bacskground noises,

I* must- be noted that the instrument deseribed /did not prove very reliable
1$ an absolute neutron flux meter. Howsver, it is likely thal. a satisfaclory
instrument tased cn the same yrinciple could be built by impraving the design of
the counters. Multiple wire proportiocnal acunters (sec Seotion 11.7) might

prove particularly suitable in this arrengement,
APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

Figure 23

Coinzidence proportional zounicr ( see Section 19),
Shaded arcas represent hard rubber *nsulators,
Counters made gas tircht with giyptal.
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CHAFTER 15

DETECTORS QF (n,ot ) AND (r,r) REACTICNS

NEUTKON 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 total erergy releagsed in the reaction is ccnstant and depends
on the neutron energy in a simple form, provided 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 sufficiert stopping pcwer to prevent
the escape of any of the particles from the ccunting voclume, ore obtains
rulses the sizeg of which are propoertioral to En-+ <« Since Q is ccrnstant
and usually well known, such &n arrengerent rrcvides an almost idesl wethod
for measuring the energy of moroenergetic 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 nécesaery to krcw the erergy dererdence ¢f the crose section
gcevretely. Unfertunately, this is not the cese and, morecver, all reactions
with sufficiertly small Q exhihit pronnunced rescrarces which meke the
ituterpretation of the experimentel‘reﬁults ever, mere difficult, The fellowiig
iz 8 list cf reactiune which have been under rtorsidarstiun foxr sfpecirasecplc

mrposes,
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Table 15.1-1 v R
Reaction Q : Remarks
1 ¢ <+ nl___, el‘ + H3 ¥ 63 uw Resorance at E = <27 Hev.
* 31)1 (o) é{ l v.. i

2e 51310 + nl R d Hez' + 11.:17 +2.3 and 2,78 Mey No resorances, Q fsirly large,

° 2 - 3'23" bolow) O very large at En s 0,

14 1 1 u ‘
Jo N & 0 —> N P +0,60 Kev Sigma shows sharp resonances
at 055, o7 apd 1.45 Mev
1
be 7N14 + 0 — .,HOI' + B «0,28 Mev Sigma showa resonance at
< 5 1.5 Mev

15,2 FLUX MEASURENENIS
Extensive use kas been made of (n,e() reactions for detecting slow neutrors.
The reaction B(n,oL ) i3 most commonly used becewse the cross section 43 very
large and furthermore knowm to cbey the i/v’ llaw in tde low energy r?gien
(E, << 500 eV)}. The value of the cross section for ¥, = 2200 microseconds

18 703 9 x 102 cn? for the matural faotopic mixture of B¢ ard B!, am

therefore 3830 x 10'%1' cn? for pure Bm. Reactions 1 and 3 in Table 15.1el
(whick, because of thd positive Q value, occur also at thermal energies) have
considerably lower cross secticn than the reaction B(n,). In the case of
reaction 1, the matefials are not as easy to handle ag boron. For thege
reagons the follpwing sections shall te confined to the discussion of toron
detectors, Such detectcrs have not only beeu used to measure small neutron
flux but also to detect 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 leads for thermal

Proc. Cambridge Phil. Soe,, 34, 290, 1938

o ]

(1)

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 ILi 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 & comparatively

3
stable compound. However, considerable difficulties are encountered in

purifying the gaé sufficiehtly to prevernt electron capture, particularly
at pressures in excess of one atmosrhere, Careful distillation from frozen

(-127°C) commercial BFB improves the gas considerably in this respect,

apparently by removing substences which capture the electrons, such as HF,

However, the best BF,_ fillings were obtained by thermsl decomposition of

3

06H NQEF The difficulties of purification are avoided by using thin filws

5 4°
of s0lid boron coated on the electrodes of the detector and filling the
chapber with an inert gas like argon or a mixture of argon and 002. The
filrs can be prepered by decomposing borane (Bzcé) on heated foils of
tungsten or tantalum, The dissdvantage of this type of detector as compared
with the gascous ones arises frcm the fact that in order to obtein high
ccunting ylelds a large nunber of foils must be used sgince the range of

the reaction particlesis very small, For absclute méasurements the use of
8olid filws is advisable becuuse the amount of irradizsted material can be

(2)

very accurately determined. It may be mentioned that the use of 30 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 tantzlun foils,

obviously increazes 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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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 end 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

mumber of disintegrations) is given by the equstion:

F(B) = 1/2 [1 - 2(R°L- Rm)] | (1)

where R is the range of the emitted of-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 assumed
that all o« -particles have the same energy, that [Ro - R(B)-S)t, and that the
rulses from the lithium nuclei are not ccunted (B > .85 Mev)., The formula

does not rigorcudly apply to the case of an electron rulse chamber, Howsver, -
it applies approximstely if the range of the oL ~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 I{ pulses are also counted, the expression fcr the

detection efficiency becomes:

F(B) = 1 - % [ i 1 ](2)
4 Roy = F1 ) * Ro, - Ry (B)

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

Agein this formula hclds only if [Roz ~ Ry(B) | 2t. Let us consider next.a
cylindrical gas filled chamber of radius b and operated as an jon rulse chamber,
The computation of the exact expressicn for the detection efficiency ies very
complicated if the finite range of the Li 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
APPROVED FOR PUBLI C RELEASE
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jonization frem the 14 recoil is confined to a very small region arcund the
origin of the disintegration. The contribution of the 14, in the case of
thermal neutrons, shall be taken as equal to .85 Mev., This agsumption 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 ocecurs clo;e to the point of origin of the

disintegretion, Under these assumptions the detection efficiency becomes

o . |
F(E) = 1 - -gé-l (3)

where r(B) is that portion of the range of the o, -rarticle (mea;ured from the
point of origin) which it must spend in the sensitive volume in order to
produce, together with the Ii recoil, 2 pulse equal to the bias energy.

If R ie the range of the X -purticle, E(R) the energy corresponding to &

certain range R, B the bias eneré&, and E_  the energy of the Li recoil, we

13
have:

B-E, ® E(R) -E [Ro - r(8)] (4)

In deriving Equation 3 it is sssumed 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 counis as a function of
the bias and extrapolating linesrly to zerc bias. This prodedure proves to

be setiafactory if the reasurements extend to a sufficiently low biss,

15,2 BORON CHAMBEE OF HIGH SENSITIVITY
Figure 1 shows the construction cf a highly sensitive boron chamber which
can be used for detectirg neutrcns of all energies by slowing them aown in

paraffin in order to increase the croass section for the B(n,e ) reaction.’

The chamber consists of a cylindrical vessel with a central electrode

suprorted by e slegigiShe Yl SEBIRTRA £k of Perestin




APPROVED FOR PUBLI C RELEASE
w4l

Figure 1

.High sensitivity boron trifluoride chamber.
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50 x 50 x 50 centimeters., The djéheters of the inrer and cuter electrodes are
2-1/4 inches and 4-3/8binches;,respectively. The gas filling consists of

BF3, specially prepéred by decomrosition of C6 H5 N2 EFy, at 8 pressure of 74.6
centimeters Hg. The chamber i3 connected to an amplifier of .2 microsecond rise
time and 20 microseconds resolving time. Figure é showe the dependence of the
counting rate con chamber voltage. The drop of the curve below.3 kilovolts shows
thst a considerable fraction of electrons is captured even in as pure a gas as
the one uzed. Figure 3 shows the bias curve at 4 kilovoltis 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 calibration at
varicus neutron energies. If the source is moved away from the chamber in a
plane perpendicular to the axis, the sersitivity decreases (See Figure 4). The
decrease is more rapid for less energetic neutrcns, and there exists therefore
a region (13 centimetsrs from axis) where the counting yield depends only
slightly on the energy. From the same Figure 1t 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 beon used for measuring the strength of very weak

sources, The background is abcut 15 counts per mirute,

COUN A ENT _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 electrcde 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 construction.
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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 mm 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 various curves are taken
with socurces of different average primary neutron energies.
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insu;ators necessary, "The counters are filled with B10 enriched BFB
containing 70 per cent Bl? to a pressure of 600 millimetersHg, With a Po-Re
neutron scurce 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 samplifier was ;5 mioroseccnds. Figures 5 and € show
the dépendence of the counting rate on the ccunter voltsge at fixed bias, and
the dependence of counting rate on the bias at the normsl counter voltage of
=2600 volts, Both curves exhibit flat regions arcund the operating roint., 1In
addition to its very high counting yield, this arrangement has a high resolution
and is therefore 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 differsont sources, measured individually, with the observed
counting rate when the sources were placed simultaneously in the detector.
From the measured loss dnd the resolving time of the amplifier,.it is apparent
that the total resolving time of the arrangement is mainly determined by the
counters.‘ .
15,5 FLAT RESPONSE COUNTERS

The dptectors described in the two preceding sections have sensitivities
which depend very strengly on the enargy of the primary neutrons. Several
attempts have been made to find an arrangement of paraffin surrounding a
boron datector such that the mumber of boron disintsgrations 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 & 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 countera. '
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Figure 6

Counting rats versus bias at 2600 .v}olts counter voltage of
high sensitivity boron trifluoride proportional counters,

\
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deteétbf i3 assumed to eitend to the front face of the block and' be very long
compared to the mean free path in paraffin of any neutron to be 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 ha#é
therefore a better chance of escaping back through the front face (instead of
passing through the boron detector) than neutrons which were originelly of
higher energy and are therefore thermalized at a greater distance from the front
face, The reason for this %s 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

.fhermalized f?st ﬁéutrons have an increased chance to escape from the paraffin,
Obviously it is not possible to accomplish this for all energies from thermal
to several Xev, 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}
shown in Figure 7 consists of a paraffin cylinder of 12 inches length and 8 inches
diameter, Along its axis a 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 cadmiumn
shield, The counter is electrically shielded by an aluminun 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) EF3 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 so 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 ihé 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 energies
are exactly known (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

oy 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 boron-carbide 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 increased 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 cirgﬁ%ﬂ/&cﬂ)%ﬁm@tﬁé—dﬁ boron trifluoride counter
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 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 polnt was measured with photo neutrons 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 parallel plate type with the boron covered foil
on the negative high voltage electrode. The electrods separation is 0.4
centimetera 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 2
tantalum foil by thermal decomposition of Bz°6° The deposit has a diameter of
1.4 centimeters and has a thickness of about 25 l“/cm2 which is considerably
less than the range of both the « =particles and the Ii recoils, The bias
curve obtained with this chamber is shown in Figure 11, 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 originate,

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

is one where the collecting 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 shielded 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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determined by filling the chamber with water. The counting rate C is related

to the neutron flux density gﬁ by the equation:
C 2gaan - (5)

where n is the number of B0 atoms per cm3, 0" the disintegration cross section,
and A is the active volume, For the chamber shown in Figure 12, the 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 voltages. 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 abcut 1 per cent these numbers are equal. The counting
ratea 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 adequate. 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 ssemicohducting material carrying sufficient current to prevent
accumulation of charges. The discs establish at the boundary of the counting
voluwne an electric field which varies radially in the same mancer as in the
central region of the cbunter, In this way the usual end effecte of proportional
counters (see Section 11.5) are avoided.

The discs consist of soft glass, coated with "Aquadag", and metalized on the
outer edge in order to insure contact with the counter wall, The central 10
mil platinum wire is fused into ve?y small holes in the glass dises. 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, 4fonization 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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squeezs-ball, In this way the disc can be pressed gently and with uniform
pressure sgainst 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 &-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 biag per unit pressﬁre at 0°%C are given with the corresponding
curves, Tnese counting rates are very closely the same, This shows that the

detector can be used for absolute measurements,
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Fig‘urc 15 .
Bias curves of definite volume BF3 counter, Curves taken at

different pressures. The mumbers accompanyigg each curve
give the counting rate at unit pressure at 0~ C,
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HAPTER 16
F1SS ION DETECTORS

16,1 INTRCDUCTION

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 knowmn cross saéction for the determination of

flux of monoenergetic neutrous. In both cases it is important to know accu=-

rately the amount of fissionable material and to count quantitatively the
nunber of fismsions 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 nstupting
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 ¢X-particle spectra,

In most cases the fissionable material is used in the form of thin foils,
Since ;bhe mean range of the fission fragmente is only about 2.1 centimeters in

air it is evident that only very thin layers of materinl can be used for sbsolute.
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déteCLOrs. Thie makes it necessary to spread the material cver large areas
if detecters of high counting yields are desired, The use of a gasecus
fiaaisnable compound would aveid this difficulty. Uraniwme-hexafluoride (UFG)
might te suitable, but v srturately experimente in this direction have not
teer 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 irsulatcers,

The fissicn pulses originating from e sclicd deposit of fissicnable
material show, of course, a wide spread in energies rangirg from zero tc
atout 110 Mev. This is partly due to the natursl spread of akcut 40 and
110 lev, and partly due to the energy lcss which the fragmente underge irn
peesing through the fissionatle material, Nevertheless it is pessible to
cbtain tias curves which (telow about half the marimum erergy) show a rather
flat rlateau, It is also worthwhile to rememter that since two fissicn fregments
result from every fission process, the murber of fissian pulses obeerved within
a 20lid angle cf 27 i8 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,.31). It is there-
fere inportant that the reesolving time of a fissicn deteclor and its amplifier
be made as short as poseitle in order to aveid piling up several d,.particle
rlleee to & height comparsble to a fissiorn pulse. Since the < -particles
have energies of arcund 4 Mev, whercas the fisrion fragments hLave energies
of abeut 80 Mev, one can allcw & pile-up of abcut five 5i-particles and sti?l
obeerve 8 rather large fraction of the fimsion pulses, Thies consideration
usually setes ap uprer limit cn the tclal amcunt of material which can be put
into « detector. An approximate estimate of the pilesvy of 0(-pnrticles can

ke obtained fror the following formuls (see Section A.12):
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Nnel
() = Yo {NoT) ~ Kt (1)
T+ N, T - 11 ,

C(n) ie the rumlber cf counts per unit time ccntaining n unresolved pulses;
No is the true rumber cf pulses per unit time., The pulses are assumed to be
of rectangular shape cf a curation T . It may Ge pointed cut that n pulses
of height P do not necessarily pive a pulse of height nP. The resulting
size depends largely upon the frequenecy responge of the amplifier, since the
pulse height nP is only reached durirg & time t€ T . It should be netod that
for rrectical purposes this formula holds only aprreximately since in most
cases the pulses will be of an exponential character, However, it glves 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 ¢f X -particles can be effec-
tively reduced by adjusting the dimensions of the detector and the pressure
of the gas so that the fission fragments spend in the sensitive volume only
a fraction of their range. Since, in contiast to the behavior «f

A apurticles, the highest energy lose per unit path length occurs fer fissiun
fragmenta at the beginnirg of the track, and since the ramge of the

ol -particles is rcughly twice the range of the fission frsgmerts, such an
arrangement leuds to a large increase in the relsative 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 fragmente and <A -particles
are ccllimated to a certsin extent, and are prevented frcm entering the chamber
at small angles with respect to tbe electrode. Even in a shallow rarallel
prlate chamber, most of the rarticles emitted at a grazing anple wculd have all
or g large rart of their path withir the countirg volume and therefcore give

an unfavorable ratic of fissicn to <X pulse height,

Since in any fissjon deteclor, the size cf the fission ruises vartoes
APPROVED FOR PUBLI C RELEASE
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from zerc to a raximum value, ore wi]l alweys cbeerve only a fracticn of

the fissions cecurring in the materjal. Fcr absclute reasurements of flux

cr cruss section, it is recessary tc correct for the finite thickness of the
foil; i.e., the detection of efficlency, defined as the rumber of okserved
puises divided bty the nupler of fissions, has to be known. Fcr a rlane foiil
of fissionable material, arranged so that no fission fragment can escape frem
the counting volume without preducing a deteclable pulse, ths detection

efficliency is givern by:

T t
F (B 1 N R (5) | (2)

where t 18 the thickness of the foil,Ro ths range cof the fissiop perticles
in tre fissionable materinl, and R(B) the range of a fission particle of
energy equal to the tias encrgy B. In deriving this relation (see Section 4.6},

{1t ie assured thaet all fission fragments have the same range Ro and that the

thicknees t of the foil is t (R - R(E)! , TInFigure 1 a calculated bias

curve is compared with eyperimental data. At high bias, the experimental
peints deviate considerably from the curve. This is to be exrected in view
of the assumrticrs made in the calculation., In the case of a cylirdriczl
fissicr chamter, carrying fissionable material cn the inside of the outer
electrcde, an additional correction, a "wall correcticn', has to be arpplied,

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“;» (3)

where b g the radius of the chamber and r(B) is that portion cf the range of the
particle which must be spenti in the sensitive volume of the chamlier 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 storping power and
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Figure 1
Bias curve of an ion pulse chamber ¢arrying a thin fission foll on

a plane electrode, Curve calculated according to Equation 3, Crosses
reoresent measurements using a foil of appropriate thickness,

Ly . )
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range energy relations for fissiocn particles. If both corrections are small, :
the final expression for tﬁe detection efficiency is the product of Equations
2 and 3.
16,2 PARALIFL PLATE FISSION CHA¥BER

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 of
argon or rnitrogen with a collecting voltage of -500 volts at the electrode which
carries the foil., The largest amount oi‘l’uzB9 which has been used was 1.2 @g
deposited cn a circle of 4 cm diameter (95‘3‘/cm2).' With pure argon, 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
o\ -particles to the size cf a fission pulse very effectively. No such pulse
was observed over a period of weeks; Figure 3 shows a bias curve obtained
with a .434 mg foil of plutonium iriﬁdiated with slow neutroﬁs. I£ élearly

shows a practically horizontal plateau over a ccneiderable bias range,

16,3 SWALL FISSION CHAMBER

A chapber suitable for quantitative flux measurements and of very small
dizensions is shown in Figure 4. The small dimensicns are a particularly
desirable feature for measurements of flux in & 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 innher electrode serves
as the high voltage electrode and as the collecting eleétrode, the outer
electrcde being grcunded., The inner electroﬁe 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 fisgi:n chamber for absolute measurments of
. fission rates,

l. Gas tight cover,

2, Mounting position of sample,
3., High voltage electrode,

4, Collecting electrode,

5. Guard elactrode,

6, Polystyrene insulator,

7., Casxet,

8, Collar for connection with ~reamplifier,
9, High voltage lead,

10, Lead to preamplifier,

11, Gas inlet,
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Figures 3

Fission blas curve taken with chambcr shown in
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Figure 4
Small figsion chamber,

bycite i{nsulavor, ) ’
Contact spring,

Leai te ccllecting electroda (#28 wire),

Lu~ite guides. T :

Aluminum shield (, )28 inch wall thickness) forming outer electrode,

-

S G DN
B

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

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

totel amount of material in this case was 60 mg of U3 g

16,4 FIAT FISSION CHAMELR OF HIGH COUNTING YIELD

A chambter for very large amounte of material confined to a comparatively
small volume is shown in Figure 5. It wes used with 750 mg of UBOB on each

plate ( 63 per cent 0235, 37 per cent 0238). Tne chamber was operated at pressuree
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 wvery thick, no plateau in

the bias curve could be obtained., Using an smplifier with a square transient

resronse and a resolving time of about 0.1 microsecond, sericus trouble from

piling up of X -pulses was enccuntered,

46,5 NULTIPLE PLATE FISSION CHANBER COF FEIGH COUNTING YIELD

In this chamber, stown in Figure 6, a very large amcunt of material is
distributed over a number of electrodes. Twelve of the fourtecn electrudes
were covered with enriched uranium on ktoth sizes. The two front and tottem
[lates 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
costing 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{ ataosjheric rressure. No plateau in the
bise curve was obtained, The chamber js therefcre cnly suitahle for relative

reasuraments of neutren flux,

26,¢ SFIhAL 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 icprable material on toth sides. The two
APPROVED FOR PUBLI C RELEASE
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Figure ¢

Flat fiselon chamber of high countirg yleld.

1.
3.
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Letal glass sesl.

3/8" stecl tubing 1/327 wall,
Lucite suprart,

Brase cover plate.

Lucite ring.

Lucite rirg.

Brass touttom rlate.,

Surport for folils.

Gag inlet,
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Figure 6

High counting yield chamber,

1. Lead through insulators (lucite).

2, Gas inlet,

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

5. Supportirg rod and lead.

6. Metal spacer,

7. lucite spacers,
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spirels represent the high vcltage and collecting electrodes of the chamber,
Since the rreparation of the foils and the assembly of the spirals is unique,
a detailed account of the procedure is given in the followirg peragraphs,

Preparation of foilstUranyl nitrate is dissolved in a minimum quantity
of alcohc].. A scluticr of 1 or 2 per cent of Zapon lacquer in Zepen 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 greatly exceeded,

This solutior is aprlied tc an aluminum foil in a thir layer by means of a
soft brush. The brush should not again touck any rortion of the foil from wnich
the sclvent has evaporated. Tne foil is then taked for three or fcur minutes
at about 550° C to turn off the Zapon lacquer and to convert the wrmanyl nitrate
to U30 o If platipum foil is vsed, the beking tempersature may be 800 cr 900 C,
The higher temperature will resulit ir more nearly comrlete elimination of Zapon
and quantitative conversion of uranyl nitrate to U3°8'

¥hen the foil has cooled, it is rclled flat betwesn sheets of raper
ard the costed side is rubbied smcoth w'th a soft tissue., Initially, the
coated surfsce will exert considerable fricticnal drag on the tissue but
this rapidly dimipishes, without apparent remcval of oxide, and a asmooth,
Justreus surface is produced.

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

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

Small areas of foil are conveniently painted, on a flat surfacs, by

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

an alumirum drum which is rotated againat the trush.
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Aluminum foil which bas heen ueed in moet'of the spirals, is prepared
for costing by lightly etching the surfaces in a dilute sodium hydroxide
soluticn, It is carefully cleaned witk water and alcohol and thoroughly dried
befdre the painting is begun, |

Freparation of spirals; Spirals have been wound bi two methode. The
firet, illustrated in Figures 7 and 8, makes use of a strip of material
for spacing the foils as they are wound, Ordinary sewing thread of ths
desirod'diamoter is 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 £hreade., After drying, the
threads are cut at one end of the bar and are removeé from 3t as a strip txice
the length of the bar. In either sdlutioh the concentration of cememt should
be as small as will produce a coherent strip,

The winding form in Figure 7 is a piece of 4" metal tubing with a
narrow, smooth-edged 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 is pushed intc the tube to provide a guide surface to prevent the foils
frem wandering axially as they are wound.. The foi] ends, provided with Qire
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 tirwe, foil and thread alternately., The fingers
are used to smocth 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 producing a spiral consist of sealing the ends in

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

force exerted on the 1do E%)ir;:dag Pﬁll??uspiral is g‘nshed partly off
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Figure 7

Method of winding spirals for spiral chsmber,
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Figure 8

Fastening of ends of spirals.
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the mandrel and about a third of the threads are pulled, one at a tims, 1
§

L

from the end of the spiral., Wrirkled edges of the foils may be straightened .
with a8 scriber, ¥

Sulphur or ordinary red sealing wax provides satisfactlory suprort 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 ard one part of finely powdered

- ese

alumirum oxide.’ »
A small quantity of this mixture i= melted to the viscous stage on
. pyrex platé or in some shallow flat-bottomed vessel and is stirred to ¢
keep the aluminmum oxide in suspension, The exposed 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 surface, 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 applying a narrow
strip of adhesive tape around the spiral at this end., The tape previously
applied is now gently removed and the rerainjng threads are pulled from the
open end 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

second end of the 3Pir,&§p?&)9[§51%q§°§tﬁgﬁf’§; %L%Et the other end,
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A set of foils used in one of these spirals is shown in Figures 9, One
of the large spirale is ready for dipping while the other is completed and
ready for installation in its chambef. |
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 ends. Those employing sealing wax are placed in acetone or
alcohol until the foils may be easily pulled apsrt. }11 rexaining wax is
then removed with clean éolvent. After all visibles traces of insulating
raterial have been removed, the foils should be baeked 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 thresads in
the winding process and these remain in the apiral, serving both to suppori
and insulate the foils. This methed is partieularly.adaéted to the winding
of very small spirals but may 81so be used in preparing the larger'ones.
The wirding mandrel consists of two lengths of 1/165 steel rods each
milled to a semi-circular cross-section for about an inch of ite length.
These are inserted into the bearings of'the.apparatﬁa‘shownvin Figuré-lc.ao'that
the milled sections overlap, Threads which have been previcuél‘y scaked in
dilute Ampheno} cerent 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 lesas than 1/16 inch of their length; They

are carefully aligned and the small cylinders are pushed onto the split -
section to serve as clamps and as guides for the foiles, The free ends of

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

Figure 1C, ' : 'i'”

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 9

Ccmf)leted spirals,
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Figure 10

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

In the case 1:lustrated ons leacd i’ soldered tec the jueide erd of ore
foil and one to the oulside erd of the othrer,

After the aligmnment has been completed, the epiral is wound by tlurning
the shaft shown in Figure 10, ¥hen about 1 inch of foll remains unwouns . the
top clamp is loogened and a strip of .00l inch Anphenol polyetyrene tape
slightly wider than the foils and about 3 inches long is cemented to the
last 4 inch of this foil., Tensicn on the foil is maintained mantally and
winding is contimed until the bottom clamp nust be disconnected; The threads
will pguide the bottom foil for the last helf turn cr so., When the erd of
the top foil hasvfaachea the epifal, a sharp ragzor blade is usedlto cut
the top threads just beyond the end of the top foil. After a further half
turn the other tﬁreads are similarly cut, Wiih the gulde 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 ia removed from the machine%by
" leosening the set screws which hold the split rcds in ttheir beariégs and
ruiliog the reds from the spirul, If the spiral is shorted, thé';}ouble
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 shorts the
foils, Small spirsls produced by the above technicque are shown i% Figure 1l.

The spirele are rounted in a suitable small container. A c?mpleted
chanber is connected to the filling 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 bte limsted,
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

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

287

Figure 11

Three spiral chamhers of Jifferent sizes ready for assenbly.
In the foreground are two coated foils,
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chambers at rather high pressures, from 5 to 10 atmospheres of argon for the
larger typs, 1C to 14_atm05phpres for the smaller type. For the same resmson thé -
collecting voltage is quite low; 135 volts proved to be satisfaétcry fpr both
types regardless of foil spacing. ' ' B ' .
The capacity of the spiral chambera is as high as 500 micromiorofkrgdﬁa . :
They can be operated by either grounding one foil, the other one serving as -
high voltege and collecting electrode, or by applying the collecting voitsgo
io one spiral and using the other aé.collecting electrode, In the former case,
ths collecting voltuge is applied through a .25 megohm resister and tho.iﬁput of
the amplifier coupled thrcugh a condenser of 100 to 500 michmicrofarads.'Tho ,
lesk resietor in the first case should be about .25 megohms, an@ about .1 megohms

in the eecond case, Due to the large amount of material used in these detectors,

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

pulses from & piling up of &-pulses, Consequently the detection 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 U0, are used, the bias curves show a plsteau. The
following table gives a 1list of comstructjons which were actually used. |

Foil Specing Diameter  Length  Useful Area  Max, Deposit'

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

7 3/8 .2 22 - 35

16,7 INTEGRATIRG FISSICN CHAMBERS
Figure 12 shows an integrating ionization chamber used for relative flux

measurements in very dense slow neutron atwospheres, ' The ionizatioh current

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

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

Integrating ionization chamber for fissiows,
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fragments and only to a small extent by § -rays or electrons. One thundred
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 residusl fonization due to the (‘: '

activity of the chamber material, produced by previous neutron btomberdment,
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 raximum voltage, a linear relation between ionizatioﬂ current and neutron

flux was found for currents up to 21 microamperes,
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APPENDIX_TO _PARZT. 11

Ag) RANGE ENERGY RELATIONS AND STOPPING POWER
Figures 1, 2, and 3 show the range snergy relations for <Xdlﬁarticies

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 @heoretical
expressiéns to experimental data., In order to obtain the range energy relation
for deuterons, it should be rememhered that a deuteron of energy 2E has twice
the range of a proton of energy E.

' Figure 4 shows the range energy relat;on for protons 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 croaps-
section O as & function of energy. This quantity is directly connected with

the specific energy loss, -JdE/dx, by the equation
q oz .. B
n dx

where n is the number of atoms per cm> (at N.T.Poy n = 2,548 x.lclg). 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 origin of the particle,

measured along its path: R

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

Figure 5 shows the same thres quantities for xenon., °

Figures 6 and 7 show the range energy relations of protoms in paraffin
( Cn Hz 2) and glycerol tristearates, The curves are based upon caiculatbd
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 '
--ﬂ-— - w
where Ze in the charge of the incident particle, v its velocity, 4nd m the

electron mass, The expressions used for the computation of these curvea are:
' ' APPRO\/ED F% UBLI C RELEASE
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Figure 1

Range erergy relstion for & -purticles. (Livingston and Bethe)
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Figure 2

Range energy relation for protons ard deutercns, (Livingston asnd Bethe)
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- Figure 3

Range energy relatiot;;for protons. (Liv.ingston and Bethe)
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Figure 4

Kange erergy relation, stopping cross section and center of
jordzeticn for protens in argon (76C mm Hg; 15° C),
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i

Figure 5

Range energy relation, stopping crcss sectisn and center of
ionization for protons in xenocn (760 mm Hg 3 15° C),
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Figure 6

Range encrgy relation for prectone in peraffin,
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Figure 7

Range energy relatior, for protors in glycerol tristearate,
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Garhon:

By = 9.4406 logy, (E/.0094704) = 2.2652 Cy(1/n, )
+4.3479  logy, (E/.22356) - 1.0497 ~Cp(1/n,) for E 2> .8

By = 944406 1og,, (E/.C094704) - 2.2652 Cy (1)
+1.0497 B (") for ,03{EX.8

Bg = 2.2652 Br(ny) + 1.0497 B (n, ) for E< .03

withY), = E/.811520 and Y} ZE / .034378

ogen
B, = 2.30259 1og10 E - .55248 CK(l/‘q) + 4.800 for E 2,03
B = ( E/A1.21) B.n) . for E & .03

with N\ 2 E/ .029863

Oxygens
B, = 18,421 logiy E - 3.4199 Cx(l’ﬁx,) - CK(I/QK)
4 24,741 -for E2Z 1.5
Boz 14.253 logjy E - 3.4199 Ci(1/7m;) +B,(0.)
4 22,496 , for ,09KEL1.5
PN
By ® 3.4199 B(v ) & Bw) ~ for E £ .09

with\'ly = E /1,489 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 BK(Y\) and C,.(1/q) for the calculation of stopping
numbers ., (From K, S, Liv.bu.getor. and H, A, Bethe: Rev. Mcd,
Phys., 9, 245, 1937).
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Ae2 ENERGY W, SPENT IN THE FORMATICN OF ONE TON FAIR

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

and energies«

Table Ae2-

Gas W, in eV PFarticle and Energy Refereuce

Air 32 electrons 3 lev

Alr 3600 protons 2:5=-7.5 Lo Le He Gray, Proc. Cam-

Alr 35.1 ~ =Leparticlas 7.8 Mev bridge Phil. Soce, 4_0_,

Alr 3546 oleparticles 5.3 Mev 72, 194

ﬁg 3640 " ole-paprticles 5.3 Nav

He 31.0 o¢ ~particlas 5.3 lev

o 54.7.. © ol ~particles 5.3 Ke Schmieder

{02 34.8 o -particles 5.3 M Ann d. Phys., §_§_, 445,

CoHy 27.5 o4eparticles 5.3 ) 1939.

CoHy 28.2 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. d. Thys., 36, 4465, 1939.
A 2669 electrons . 17.4 KV De B. Nicodemus, Thesis,

Stanford University, 1946
Xr 230 al=~particles £.3 lev Xe Schmieder
Anne de Phys., §_5_, 445, 1939.

Xe T 21.4 ol-particlas 1.3 Mev Re N Gurney

Proce Roye Soc., A117,3%32,1925
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A, RANGE COF ELECTRONS_ Ik ALUKINUM: _SIECIFIC IGHNIZATICL CF

LECTRONS 1N AIR
Curves (a) and (b) in Figure G show the extrapolated renge of eleciroms

in alumirum as a furction of their ercrgy. Curve (c) ehows their specifie

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

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

Figure 1C-and Figure 11 show the scattering ¢ross-eeclions cf rrotons
and deuterons ( at rest ) versus the ernergy of the impirgling neutrors,
The protcn curve is the plot of a theoretical expression which fits the

experimentel date very weil, The deuteron curve is purely experirental.

A,5 CORFFICIENIS OF ATTENUATION OF W-RAYS IN AL, Cua Sns AND F
Figure 12 shcws & plot of the coefficients of attenuation €T of ¥ -ruys
for Al, Cu, Sn, and Fb versus the energy of the quantup, For lead the
three comporients of T ( {.e,, the pho‘celectric, Corgpton, and pair groduction
coefficient) are shcwn, If O is Lhe total cross-section per atom, and n

the number of atoms per cm3, then T is defired as T =2nC” .

A,€ THICENESS CORRECTION FOK _FLANE FOIIS
Suppuse particles of uniform range are emitted izotroplcally frem a
material layer of thickness t, cne partlicle being emittled per disintegretiorn.
The recording device shall be bimsed such that every particle lcsiﬁg r
arount of energy £ 2 B in the detector is counted. The observed number
of counts C divided bty the true rumber of disintegration:z C0 is the detecticon
efficiency F at the bias B, The number of counted particlsas from a layer

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

-~

4dc =] 2T ain@ at 4x

o

wvhere ‘(9'0 is that angle at which the particle, upon emerging from the foil,

has just enough erergy to be counted, lLet the range st this energy be R(E},
APPROVED FCOR PUBLI C RELEASE
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e >S5 )

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

(c) S;eciﬂc jonization of fast electrone in air, Rutherford, Chadwick, and
- Ellis, "Radiation from
Radioactive Substances™
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B Figure 11

Neutron deutercn scattering croses section,
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Figure 12

Attenuation coefficient for ¥ -rays in Pt, Sn, Cu, and A]; as 8
furcetion of frequency {from Heitler, The Guanium Theory of
Radiation'). The dotted curves show the three ccryponents of

€ for lead.
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Figure 13

‘Thickness correction for plane foil.
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W e
R R

and the oripinel rerge Ro, both measurosd {n tir materinl ¢f tne €041, Then,

R(B} = R, - &

o ec3
(5]
and the total runler cf counts is
4 8,
’ 3
s 02 éx ein® a& * amy { ] % et e
¥ j J f‘LR,,-h(B,'13
(o > s

shere Co = AWt
anc F(B, = "";Z“ { l - :—-*-'—"“M—-.-. } (3

The relstion 18 of course only valid if x & (_Rc - R\Bﬂ . It ir algo essumad
that the puise slze is ‘ndependent of the dirsction »f the particle, Since &o
is assumed to be rather large, the effect of clectren ccilection may be
reglected 1f the foil is on the reyntive elecircde,

For lcw blased boren detectors, tre datection offistency wil) be the
sum of the efficlercles fer K ~jarticles snd lithive recrcils a3 snhown in
Chapter 15. For fissicn detsctors, since twe frepmerts are emlited per
disirtegration, the detection efficiency Lw twice thatl giver by the formula,
&8s stated in Sectlon 1€.1. For reastiuie glving rise to single pariuaies
a1 uniform erergy and for tidck layers ( PA Y'R.« - R(B)3 Jp F i giver by

R. - R{B)
Lt

¥B) =

”~-~
o
AV 24

Ap,7 RANGE CF_LITHUIN RLCCIIS AN _ATOMIC STOPFIMNG FCWER_OF BORON,

Ar. ayiroxirale range energy reiation for Li7 has hedn censtrucied
from the photometric traces of cioud chamber tracke from B{n,ot } disirtegre-
viovne of Bower, Braischer, and Gilbert. Withir the considersble uncertainty
it wma found that the same energy range relation holds for LiT s for

sloxw KA-particles, The atomic stopping yower relative to eir for very slow

O -rarticles hes toen estimnted by interpolation to te akcut 6.3,
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A,2 DETECTION EFFICIENGY G CYLINDHICGAL LEIECTOR ¥ITE RATIATCR

If a foil containing the emitting substance is placed cn the inside
ot the vail of a cylindrical detecter of raifus b the detecticr efficiency is
resuced tecause of the particles, emerging with sufficient energy sinder a large
sngle with respect to the radius, which leave the counting velume by strikirg
the cylindricel well surface. If this geometricel effe~t and the thickness
affect (see Section A.6) are both small, the detection efficlency is the preduet
of the efficiencies for each effect sepurately., This requires, therefore, that
r(B) <Ky, r(B) teing thet rart of the initial range in the gas of the .
Aeteclor necessary to produse a measurable pulse., For en infinitely thin t
layer, ard under the eame assumptions as in Secticn A.{, tie delection efficiebcy
of a eylirdrical detector is given by the ratio of the ares of that part of
the surfsce cf 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 ¢ PZ(B) (see Figure i4).

Let us ccnsider a pelar system 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 cylinder is

f-‘-j/rz sin€ d © 4 ¢

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

given by

and the cylirder

r = r(B;

e sinz& cosch + cosz® 2rbcosS = 0

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

f=r2(E)/ 3¢ d i

o]
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Figure 14

Wall correcticn for cylirdrical foil.

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

CURVE OF INTERSECTION BETWEEN
SPHERE OF RADIUS r(®)WITH CYLINDER
OF RADIUS b
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wiicre ‘}11 is glven ty the equation of the touncary curve

A — - ———t A A AP S A——

TR 1 -'\/1 - [ﬁr(,ﬁ)/b ) _siy QQQSQ}:
‘1 sin? @ { v(B}/b )

Expanding {t end reglecting higher tharn linear terms ir { r(B)/b ) ne get

- T 2(8)
s
’ - ] - )
ard F(B) = —— (1 _L%EJ.) (5)

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

account $8& *herafore

: / \
L - t E €l
) a1 2 ( ST R(BT])& 1 - R oG

In the case «f fissicrs, where twe particles are emitted, the tocinl detecticn

efficlercy is twice that giver by Equation 5',

Agg YALL CORRECTICN FOR CYIINDRICAL DETECTCR WITH VERY SMALL INNER

ELMCTRCDE IF FARTICLFS ORIGINATE IN THE GAS

If the disfutegrations take place in the gas filling of a large
cylindrical chamber of radius b, scme particles will hit the walls Lefors
having produced a sufficlert ionizetian tc be recorded at the giver tias.

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

If cartesjan coordinates are introduced (see Figure 15) with the origin
at the point P, the z axis on 2 radius, ard the y axis parallel to the axis
of the cylinder, for any giver direction of emission of the particle, therw
is & paint F at a distance W] from the axis C such that the particle loses
s energy B equal to the bise energy befere striking the wali. For particles
being emitted ip the directicn given by the polsr argles & ana k;’ s the

feleetton effi-feney s
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NS

— Figure 1%

Kall correcticon for cyiindrical chamher if ionizing
particles origirate in gas.

"'-0 - g
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(_[;,1‘9,.5‘2)_) ain Q‘Qd@

The equetion of the cylindriecal wall is

(rcos@+7\)2+(r31n@cos({) )2 = b? (6)

ard n 2 = 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, Ee the originel encrgy, ard’
B the biasg energy.

In order to find the total detaction efficiency, the integration hes
to be extended frem 0 to ‘Qm( (P ), where @m( @ ) is given by the relstion in
Equation 6 with Tl 2 b. The integration over 60 extends from O to 2 W . For

‘@ms & S, M remnins at its maximun vaiue b. Thus

-
¥(B) = —--—-— f d({){ (7\‘/1)2) sir.@d&.q-Jg sin O dQ}

- -i{b -Cj__)ﬂi(pm\ "
.Rith COS'GN - b 6] eincr‘f L ﬁﬁ.L

S

Within the above arproximation, F beccmes

F:1--§1€l (7)

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

VARJOUS WATERIALS FOR FISSION FRAGLENTS ,

The me&n range of fission fragments in various materiuls has been ccemputed

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

It wmag found that approximately al) materiels have the same storping
rower for fisstcen fragmente as for { ararticies of 4.5 Mev, The data for air
was taken from the atove reference, Values of the mean range of fission
fregments and tne stopring power of varleus materials for fissicn fraguwents
sre given in Table A.1Cel, The values for the ranges are not considered

tu be very accurate except for air,

Table A.1C-1

Meterisai Kear Rarge of Fissign Atomic Stopping Power
\ Fragreate in ng/em<,

Air 2,70 1.0

Al 3.7 L 1.51

Ccllodicn 2.6

i 542 , 2440

Ag éo..l 3008

Au 11.14 3.9€

) 12.¢ (442)

0308 10,0
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Figure 16

Range erergy relation for fissicn fragments (Bohr, Beéggild,
Brostrgm, and lauritsen, Prys. Rev., 58, 839, 1940; also
Boggild, Brostrpm, and lauritser, Phys. Rev., 59, 275, 1941).
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Ay,12 FECCLUTION 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 far a time T which is large compared with
the duration of the mulse, 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 shert rulse, The probability that n-l additional pulses occur within

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

- e O (8)

where n is the averauge munber of pulses per unit time., Tlre number of counts

per unit time containing n pulses is given by
C(n) = K * F(n-1)

where the constunt K is determined by the normalizing condition
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n,z Z KF(n-1n =K EP(a-1) (n-1+1} 5K (£n +1)

Thus we get for C(n)

Hn -1
1l & T.-no (n - 1) e © (9)

c(n) =

Fur tre tctal ccurting rate (rumber of cetnts per unit time, irreepective of

how mary rulees are contained in & ccunlb; we lave

P e . (1¢)
¢ 19 T n,

The relaldve counting lose is

:? N,
n |
(&) 4 tnn

(11)

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

in comparing tle counting rates Cc.] and Co')

cf twc sources with pulee rates T,

2 1
#nd n,_ with the counting rute Co,.. of the combined scurce which is given by
< ’. .
¢, To—lllz . ot%ep=2T 000 (12)
510 1+-r,(n01+r- i 146, C,
= 102
The rate of accidentsl colrcidences G cf two recording devices giving
fulses of dursticr T and baving counting rates 001 and Co,, is given by the
equation; oo oo o
G Gy, (0) - 20, () - T, (.
For (C01 ¥C_ )<< 1, one obtains, neglecting higher than linear terms:
2
Gz2tCc_ ¢ - (12)

Ol 02
s a sedond ceee, consider that the deal time is not a cenrtant,
indeyendert of subsequent counts falling within T, but that lle recording
rielruaert reserds a pulse rrovided that the voltspge of the collecting

clectirode has been at zero for any arbitrary short time preccdimg the pulse.
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Again let n, be the pulse rate. The probability that a pélse is followed by

a “gap" of duration T, (no further pulse during the tine T ) 1is given ty
-1 )
€ no. Thus the counting rate Co (maiber cf recerded ccunts rer uvnit, time) is

T
0

The nurbere of single, doubls and n fold courta are, respectively:
+
-2 T ng

g
¢ (1) = e since one Recuires & gap

of at leasi - before and after a pulse; %
§

-r T «thn *
TP (1. °) requiring timt the

cC (2) = n, e
fulee be followed by ons cother within the tlue T ; and
€ (n) = n, e"’zTno ( ]-@'T’no) n~1

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

notation as bhaefcre:

Co. 4Cq ~C :
o o) . .
T = ..,,*25,.MS]§-_.- ‘
Coyz ™ Poy ™ %oy :
The piling up of square pulses of unifurr height F and equal width T e

diecuered belew,

A rulge height n°F ia pruduced if n rulses occur wlthin a time T. The
countirg rate of counte of helght nF is therefure glver by the cour tirg rale
C(n) giver by Equation 9. It should be kept in rind tha* the height nF exists
only during a time spalier thar U . Corngeguently, many of the multiple pulses
are of very short duration. In practical cases, where the julses usuvally have
an exponertial rise and decay, the formuia gives aryroximate vaings if T is
tuken as the resolving tine, For an accurste trestment of vractical cages, tle

knowledge of the complete trantient respense of the detecting oqjulrment is necessary,
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4,13 _NULERICAL VALUES OF THE BACK SCATTERIKG Funcrich, & _Foke - TARTICLES

(s} Relativs values of # for varicus materials:

Eaterial f materisi / égold
Au 1.00
rt R
gi0, .39
Al 23
Be «1C

(v) Values of § for gold using o -particles of 3.68 cm renge {(N.T.T)
at various values of R(B) in air ( R(B) = the range of anX-jarticle whose

energy 18 equal to the bias energy B J:

R(B)_cp Fact

0 9.7
. "0
.2 B.5
.2 2.0
ok 7.7
o5 7.5

(¢) TFor the variestlcns of with the renge R of the o(-paviicies, one
(3} 4

can approxirately assume tiat

Fiey) = Focen o L

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