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PRELIMINARY TESTING OF A PROPORTIONAL COUNTER
FOR NEUTRON SPECTROSCOPY WITH HELIUM-3

~ John N. Green
Radiation Laboratory

. University of California
Berkeley, California

‘ _ : April 21, 1958

ABSTRACT

The He3 (n, p)T reaction can be ﬁtilized in a proportional countjér

‘for neutron-energy determination in the region 100 kev to 1 Mev. This
" has "alreédy been demo_hstrated and the reaction éross sectioh in this

energy region has been measured with a counter.  For practical
application of the counter as a spectrometer, such as in health physics
work, it is desirable to increase the counter efficiency. A proportional’ |
counter utilizing an anticoincidence ring to reduce wall effect has been
constructed for this purpose. Some preliminary tests of the proposed

system are described. -
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CHAPTER I

INTRODUCTION

The detection of neutrons and especially the measurement of

their energy have from the first attempts presented a more difficult

problem than for the other common nuclear particles.  This is be-

cause the usual methods'depend'ed on effects resulting from the charges

 of the particles. The experiments by Dee in which he investigated the

ionization produced in air in a cloud chamber irradiated by fast
neutrons[l]' were reported at the same time as Chadwick's announce-

ment of the discovery of the neutron. Dee concluded that, if the

‘neutron interacts with atomic electrons at all, the process produces

not more than one ion pair per three meters of the neutron's path.
If we accept an arbitrary description of neutron energy, En’ as
intermediate neutrons 1 kev to 500 kev, fast neutrons: 0.5 Mev to

10 Mev, then we may say in general that the predom1nant reaction of

. 1ntermed1ate neutrons with nuclei is elastic scattering, and that in the

fast’ fange'many other reactions appear, the most important of which
is inelastic scat.tering[z] . Hydrogen- or methane-filled ionization.
chambers or proportional eounte'rs became an important method of
detecting fast neutrons because the neutron can impart practically all
of its energy to a proton in a head-on collision, and the recoil proton
is then the particle causing the action of the counter. However, a
determinationef the neutron energy"spectrum by the recoil method

requires a thin radiator and a double collimation--first of the neutron

beam and then of the recoil protous——resulting often'in too low an

efficiency: Theoretlcally, the second collimation, may not be
necessary because the neutron spectrum can be obtained from. the
recoil spectrurn by differentiation, but this leads to large errors since
we are effectively taking the differences of numbers of about the same
size. Nuclear emulsions and organic scintillation counters have be-

come very important detectors in neutron spectroscopy, especially for

‘neutron energies above 1 Mev.



For energies below 1 .Mev‘it becamie a.pparent that exothermic
nuclear reactions might be nsefnl for neutron spectroscopy. New
- methods were especially needed in health phys1cs apphcatlons where A
any schemes requ1r1ng collimation are automatlcally ruled out. Fast
neutron_s are of major concern to health. physicists because of the’
dﬂiffic‘ulty of shielding against them, an.d their .1ar_ge relative biological
effectiveness 3 . In 1946 Feld propvosed that a propnrtional counter
utilhizing _the {n, P) react‘ion.might be useful for nentron spe'ctroscopy
in the 10- to 1000‘—kev range, with the a_dvantage ‘-ox./er recoils nf
.det‘ecting lower energies and making collimation unnecessary[ ] He
considered the most px"omivsi_nvg reactions at that time:

N4 (q, pic 4,

' Cl35 (n, p)8350
I—iov;/;ever as he expected, these do not very well fu1f111 the first of
‘the general requirements, which might be listed as follows:

(1) The reaction cross section should be fairly large and its
variation with neutron energy smooth and free frorn resonances in
the energy region of interest (and accurately known). _

(2) The Q value of the react1on should be small, because (En + Q)
is the total energy measured by a counter, and for accuracy En
cannot be too small a fraction of the total

(3) There should be no low-lying exc1ted states of the residual
nucleus to cause an amblgulty in the energy of the reaction part1c1es

We can look for these requlrements to be met over apprec1ab1e
ranges only in light nuclei, in which the energy levels are more
widely spaced, avoiding resonances and excited states. Also, for
small Q values apprec1ab1e penetrat1on of the Coulomb barrier for
(ny p} or (n, a) charged particle reactions would be 11m1ted to light
nuclei,i ,. . »

Two (n, a) pos'sibilitiesv are

L o

0 (n, a)Li7,

-2-



The first has a large Q (4.78 Mev) and a resonance at En .="O',27 Mev.
The second, widely used for thermal neutron detection, has an ex-
cited state and fairly large Q values (2.79 and 2.31 Mev).

With supplies of helium-3 becoming more available and a likely

- possibility being He3(n, p}T, helium-3-filled proportional counters

came under consideration. In 1950 Coon showed that the cross

(5]

scattering cross section of hydrogen. The thermal cross section for

section in the 1-Mev region was about 1 barn'~', comparable to the

this reaction is large (5400 + 300 barns)[é] . These types of reactiom

cross sections obey the 1/v law for a wide range, but intermediate -

neutrons may depart from the 1/v law.

Some work on helium- 3-filled proportional counters has been
done by Batchelor and others at Harwell, England[7] . They used a
small amount of helium-3 admixed with xenon or krypton as the
counting gas and stopping gas to reduce wall effect. Also, a small
amount of carbon dioxide was added to stabilize the multiplication
process. In their final filling the pressure of krypton used was 164 .

cm of mercury. Since they found that, for En =1 Mev, a pressure

\ of 8 atinos of krypton is required to reduce the wall effect to 1‘0%,!‘

they set up a computer program to correct for wall effect. = Their
work remeasured the neutron cross section in the range 120 kev to
1 Mev more accurately than préviously, showing a much flatter
energy dependence than the 1/v law. , - / '

They also pointed out a basic source of ambiguity in é\pe_rgy '

determination other than counter defects. As we show in Chaper VIII,

‘the maximum recoil energy of a, He> nucleus is FEH-ev3 = 3/4 E . The

true energy counts :im from Q for En =0to En + Q. Thus, for

3/4 En £ , the recoil spectrum begins to over‘lap the reaction
spectrum. On the basis of Batchelor's value 'of Q as 770 kev, this
means that ambiguitie's exist if neutrons of greéter energy than 1.03
Mev are present. The scattering cross section up to about 20 Mev is-
comparable in size to the reaction cross section of interest, but of

course only a fraction .of those neutrons scattered deliver a large



portion of their energy to thvelHev3 recoils. In any case, the presence
of high-energy neutrons reduces the accuracy. B .

Gaseous c'ounters.have notdriously low efficien‘cy, and as

helium-3 has become more plent1fu1 and less expens1ve it éeems
- worthwhile to investigate the feasibility of 1ncrea51ng the countlng
rate by increasing. the quantity of helium-3 in the counter. As we go
to higher pressuresg spe01a1 problems arise, such as the demands
for gas purity, higher voltages, and better insulatlon'[s], Also, the
container must be more massive, and proper consid.efation should
be given to the effects of the masses upon the spectral distribution
of the neutrons, primarily caused by inelastic colliéions (trans—
parency correction). For these reasons it would be desiréble to
use helium-3 alone as the primary f1111ng, ut111z1ng it for the count-
ing and stopping action. However, we soon find it very d1ff1cu1t to
decrease wall effect to a reasonable value by helium-3 pressure ‘
alone because stopping powers decrease with lower atomic nurhbers.,
For ihstance the following ranges of a 5.3-Mev alpha partlcle at one
atmosphere have recently been measured 9

helium--21 cm,

krypton--3.0 cm,

xenon--2. 2 cm.
For this reason it is des1rab1e at the same time to determlne the
practicality of reducing the wall- effect by surrounding the sensitive
volume of the counter with an anticoincidence ring. -

Since helium-3 is quite valuable, a fairly elaborate filling
system must be devised to insure no loss of gas in fiHing and sub-
sequent recovery. The purity requirements are not so great as in
noble gas scintiﬁatio_n counting, in which a small amounf of contam-
inant such as oxygen or bther polyatomic gases may corﬁpletely
quench the useful scintillation property, but some purificé‘tion arrange-

- ments will probably be needed in the filling system to achieve good
energy resolution and to remove impurities which inevitably get in

to the gas during filling and recovery. It is important that the

_4-



loss of helium-3 be kept small during the purification process. Purifi-

“cation procedures for noble ‘gases using metallic calcium have been

applied successfully for some time in removing all electro.—negatlve
impurities,’ nitrogen, hydrogen and to a lesser degree carbon dioxide
Also, the method of physical adsorptmn of impurities in an actlvated
charcoal trap cooled to liquid nitrogen temperatures has been used
successfully in a he11um-3 system, and has the advantage of greater
ease and convemence[ll] . However, it appears there may be a special

problem due to the radioactive background from tritium contamination

“of helium-3, "and this problem is increased by us1ng higher helium-3

pressure
It was felt that useful information about these two techniques, {a)
using helium-3 as the detecting rh’ed;iumf'.and primary counting gas and
(b) reducing wall effect with an anticoinci_dence ring,b could be obtained
by te sting a counter with a filling of ordinary helium. The natural
abundance of helium-3 is about 0. 00013 'so.th'at' it is not ordinarily
noticeable Owing to the large cross section at thermal energ1es it
can be detected in tank helium by use of a nuclear reactor as a source

of neutrons, and this has been suggested as a way of surveying world

helium supplies for heiurrl—3_ content[]‘2 . Because it is a double-

mag'i"c‘i number nucleus, He’4‘ is very stable, and the detection of
neutrons in a helium-filled counter is due to the recoil alpHa particles.
Helium=-3 and helium-4 have the same electronic configuration, and
we can obtain information about the counting characteristics of one

by experimenting with the other.

[1

0]5



CHAPTER II

COUNTER-SXSIEM '

A method of reduc1ng wall effect in proport10na1 counters is to
detect the particles that escape from the sensitive volume and exclude
them from the measurements. To accomphsh this it is desirable that
the walls of the maln counter be transparent and completely surrounded
by transparent walled counters in aﬂntfc01nc1dence " The feasibility of -- -
Geiger-Mueller counters with transparent walls -- so that wall thick-
ness Would not 11m1t the radiation to that above 2 m1n1murn—— was
1nvest1gated in 1944, and it was found that symmetrlcally placed wires
could approximate a cyhnder[1 3] . Single counters of triangular type
. v?_ere constructed with good results. However, when two such counters
were placed close tcgether, there was a deletermus effect due to

distortion of the field at the central wire. Better results were obtalned

with a regular hexagonal shape.

~

COUNTER CONSTRUCTION

A counter has been constructed in which a layer of gas surround-
ing the main counter is in effect turned into a separate detecting device

by a circular array of wires. The geometry is shown in. Figs. 1 and 2.

. The inner circle of wires, grounded to the cylinder, serves as the’cathode

for the main counter and as the inner cathode wall for the ring counter.
In the oiiter circle of wires .alterna,te wires. serve as cathode and
counting wires for the ring counter. Since there are 36 wires in each
circle, We effectively have the main counter surrounded by 18 separate
counters.

An arrangement similar to this, referred to as a ''wallless
counter', has been applied to low-energy beta spectroscopy and proved

[14]

escaping high-energy particles from having an effect on the low-energy

to be a practical instrument As pointed out, this prevents

end of the spectrum, but the effective sensitive volume now depends

on energy. However, inaccuracies because of this circumstance will

el
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Fig. 1. Arrangement of counter.
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Fig. 2. Cross section of counter wiring.

L g



be much less than from uncorre.cted wall effeet Another applic.ation

of this type of counter geometry is the so- called "G11es telescope”

‘neutron spectrometer[ 5] . In this arrangement the counter is long

and narrow, and neutrons are collimated along the .10ng axis. The

requirement of a thin radiator is obviated by using gas recoils and the
anticoincidence method to prevent registration of pulses that recoil
obhque to the chamber axis. Monoenergetic neutrons then have a
pulse-size d1str1but1on with a Well def1ned peak. A recent apphca—

tion of this scheme, ut111z1ng hydrogen and propane fillings at

- various pressures, has resulted in energy spreads of 10% for neutron

[16]

energies from a few hundred kev to 10 Mev.
Some of the constructmnal details of our counter follow. The

counter cyhnder has 1/ 16 - 1nch thick brass walls and is 4 inches in

outside -diameter. The total gas volume less the inlet piping is 1.93

liters. The vessel has been pressure- and leak-tested with helium at

20 atmospheres, making operating pressures up to 10 atmospheres
possible within safety requirements. All wires are stainless steel of -
3-mil diameter. The central wire is supported by kovar insulators

————

and is electrically available only at the basé. Its length between

thickened supports is 8.5 inches. If we assume that, owing to a fall-

off in field strength near the ends, only"§0% of this length defines the

"sensitive volume, the sensitive volume of the main counter is 888 cc.

The ring-counter anode wires and all cathode wires are each strung
from a continuous piece of stainless steel wire and threaded throdgh
holes in i-inch-thick lava insulators at top and bottom, the anode
wire system being eleetrically available through another kovar at the
base. A major drawback to this method of stringing is the difficulty
of repair in case of wire breakage° The volume defined by the ring
counter is 600 cc. | _

_ The anticoincidence ring also canceis out particles that enter
‘the counter from the outS1de or are em1tted owing to contam1nat10n of
the brass walls. Korff says a well-cleaned surface sh[Oulil emit 0.36
17

alpha particle per cm‘2 per hour within a factor of ten and

-9.



Sharpe gives 0. 09 alpha part1cle per cmz per hour for commercial
brass[ 18] . In normal operation the counter W1ll probably not be
sensitive to single secondary electrons knocked from the walls by
gamma rays, but unwanted counts due to p11e up w111 be more likely
in the'ring.counter where the density of secondary electrons will be
great'er A proportional counter w1th walls of copper tub1ng 1/32
1nch thick has been used for count1ng gamma rays of energy up to 1.6

[19] . The gamma ray attenuatlon “tenfold1ng length” i
approx1mately 60 g/cm for all materlals in the energy region. where
Compton scattering is the most 1mportant processf2 ] This extends
from less than one to several Mev for all elements. Multiplying by
deunsity, we find our brass wall is 1. 34 g/cm thick. The tenfold1ng
, length converted to a 1/e length is 26.1 g/cmz', . We haye P
éxp (-1.34/26.1) = 95%,. therefore about 5% of all gamma rays imping-
ing on the counter wall will be converted to secondary electrons. Of
course, many of these electrons will be absorbed in the wall before
reaching the counter gas, but gamma ray count1ng eff1c1ency would
be reas‘onably high if the counter were operated at high gas .
mult1pl1cat1on ;

The voltage at which a counter under given conditions is operated

~ determines the gas mult1p11cat1on, For a given counter Rossi and

Staub have shown the functional relationship of mult1p11cat10n[ 1] to be,
: _ >

M=M

In b~
a

where
a = vyire radius,
b.= cathode radius,
P = gas pressure,
_ -V =voltage across counter,
Since mult1pl1cat1on usually takes place in a cylindrical reg1on of
small diameter near the wire, we m1ght assume our two counter

systems identical for purposes of figuring muitiplication, -except for

-10-
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the difference in In b/a. The multiwire potent1a1 problem would be
very difficult to compute, but if we take an average b value for one

of the r1ng-counter wires (averaged over measurements to the inner
circle of wires, to an adjacent wire in sarhe ring, or to the wall),

for the ring counter we obtain b/a = 225 and for main counter b/a = 1000.
The r‘atib of the logarithms is 1,27, therefore for the same value

of gas multlphcatlon this indicates that the main counter should have -
a hlgher voltage by a factor of 1.27. of course, the determining .
factor on multlphcatmn of the ring counter will be to make it as sensi-
tive a_sl possible in order to detect all particles that leave the main .
counter, but not so sensitive that a large number of background counts

keep the desired counts from the main counter gated out.

ELECTRONIC CIRCUITRY | | \

~.

A block diagram of the electronic circuitry used with the
counter is given in Fig. 3. The blocks below the dotted line complet‘e
the ﬁeutron spectrometer system, but inve stigatioh of the operation
of the system was made without th1s by scalmg both coincidences and
anticoincidences. A list of units actually used is given in Table L
One channel of the dual-channel variable gate and delay unit can be
used for the variable-gate block, and the use of this unit for the - ;
pulse-shaping function could be replaced by simpler electronic cir-
cuitry..  This unit is very useful, hoWever, for experimenting with
different values of discriminator setting and j‘of delay and length of
.output pulses. If two pulses arrive at the pulse-shaping block.at
about the. same time, we want to binsure that there is no.anticoincidence’

‘pulse to gate the pulse-height analyzer on. To do this we deley

_ channel No. 1 slightly so fhat the channel No. 2 output pulse will-

definitely be at the coincidence unit before the channel No. 1 pulse
arrives,. Also, channel No. 2 pulse is made longer so that the
coincidence unit will see it during the entire time that it sees the

channel No. 1 pulse. The count on Scaler 1 + 2 indicates the number

-11-
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Fig. 3. Block diagram of COuniér’eléctf&hié"éifbuitry.

-12-



" Table I.." Units used in counter electronic circuitry.

- Function : . Unit o ,
Regulated High Voltage Supply _ Northern Sc1ent1f1c Co .ser, #1
Meter and Divider Panel | UCRL 3 kv D1v1der Panel
_Linear Amplifier, ch. # 1 UCRL Mod.-.S, Dwg. IX5334
Preamplifier, ch. #1 | UCRL Dwg. .1X4353D |
>>Li‘rie_a‘r’Amplifier, ch. #2 : UCRL Mo'd, 3, Dwg 2T4404

 Preamplifier, ch. #2  ~ ° UCRL Dwg. 3T2393 ‘
Pulse shaping o 'UCRL 'Variable Gate and Delay Unit
e T ‘ - Dwg. 2T8084F and 2T8154 .
"Goincidence - Unit 7 .. - UCRL-8 Channel Quadruple Mixer
L v .. _ Dwg. 3T5894 1 .
Scaler 1 # 2 . UCRL 1024 Scaler, Mod. 2
, R Dwg. 3T8934 '
Scaler. 1, 2 . o UCRL 2 Channel 1024 Scaler, Mod, 1

Dwg. 4T6895

-13-



of pulses from channel No.. l:.not registered by the pulse-height
analyzer. The versatilé variable gate and delay unit, used with one
input pulse, and in conjunction with the coincidence unit, . can also be .

used as a éingle-'channel p'ulse-height lanal-yzer‘if desired.

IONIC MOTION '

' W1th this size of counter one may have to Worry about the time
1ag between formatlon of the pulse by the maln counter and by the ring
counter when 1on1zat1on occurs close to the edge of the ma1n counter.

We can compute the travel time for ions if we know the mob111ty and

. how drift ve10c1ty ‘depends on mob111ty and the field. Sharpe has

developed convement equatlons for computing ienic- motlon in

chambers[lst] ~In general in cylindrical or spherlcal f1e1ds, the field

is
ve®
€ = —m—,
Iny
where
N "y =b/a
r = radiué,‘
V = voltage across counter,

and for a cylinder n = 1.

An ion crosses the system from one electrode to the other in a time
given by ' : :
_r.ap+tl, np+l . . \p
T = [a (y - -1)] / [(np+1) K (V/In y)* ],

where p = £ for electrons and 1 for ions in the equation relating drift

velocity w to mobility, K,
w = Kep .

We are concerned with the time for an electrvon to travel across the
&

counter because most of the pulse is forfr}ed near the wire owing to the

concentration of the field at the wire whether there is multiplication or

*

operation as an ion chamber. If we take a case of V = 1000 volts,

= 2.5 atmospheres of helium, and use Sharpe's value of

-14-
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K =35: 104 cm3/2/'\/volt - sec~Natmos , we find for electrons

T =7.55 psec. However, we expect that the mobility of a helium-

’ carbbn dioxide mixture may easily be greater by a factor of ten,

based on the way C‘O2 increases the drift'velocity_ of electrons in other
nob{le gases. This is explained for argon on the baais of the Ramsauer
effect and the high first excitation potential for argoﬁ,’ 11.5 volts, in

comparison with the low excitation levels in a CO2 fnolecule [10], The

first excitation potential of helium is even higher, 19.77 volts,

- Extensive work has been done on collection times in argon, krypton,

and xenon, and it is reported that once a fraction of one percent of
CO/2 is added, the effect of original polyatomic impfn:itiels in a noble
gas may be assumed insighificant[.zz] . The transit time computed
abov.e is reduced By-‘the same factor as that by which the mob_ility is
increased, and should not be too long for the coincid_ence requirements.-
. The transit time for a He+- ion in pure helium to cross the system
from wire to wail, computed for the same conditions as for the -qlectron
and on the basis of a mobility of 10.8 cm. 2/volt-sec‘—:f.u:r_n., is 1850 psec.

This time is not too important, since the pulse. can be shortened by

shortening ‘the amplifier time constant,

-15-



'CHAPTER III. .
ENERGY 'RESOLUTION

, A discussion of energy resolutlon depends on the complete theory
of proport10na1 counter action. This has been well covered in several

[10, 17, 18, 21, 23, 24, 25, 26]° The attempt here is

books and articles
to point out important factors_ concermng_the energy resolution of this
particular counter, using developments from any of the basic sources

but modifying the terminology as necessary in order to be consistent.

INHERENT LIMITATIONS

Inherent fluc_tuations in a proportional counter are from (a) the
.number of ion pairs released by monokinetic rﬁadiation, and (b) the
. size of the avalanche each ionization electron produces. Fromv.
theoretical work based on the assumption that the first was a Poisson
- distribution (it was found experimentally to be smaller than this) and
expanded upon experimentally, it was shown that relative variance of

total size ofiavalanche is approximately given by
2 . . . :
=~ o (III- :
Vp/(rr}AmO). l/mO ( . 1)

where
"Vp = variance (mean square deviation} of size of avalanvc.hve,
m, = mean of number of ions initially liberated,
 m, = mean of number of ions produced in avalanche by one
electron.

We note that this inherent spread is no longer a significan_t
factor at the .energie.s at which we will be working because in-the 1-Mev
energy range and at an assumed mean energy to .pr‘oduce an ion pair
of 30 ev, mq is greater than 104. These theories .were useful, and
experiments were done dow\n in the kev: region where m was a smaller
number. For our magnitude of m, the relative variance would be
around 0.01%. Since experience has shown that the relative spread of
pulse vheig_ht (relative standard deviafion of pulse height from a mono-

kinetic radiation) is at least 1% or 2% (owing to mechanical defects of
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a'counter or defects in gas filling) at these energies, the inherent
spread is not a significant factor. The mean energy per . ion pair,

which determines mo, 1s expected to be practically constant over the

: (En + Q) range. This mé.y not be true in very pure helium, in which

the mean energy has been meas‘u're'd as 41.3 ev, in contrast‘to 29.7 ev

when a small fraction of another gas is present. A possible explana-

tion on the baS1s of charge exchange and the metastable states of helium

is given by Sharpe with reference to exper1menta1 f1nd1ngs[18]

NEGATIVE-ION FORMATION

An important gas defect is negative-ion formation due to electron "
attachmenf to a gas molecule, It dpes not occuf 1n pure noble gbases
nor in NZ’ HZ’ CO; COZ’ or CH4, However, iF is likely to occur iq
the collisions of electrons with the halogens, OZ’ or water vapor. In
the development of Eq. (III-1) the following equation was derived for
the case where a fraction h' of ionization electrons reaches the wire -

W1th0ut form1ng negative ions:

{

(h‘rfr? 2 = ___22 + r'flr l}ff - 1), (II-2)
A™o . my 0 o \ 3
where V0 = variance of number of ions initiavlly liberated. For h®! =1

'__(no negative-ion formation), this equation leads to the prévious

approximation that relative variance is about l/mo when we use an

exper1menta1 result that V 0/3 That is, the relative variance is

1 1 1.68 \]
% [3 +(—,hv )

J .

approximately

(A bibliographical review on the development of Eqgs. (III-1) and (III-2})
is given in Reference 26). | '

Thus, for accuracy in low-energy work it is recommended that

the gas be purified to remove negative-ion-forming impuritie s. How-

ever, since the factor in brackets in the expression for relative
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varianceis multidied by the reciprocal - of m, ' we'expectth'at in our
case the purification réquirements may not be s0 stringent. This can
be roughly checked by an approximate 'expxj-ess'io'n['lB] for the con-
centration C of electronegative gas ‘in‘a‘mix’tﬁre in terms of the gas
pressure P (in atmo'Spher'es), ‘and Shubweg 6 (in cm) based on gas-
discharge theory: ' -

. -2 ‘ .
o 7o 1077
oF o (ur-3)

The Shubweg 6 is the product of the mean free life of the electron and
its drift velocity under the'applied field. Values represenitative of
the case in many gases were assumed for the electron mobility and
: probab111ty of attachment per collision, h, for the gas -

~ Suppose we wanted a gas purity that would make h' in our
expression for relatlve var1ance equal 0. 99 If an electron started a
d1stance r from the central wire of a counter the probability of its
reaching the wire without attachment b’y the def1n1t1on of the
‘Shubweg 8§, would be e r/6, Therefore we set e /6 = 0.99 or
6§ = 100 r. For a counter in which 3 cm would be a representative
value for r and at a pressure of 2.5 atoms we get, from Eq. (III-3},
C =0.01%, a fairly stringent requiremep/t, If we try h' = 0.9 and -
make the same assumptions, we get C =.0.1%, or 99.9% purity
required. Now, going back to the ataproximate expression for relative
‘variance and assuming m; = 104, we can solve for avvaiue of h' that
would give a relative variance of, say, 0.1%. This turns out to be a
seemingly very. easy crtterion, h' = 0.179. H'owever; making the
same assumptions as before "we find C is 'about 1%. But in the
equation for C the assumptions for electron rnob111ty and h, which
exhibits resonances for some gases dependent on electron energy,
could both conceivably be off by almost a factor of ten, and considering
also other approximations, we could easily be back to our 99..99%{‘
‘purity requirement. The parameters in the gas-discharge theor;i\are
not accurately known for all the pure gases and cannct be predicted
for mixtures, especially if the pefcentages are not very accurately

known.
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-RADIOACTIVE BACKGROUND

T“he problem is different if there is an appreciable tritium

impurity in the helium-3 supply. The loss of energy resolution is then,

due to the pile-up e'fllow /-energy background counts due to the radio-

active decay of the tritium. This decay has an end-point beta energy \

of about 18.9 kev. L2 '1,

‘tritium we must first analyze the effect of pile-up in general

To estimate the. required purity.of helium- 3 with respect to
| [21]
Consider the piling up of square pulses of uniform height W and equal
v‘vidth T . A pulse height n W is produced if n pulses occur within a
time 7. If a scaler discr_irninatbr level were set at n W, 'an erroneous
count would then be registered. We can get approximate Qalnes for a
counter by taking 7 eql_lalbto the, eqnipment"resolving time.
| If the occurrence rate of events in the counter each giving rise
to an energy E has a mean rate of ng, the mean number of events
during a resolving time is n,T and the sta_ndard deviation is '\/_n;; for
nyT > 1. Thus, the energy dissipated per resolving time is

noT E+ '\/-_r;z)—'r—f Now suppose the threshold energy of the system is

such that it takes an energy of n'rE to produce a spur1ous count. Then

the follow1ng expression g1ves the number of standard deviations by

which the number of counts durlng a resolution time must exceed the

~ mean number in order for a spurious count to be produced:

(n7 - no'r)/ '\l'no'r = [(n - ng /'\/n— N7 . (III-4)

From this we can estimate the probability Py of receiving a spurious

count during the resolving time for a given'no and . The spurious

countmg rate is given by I =p /7' If we estimate 7 as O 5 psec and

w1sh to keep I less than O 1 count per minute, pg must be less than
= 5/6 - 10 -9

the rnean between 5 and 6 standard deviations. Let us require that

This probability corresponds to a deviation above

g be less than n by 6 standard dev1at10ns . The average energy of the

tritium beta spectru.rn is about 5. 7 kev, therefore let E equal this
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value.. The range of beta particles of this energy is such that most

of the béta energy will be spent in the counter gas, as shown in

- Chapter VI, Since the Q of the He> (n, p) T reaction is 770 kev, a
value of n7E less than this will not be detected as a spurious count,

- Of course, a value of n7E that is an -al;preciable fraction of 770 kev
destroys the accuracy of ne'utron,-ener'gy determination if enough of
the pile-ups occur in coincidence with- valid neutron counts. However,
the number of accidental coincidences betweéen two counting rates is
proportional to the product of the rates ’and the resolving time; in
this case the true and spuriod‘s rates are expected to be small enough
that the problem'of modification of true pulse-height counts will not.
be as serious as the number of spurious counts re'co:rded compared to
the number of true counts. If we set nTE = 770 kev, nis a_pprofcimately

3 - 108, Using-Eq. (III-4), we obtain

8 _ _
3-107 - ng o5 10-6)1/2.

Solving, we have ng = 1.86 - .108 disiqtegfations per second.
If this is the allowable mean disintegration rate, we can solve

for the allowable number of tritium ;atoms in the counter from the

disintegration equation:

dN/dt = - UL693/T1/2)N:= - 0y
where
N = number of tritium atoms
Tl/Z = tritium l'lalf life = 12.26 years.
This gives N = 1.03 - 10_1'7 tr1t1u1n atoms. OF i each molecule is

L6

diatobmic, the allowable nunlber is 5.65 - 10 molecules. The
sensitive volume of the central counter is V 888\cc and at P = 2.5
atmospheres, the total number offmolecules is DP V = 5.66 - 1022
19

molecules where D = Loschm1dt"s number at 15 C, or 2.55 " 10

This gives a tr1t1urn compos1t1on of about 0. 0001% This looks like a

TT——
AY
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very serious purification problem if there is significant tritium contam-
ination in the helium-3 supply.
\

SATURATION EFFECTS

It is apparent that for high-energvy particles and high enough
multiplication, saturation effects near the wire should eventually
destroy the proportionality of the muitiplication process. Experiment-
ally, the ratio of pulse sizes has been found accurate to 1.5% for M
less than a cr1t1c.a1 value of MC (E) at which saturation effects b_eg1n[28]

For the counter used the experimenters 'fou'nd :
E - MC(E) = constant = 1_08 ev. (I11-5)

Using this for our counter application, where the maximum (En + Q) is

177 Mev, and allowing a safety mé.rgin of 'a factor of two, we have

M_ (E = 1.77 Mev) ~ 28 .

 If we also check expected charge—tb—length ratio in avalanche compared

to charge-to-length ratio on the wire, a ratio of 4% corrésponding to
Eq. (IlI-5), it appears that adOptmn of the equation for this counter
should ensure no s1gmf1cant loss of proport1ona11ty due to saturatmn
High values of multiplication are also not desired, owing to increased
voltage-stability requirements, because_the curve of multlp_llcavtlon
versus counter voitage’ in most cases starts out rather flat but sobn

rises into a steep ascent.

" POSITION OF IONIZATION

Because of the long travel time of positive ions to the cathode,
amplifier time constants must be used that ignore part of their con-
tribution to the pulse‘. This makes the size of the. pulse de'pendent on
the position of ionization. A general rule is to use M >10 to‘avoid
this effect when counter radlus is 100 times wire radius. Let us
investigate the effect for our counter, for y = b/a = 1000, and for no

multiplication. On the basis of the expressions for fraction of total
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induced voltage due to electrons.and positive ions, Staub shows that
the fraction of the volume of the chamber in,-whieh.the ionization can
originate so that more than half of the pulse is caused by the fast

electron collection is b/(b+a}, since the contribution to the pulse 1s

evenly divided when r = N{a - b) is the position of original ioniza- ’
t1on[1_0]. Or this is y/{y-i-l), which equals 1000/1001, which seems to \

indicate th_af multiplication might not be necessary for large y values.
This assumed position corresponds to r = 31.6a for our counter. As
a further check we assumed the ionization took place at r =316 a,
and calculated the fraction of the pulse due to ‘elec_tron motion
(ionization in about 90% of the volume would give 1arger pulses),
"using the assumptions about ionic motion used in Chapter II and
some .other equations from Reference 18. This fraction was 0.835.
Amp11f1er time constants in reality would be long enough to register
some of the positive-ion motion, which would improve this fraction.
However, starting from r = 316a under the .same conditions and
assumptions, we calculate the ionic motion to contribute only about
0.002 to the tetal pulse in a collection time of 5 psec. Thus we con-
clude some multiplication is necessary to remove effects due to

"position of ionization.

END EFFECTS

W1th no preventive measures there would be ‘an abnormally
high electric field at the ends of a counter wire. The loss in
resolution thereby can be partially erased by having the wire
shielded or thickened near the ends to give a low field. The variation
of M along a counter wire has been measured and found to be import-
ant at a distance on the order of a counter radius from the th1ckened

[z9]u

ends In a h1gh—pressure proportional counter des1gned_to be
used for neutron spectros'copy it was found that the pulse-height
distribution variediradically over the extent of the counter in a pre- »
liminary design without field -tube's[ 12], The loss of resolutionicom-

pared with the resolution at the center, was significant when the

l

-22-



1nvest1gators moved a narrow penc11 of thermal neutrons w1th which

they were prob1ng the counter 0.5 inch away from the center. '_I'he

‘wire was about 8 inches long. The s1mp1est way of - overcomlng end

- effects is to use a long counter-~-that is, long" compared with the

radius. Of course, this is not always practicable. Our counter,

with wire length 21.6 cm’ .and cgi;nter“diameter 7.62 cm, is not a

very long counter; and we might expect.considerable loss of resolu-
.ti.on' due to end effects. The end effects.can be eliminated by mechan-
ical methods, which add complexity to the counter. A divided counter
was constructed in which a bead divided the wire into two unequal

[3’o]ﬂ

end effects. Field tubes extending over a guard tube eliminate end .

lengths Subti"acting one spectrum from the other eliminates

effects when field-tube potential is adjusted to a proper value and -

field and guard tubes are corréctlv located, Field tubes were proposed

in 1951[31] and used the same year[32] to mvest1gate the low- energy

spectrum of tritium down to appr0x1mate1y 200 ev.

 WALL.EFFECTS

Wall effects as outhned for a gas recoil chamber by Rossi and
Staub[ 1] are pertinent for charged-particle reactions, since in both
cases the loss in resolution results when the particle that causes the
ionization in the gas doeé not expend its,f,ulllrange in the sensitive |
volume. Three cases .al"e: {(a) The reaction takes pléce in the
sensitive volume but one of the charged part(iclievs produced crosses
the end boundary; (b) The reaction takes place in the sensitive
'\,volume‘but the charggd particle hits the lateral wall; (c) The
reaction takes place outside the sensitive volume, but one of the
charged particles enters the sensitive volume. The anticoincidence |
ring does not helvp in those instances in which the cha.'rged particle v
crosses the_en@s.. Thus, it is desirable to have a small ratio of afea
of ends to 1at§ra1_afea, or--what is the same thing--ailong counter,
as in reducing end effect. Pulses reduced in size by the wall effect

contribute a continuum of energies from zero to ‘(En + Q) to the
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pulse helght d1str1but10n W1thout the use of an ant1comc1dence ring or
a magnetu: f1e1d to curve the paths of the charged part1c1es the wall
effect can be reduced only by 1ncreased size of the counter and in-

creased gas pressure.

OTHER EFFECTS | - ®

Inaccuracies in energy resolution can also come from variation
in applied voltage, variation in p051t1on and diameter of the wire, and
‘dust particles on the wire. These are discussed in the general
. references. Any alone could be very detrlmental, ‘but it appears

that all can be avoided with careful techniques.
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CHAPTER IV

GAS FILLINGS .

The counter was first tested by filling from a bottle of argon

'plus 4% carbon dioxide. The filling and evacuatmn system used. had

an oil diffusion pump and 11qu1d nitrogen trap, but no special purifica-

tion procedure or trap was used in the gas-filling line. Satisfactory

operation was obtained in counting gamma rays at pressures of one,

‘three, and five atmospheres. Since the secondary electrons have a

continudus distribution of pulse heights, “we would not expect a flat
plateau in the curve of countlng rate versus voltage in the preportional.
region, but we do desire a slope that does not place too exacting
requirements on vol,ta\ge regulation, At 5 atmos. we found about. 3%
increase in 'counting rate per volt in the 2600-to-2700-volt range on

the main counter. Th1s was at a high value of M; the range of pulse

‘heights available was several thousand times the minimum detectable

- pulse height. At 3 atmos in the same voltage range, the change in

counting rate per volt-vwa.s about 3%. Of course, the M was greater

" owing to the lower pressure. The ring counter at 5 atmos had about 1%

[

increase per volt in.the 2100-to-2200-volt range. Its counting rate
was higher owing to its proximity to the wall. ‘

The helium filling was from a bottle of 99.99% pure helium; the

‘desired percentage of carbon dioxide was previously introduced through

-~

a separate filling line. Both filling lines were run through dry ice-
acetone slush traps when COZ was used or a quuid’.nitfo’gen'tr‘ap if
helium alone was used. " (CO-Z would be frozen out by a liquid.»nitrogkn
trap.) The use of the traps did not seem to have-a large effect. The.
CO was found ve;‘y necessary to avoid spurious discharges in the

s;

counter.
M

The stabilizing effect of polyatomic gases mixed with noble gases

seems to depend on the1r ability to absorb photons, in contrast to the

small-photon capture cross section of the noble gases (many of these

photouns are producéd by metastable atoms), and also possibly on their
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ability to receive energy from metastable states that have high.

excitation energies. Colli has investigated ultraviolet photons in the

decay of metastable argoh atoms and found them to be responsibte,
through a photocathodi‘c'pl’focess, for the starting and maintenance of
corona current in cylindrical argon _counters[?’:a]° - The'photons were
~pr6duced in the Tow’.n]sepd.avalanche.on the wirg. Another effect of
metastable atoms is the release of secondary electrons from metal
.surfaces[?ﬂ‘}]° The Jpositive'ioris can also eject secondary electrons
from metals, the requirement being that the energy of ionization be
greater than twice.the work function of the metal, which:is about 5 ev
for common cathode walls. Helium is expected to be more treoublesome,
than other gases because of its high ionization potential, abeut 24.5 ev,
and the high elrlergies of its metastable atoms?a’bp_ut_z.o_ev_,-_ Evidence
for the difficulty of interpreting experiments with helium has been
,.p,resented[35] on the basis of th‘e e\xistence of the helium molecule-ion
-and metastable molecule. It had been sho_wn the I—Ie’.;r ion is present
at very low pressures,: and the concentration increases with pressure
. relative to the. concentr_aﬁtion of'He‘-!—°
The’ stabilizing _efféct of CO‘2 was demonstrated in the counter by

.determining the approximate maximum voltage on the main counter *
that could be applied without causing a rapid breakdown when a radio-
.active source was placed a given distance from tl;e counter. Total- ‘
- pressure was 5 atmos. The results are listed. in' TableIl. The break-
down: caused by background radiation alone occurs with pure helium
at-800 volts. - '

v - However, adding more CO2 was not a solution beNca_us-e the
‘pulse heights were thereby drastically reduced. It had been found
previously that in mixture of argon plus 10% CO2 there was a loss of
pulse height above pressures of 3 atmos, probably due to columnar
. recombination, which is high in COZT’ This refers to recombination
along the track of a densely ionizing particle. It was™not possible to
attain.a large enough range of pulse heights above a minimum dis- *

- criminator setting for counting recoils from a Pu-Be (a, n) neutron
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Table II. Percentage of CO, in helium versus voltage '
- for breakdown'on main counter. ’

Percéntage -of‘CO2 : _ - Critical Voltage
4 . | 11500 -
6 - - 2000
12 R 2500
20 L . 2800
25 S 3000
33-1/3 e

source without going to a counter voltage at which spurious discharges
would occur. The situation improved with decreasing pressure. '
A final filling at 2.5 atmos with 2% COvaas chosen for further

experimentation. The curve of counting rate versus voltage for count-

ing nettron recoils from the Pu-Be source showed a slope of 0.84%

change in counting rate per volt in the range of 1100 to 1200 volts on the
main counter wire. 'For the outer wire there was a 4.3% change in
coﬁnting rate per volt in.the range from 800 to 1000 volts. The

voltage-stability requirements at 5 atmos at a voltage at which the

. spurious discharges did not occur were not significantly different.

One advantage of helium as the counting gas is readily apparent--

its reduced sensitivity to backgfound gamma radiation. The range of

the secondary electrons in.‘g/crn'2 is about the same, but helium has
about 1/10 the density of argon. The low atomic number of helium is

also an advantage in that the interaction of gamma rays directly with

~ the gas is small.
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CHAPTER v

COUNTING RATE AND EFFICIENCY

"For an isotropic neutron flux in a proportional counter the count-

ing rate may be ¢xpressed[z] as

I1=N v, f o(E ) ép F(‘En‘) '_f(E_n) dk
where ’ "
‘N = density of reacting nucleI (nuclei/cm3),
VC= volume of absorbing mat’erial (crh3),
o(E ) = neutron cross section of absorbing nuclei
‘ (cm )
¢E = neutron flux peif energy interval (neutr'ons/cmz—
‘sec-erg),
F(En) =~détection efficiency defined as ratio of count-
‘ ing rate to rate of reacting events.
Ideally, for an exo'er.gic reaction and integral détectiOn, F(Eﬁ) is a
step function: zero for E < B and unity for E > B, where B is
threshold bias energy for equipment.: This step function is mod1f1ed
by a geometric factor, G(En), for wall effect as shown below. . For
differential detection, F(En) is ideally a difference between two step.
functions with thresholds B1 and B2° For a recoil-detection process
in which, with no collimation, a neutron of any energy may give
-pulses from zero to a maximum, we must evaluate F(B/E ), which
g1ves the fract1ona1 number of recoils giving pulses larger than B.

Thus, for a recoil detector, one has
"F(E_)) = G(E) F(B/En),

vThe term 'f(En) above is a corr»ection factor;for perturbatio'n of
flux caused by insertion of the absorber. This factor is neglected in
the rest of the discussion,
-~ A solution of the equation for counting rate would in most cases
be extremely complicateld., Some insight can be gained by considering
the simpler case of a mowergic aeutron flux. ’Then we can eliminate

the differential and replace ¢E{ with ¢ (En) in neutrons/cmz—sec,
N . :
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L 3

For neutrons-of a given energy this leads to
1=NV_o(E) ¢(E) F (E).

The efficiency of a counter is defined as 1/q, where q is the

" number of neutrons per second traversing the counter volume;

q-= ¢(En)A, where A is the effective exposed area of the counter. Then
counter efficiencyw-is
NV o(E) $E)FE) NV 0(E)¢(E,)
c T SETA o S

If we call VC/A = d, the average distance traveled by a neutron in

crossing 't'he.counte-r[2,'4] , counter efficiency is

ec =No (E )d F(En) =ep F(En) ,
where ep = N o (En) dis the efficiency of radiation defined as the
ratio of the rate of reacting events to rate of neutrons traversing the
counter volume. '

The gquantity N is readﬂy calculated by express1ng it as D P,
where D is Loschmidt's Number and Pis the pressure in atmos.

_ For the counter, we have d = 1 59 cm if we take the total sur -
face area of the main counter as the effectlve exposed area for an
isotropic flux. If we assume 2.5 atmos of hehu.m 3 and a neutron
energy for wh1ch the (n, p) cross section is one barn, we have ‘

e, ® 0.01%. For the counter filled with ordmary helium at the same

R
pressure and for a neutron energy for which the scatter1ng,cross

section is 2 barns, we have e =.0.02% for recoils.

R
The opposite extreme to an isotropic flux is a collimated neutron
beam. Here the general equation for counting rate 'is’ '

~

- A’f ¢En (1. NGE)T, F(E,) dE, | |
where-
A = .area per_pendicular. -to'bﬂeam, o ,
T = thickness in cm of material parallel to beam.
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Assuming a monoargic neutron beam as before, we can write

1= AG(E ) [l - cNo (E)T ]

e-No (En) T]

e F(E )=e

=l1- LIS B

C .

R = N O'CEn)T,

andfor No (E )T << 1, e
In this case we see that the radiation efficiency of a cylindriéal counter
in a neutron bearn\ is dependent on its orientation with respect to the
beam: If the beam direction is p’erpe'ndicula'r ‘to the long axis of a
counter of radius'b, solving for the avér_gge thickness of path gives
(‘rr_/Z?’)b or 5.98 cm for the main counter. ‘Thus, the counter has a
higher radiation efficiency under these condition_srby the factor

T/d = 3.76. Of course, e .

R
the long axis of a cylindrical counter.

would be even higher for a beam down

EXPERIMENTAL SETUP

However., | in eXperimental setups the éouriter usually is neither
in an isotropic flux nor exactly in a beam. Consider placing a neutron
. source at point P, :i distance ¢ from the counter axis and opposite the
V centef'of its length, as shown in Fig. 4. If ¢ is not too small and the
counter dimensioné not too large, it s_eem.s_‘we could appr'oximate the
expected counting rate by assigning an average neutron flux to the
: counﬁng volume.: ‘ o
¢av - Qs/‘hrrzeff ?
where QS = rafe of emission of neutr,dns by the source and

£ = N(c d), where d =A/b2 + f'z +\c2., Then, - = .

T

ef
\ I=NV_o Q/ 4ncd

(2ssuming F(En) =1 for the time being). The rate for neutrons

traversing the counter in neutrons per second can then be expressed

as this average flux times the area of the central rectangle, or
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Fig. 4. Geometrical arrangement of neutron source and
counter, ' ' ‘ ’
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. B b 2= 5 b
9% fvcd ‘ B © cd

This expression was set down to show that this method is equivalent
to a common method of computing the solid angle subtended by a finite

-[18

rectangular counter For one of the small rectangles of area b f

in the geometry shown the equation for solid angle given is

tan @ =b f/c d.
For a small angle we have tanQ%Q and for the entire rectangle the solid
angle would be ‘ - |
4b f/_c' d.

Thus, we have

—<4—— / 4) s = /m) (bf/cd), -
as above. Also one should note that we have aséigned the same
radiation eff1c1ency in this geometry as for a beam, as we can show
eg = I/q=No V /4 bf (still neglecting F(E e
But we have V /4 b f=wbZ. 2 f/4.b f= (n/;)b, the average thickness
found for a beam through the counter. '

An arrangement like this was used with a Pu-Be neutron source
of QS = 1.54 - 106 neutrons/séc and d =21.22cm. Then we compute
I/F‘(En) = 1662 cpm for a pressure of 2.5 atmos of helium, and using"
an average scattering cross section of 2 barns corresponding to an
average neutron energy of about 4 Mev. (Actually the Pu-Be neutron
spectrum is ‘co.mple'x from zero to about 11 Mev, and no attempt has
been made to Compﬁte an accurate average value. ) :

If we obtain curves at different values of high voltage, as shown
in Fig. 5, we can estimate the point where they tend to zero pulse
height. At this poidt F(En) is unity and the experimental value of
counting rate should correspond to 1662 cpm. It appears to be only
ab\out' 400 cpm, not a close correspondence, bgt there were so many

inexactly known quantities and dubious averaging processes that it is
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Fig. 5. Integral bias curves for main counter at various -
: ‘counter voltages,
A. 1200 volts,
B. 1165 volts,
C. 1135 volts, -
and using neutron source in arrangement of Fig. 4.



hard to draw definite conclusions. The scattering cross section is
rapidly varying in this energy range and the manner in which the inte-
gral bias curve approaches zero is not known. Also consider the count;
ing rate of 175 cpm for the ‘highest counter voltage used at a pulse
height of 10 volts, the lowest discriminator setting for which counts
were reéorded. If we 1¢t G‘(En) = 0.83--a value -q_qmputed for an
average alpha recoil in Chapter VI then, for a 10-volt bias, we have
‘F(B/En) = 0.127, which w01_11d indicate a detec':bti;on of a small fraciéion
of the recoil alpha particles. The curves for the ring counter, Fig. 6,
seem to tend to a much higher zero-point countihg rate, but it is
believed that other events than the recoils are being counted, since the

volume of the ring counter is less than that of the central counter.

RECOIL-SPECTRUM C ONSIDERAT IONS

1t should be much easier to draw some definite .conclusions about
the suitability of the tube's multiplication factor for obtaining usable
pulse heights if a monoergic neutron source were used, preferably one
giving a recoil alpha in the energy range of interest, 770 kev to 1.80
Mev. The counting results from avmonoergic source would be much
easier to analyze,
This is illustrated as follows. For‘ a monoergic source the.
neutr.on spéctfurn, 'N(En) versus En’ is ideally a spike and N’(En) is
- the total number of neutrons; the differential pulse-height spectrum
due to the recoils, n(W) versus W, where W is pulse height, is a
rectangle; and the integral bias recoil spectrum, N(W) versus W, is
ideally a constant-slope line. These are sketched in Fig. 7. These
shapes of the differential and integral bias curves are justified as
follows. The pu_lsé height.depend.s on the energy of the recoil nucleus;
the counter and amblifier convert that energy into pulse height. The
recoil nucleus, as shown in Chapter VIII, can have a maximum energy
of Ka En’ where Ké. =4 A/(1 + A)2 , 1f we usel:mass numbers for the
-masses. Let W be the energy of recoil nucleus (converted into volts

of pulse height by the counter system). Then W can vary from 0 to
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Fig. 6, Integral bias curves for ring counter at various
counter voltages,
A. 1025 volts,
B. 975 volts,
C. 925 volts,
 and using neutron source in arrangement of Fig. 4.

-35-



CNCE,)

n(W) B N (W)

W W

MU-15,211

4
Fig. 7. Ideal curves for monoenergetic neutron spectrum.
A. Neutron spectrum. _
B. Differential bias recoil spectrum.
C. Integral bias recoil spectrum.
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K En and the number of pulse heights from recoils from the monsergic
source are spread out over this rangé of W values. The question is
whether or not the distribution is uniform over the range, gi\}ing a

rectangle, At the values of En of interest here, and for 11ght nuclei,

- it is accurate to assume that neutron scattering is mainly S-wave and

spherically symmetnc in the center-of-mass system of coordinates.
We wish then to express the recoil energy in terms of E and the
angle of scattering in, center-of-mass coordinates (both»e‘nerg1es in
laborafory-sy'stem coordinates). Using conservation of energy and
an equation developed[36] for reiating the velocities of the neutrons
in lab coordinates before and after scattering vwith 6, the angle of
scattering in c. m,.coordinates, ‘we can show W = %LKaEn {l1-cos 6);
then dW = 1 K E_sin 6 d6. But in spherical coordinates, we have
do = d2/27 sin 6 , where d2 = element of solid angle, therefore
dW=K_E_(d%/47). We cansay Prob(W)dW = (¢(6)/c ) de
where
o(0)

o
s :
Prob(-W) dW = probability for recoil nucleus to acquire an energy
between W and W + dW , v

(o (9)/GS)dQ = probability that neutron will be scattered through

differepitial scattering cross section (c.m. ),

integral scattering cross section,

angle 6 into df2.
It follows: Prob (W) /0 . 41\'/Ka En . For an isotropic
scattering distribution (O‘ 6)/0's = 1/4“’:) and monoergic neutrouns,
Prob(W) is thus a constant, I/Ka En’ and n(W) is a rectangle of

constant value proportional to N(En)g The integral bias distribution

is an integral of the rectangle, integrating from maximum W to zero,

g1v1ng the tr1angu1ar shape

For a non.rrmoergic neutron spectru.rn N(E n)—;instead of being-
the total number of neutrons-—represents the number of neutrons per
energy interval, and we must integrate over the spectrum. We can

say
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n(W) = Kl- f_Prob, (WYN (E_) o (E ) dE_ = Kl_f 1/K_E_ © N(E) ;,-S(Eﬁ)dEh

where K. is an arbitrary constant and o (En) is the elastic scattering

Cross selction as a function of neutron energy. -Thus, for a complex
neutron spectrum the shapes of the differential and integral bias
curves are very difficult to predict. For pérformingzz the in‘tegration
1n analytical form an éxﬁression for N(Eh) and Us(Eh)must be used.
.General___ly, for most sources N(En) goes from zero at En =0toa
. maximum and back to zero at En = En(max)o The intervening
structure may be quite complicated. Let us assume o (En) varies: as
_ 1/N En . This is approximately‘tfue[ls] for scattering on protons
' for En between 0.2 and 5 Mev, an approximaté relation'being (iUS) =
4.'5/'1/En‘for En in Mev and ﬁ'(rs in barns. Itis less true for helium,
which has a peak of about 6.6 barns at 1.15 Mev and then tails off.
Then if, for illustrative purpoées, we assume

N(E_) = En3/2 sin E_,
where Erl goes from zero to En (max) = m in arbitrary units, we have

a spectrum shape that can be readily integrated:

E =r¢

n .
n(W) = K, J /K E ) E Y 2sinE £ V248
A A T n T Tn Ta o
En=W/Ka
Ky
= -R";‘ (1 +cos (W/Ka»’

where W go'és frorn 0to -Ka_w, To save writing W/Ka as the variable
on the next integration, let us change W from energy to arbitrary
voltage units where W goes from 0 to w. Since we have divided the

W scale by Kaf’ we must multi.ply the density distribution by Ka' rI“he
differential distribution .becomes

n(W) = K, (1 + cos W).

1
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The integral bias distribution is obtained by integrating this from

the right: & | - | _
N(W) = - K, J (1 +cos W)dW =K, (m - W = sin W),

The value of this distribution at W = 0 is the total number of scattering

évents, mK,. This should equal the number of neutrons times the

1
probability of scattering or

™

U ‘ ’ T .
K, J N(E )o (E ) dE_=K, f E sin E dE = 7K.
0 0

The three distributions are sketched in Fig. 8. The significant
trend is the way the integral bias distfibutioh rises rapidly near zero
pulse height,‘ even with this assumed neutron spectrum weighted
heavily toward the high-energy end of the spectrum. . With a complex
neutrbn-energy specfrum—-as obtained, for example, from (a, n)

sources{37]

--the shape of the integral bias curve and the manner in
which it tends to the zero pulse-height counti-ng rate becomes very

difficult to predict.
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Fig. 8. Assumed neutron spectrum and recoil spectrum
"~ for assumed conditions. '
A. Neutron spectrum.
B.  Differential bias recoil spectrum.
C. Integral bias recoil spectrum.
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CHAPTER VI

PARTICLE RANGE AND WALL - EFFECT

Knowing the range of an alpha particle or proton in air, we can
compute the range in helium if we know the relative atomic s‘topping
power of helium compared with air. The range-energy cﬁrvés to be
‘used for alpha particleé and protons in air at 15° C and 760 mm

[38] which, on the basis of experiment,

pressure are those of Bethe,
corrected for low energies the original curves by Livingston and

‘ B'et_he[39]., The original work was a theoretical treatment based on the
Born approximation but also modified by éxp_erimental data then
available. o o

The basic equation giving energy loss ﬁer cm of path 'defines
stopping power: o ' ' '
- dE/dR = {47 e*z%/mv?) NB,

» \'Jvhevre
E = enérgy of incident iyarticle,
R = path length,
= electron charge, |
z = atomic number of incident particle,
m = electron mass,
v = veloéity of incident particle,
N = number of atoms per cc of stopping material, '
B = stopping nurhbef? Z ln (2m Vz/Iav)” where
Z = atomic number of stopping material,
“Ia = K Z = average excitation potential .of atom of stopping

v
‘ material,
' K = Bloch constant (which is not actua]ly a constant but varies
somewhat for different atoms and is usually dete‘rmined
| experimentally be.éause it is difficult to calculate
theoretically). | - . .
The relative stopping power, compared with air, is defined:
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s = B/BQ = Z/ZO[<¥n'2mfv2 -,z_1g'~:;av>/(1n 2mv® = 1n 10)] ,

where the _Zero subseri'pts ‘revfer to air. Here s is seen to be a function
of ineident-particle velocity, and for different atoms increases more
slowly than zZ alone We find i't aeeurate enough for the purpose at
hand to use this equation, although many modifications to the theory
can be made in computing B, as done by H1rschfe1der and Magee[40]
for several different substances for protons.

. We take experimentally determlned values of a1r from
rReference 39: I = 80.5 ev and Z0 7,2_2, For helium, Iav = 44 ev

The calculation shows for 1-Mev protons, St = 0.328. To convert

[41]“

the range in cm in air at NTP (‘150 C, 760 mm) to that in helium under
the same conditions we note that stopping power is proportional to
N and B, therefore the range in cm must be inversely proportional to

these quantities. The range in helium is
o No/N: SO/S\He ’

Wheret\lgie zero subscripts again refer to air and sg = 1. Now, NO/N

R =R

is approximately 2, since air is mostly diatomic. The calculation
yields R = 6.13 Ro-
helium-4. For a 1-Mev proton, R0 is 2.28 cm, therefore R is 14.0 cm.

This should be fairly accurate for helium-3 or

The range is 1nverse1y proport10na1 to gas pressure since density is
proportional to pressure - Thus, at 255 atmos this proton range in |
helium becomes 5. 60 cm, and at 5 atmos, 2.80 cm.

To find the range of an ion of other isotopes of hydrogen (given
the relat1on for protons) we note that of all terms in the stopping
power formula only V2 is dlfferent for a given energy Thus, a
triton of energy E exper1ences the same stopping power as a proton

of energy 1/3 E; but it goes three times as far since it has three times

" the energy° The maximum triton energy with which we will _be con-

cerned in the He3‘ disintegration is about 1 Mev, and we figure its
range to be 8.54 cm in 1 atmos of helium. . Since this is less than a
representatlve proton range from a He3 disintegration and represents

an upper bound on the triton range, the order of magnitude of the
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' a pulse above the bias energy E of the discriminator

wall-effect difficulties. can best be estimated by considering the

proton range. Aspointed out’byBatchélor[7] in explaining his computer

'program for wall-effect computation, the correlation between proton -

and triton tracks plué a cylindrical geome‘try makes exact calculations
impracticable; also the angular distribution of the He3v(n, p)T reaction
is not very well known. o ‘

In integral bias counting involving the (n, p) reaction, detection
efficiehvcy is defined as the counting rate divided by rate of emission
of protoﬁs, When the total range of particles is small_cbmpared with
linear dimensions of & counter and distribution is isotropic, a value

for detection efficiency often given is
F(E)=1-Rg/2b - Rp/2 L,

where we have an active cylindrical volume of radius b and length L,

and RE is that portion of total range of protons necessary to produce

O],

in the expression for F(E} reducing it from 1in_ity represent the

The terms

magnitude of the wall effect and indicate the loss at the lateral bound- -

ary and end face, respectively.

The expre ssion for F(E) cé‘n be shown to be plausiblé as follows:
Consider the fraction of the volume of a cylinder of radius b within a
distance R of the side walls. This fraction is (2 bR - RZ)/bZ,
Consider charged particles originating with equal probability along a
radial line with ends defined by the outer volume. If any direction of
emission is equally probable, one-half of the particles will be emitted
with a radial component toward the center and not intercept the wall.
For that half of the particles having a positive radial compone'ntv,

those originating on the inner edge of the fractional volume have

. practically zero probability of intercepting the walls (since only one

- direction of emission allows the particles to reach the wall), while

those originating at the wall have 100% probability .of reaching the wall,
Assuming that this increase in probability is linear as we move out-

ward toward the wall, we estimate that one-fourth of all the particles
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originating in the fractional volume reach the wall. Then the wall

effect is 1/4 time the, fraction ‘of_the. yt‘ﬁllzp;ne., or

R/2b - (R/ij2 L , -
For R << 2b, this is approximately ‘R/Z,b.v ».Simi\larly, the fractional
‘volume wifhin a distance R of the ends of a cyliﬁder is 2R/L, and-- .
again taking 1/4 of this value--we get.R/ZL as the wall effect due to
the ends. | ‘
In our case the condition of large dimensions is not well ful- ,'
filled; also we assumed that the ionization from the pafticlé other
than a proton was confined to a very small region, which is not so
true fo‘r a He3 reaction as for one involving heavier nuclei. In
differential detection F(E) is ideally the difference between two step’
furictions with different enefgy thire sholds. Therefore, the deviation
from unity 1s .a roﬁgh indication of the magnitude of wall effect on '
energy determination for a proton of given energy.’ For a 1-Mev

proton in 2.5 atmos of helium, the geometric factor is

, G(E=1 Mev) = 1 - R/2b - R/2L,
and with 2b = 7.62 cm, 2L =38.9 cm, R =560 ém, we have
G(E)=0.12 or the wall effect is 88%. Doubling the pressure would
reduce the wall effect to 44%, and at 10 atmospheres to 22%.
- For counting neutrons in ordinary helium We are concerned

. with the range of the alpha recoil. The max‘irhum energy of the alpha
particle is 16/25 En’ as shown in Chapter VIII. | If we consider: the
.average energy of the Pu-Be neutron spectrum to be 4 Mev, this
corresponds to a maximum alpha energy of 2.56 Mev, or an average
E(1 of about half thi$ amount. Figuring the rangé of this alpha
particle in 2.5 atmospheres of helium by our previous method, we
~get 1.38 cmm. . The wall effect is 22% f:o’rv this range,' Experimentally,
a coincidence counting rate of about 16% of the total counting rate in
the main counter was measured. This is a very rough chéck, but it
at least appears that the riﬁg counter is capable of redu_ciné the wall

effect.
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ELECTRON RANGE

To obtain the range and energy loss of electrons in estimating the

effect of tritium decays or bac_kgr,o_utid gamma counts, one can take the

[41

nearest tabulated valuel "' of stopping power for helium as a function

of electron energy, ‘given in units of Mev per g/cvmz.,n For example, at

10 kev,' we have . :
- dE/dx = 22.5 Mev/g/cm® .

If we take A x as the averagebpath in the‘counter,. 1.59 crri, times the

4 g/cmz. Then

density of helium at 2:5 atmospheres, - Ax'= 7.53 - 10~
AE is greater than 16.9 kev (the product of - dE/dx. o Ax.),-»beé/ause
the stopping power increases with 'decreasing energy. For h'ig'her-‘
energy electrons it is fairly accurate to use ‘Feather's Rule or

Flammersfeld's formula [20] to find x and then multiply_Ax/X'times

" the energy of the electron.
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CHAPTER VII

NEUTRON GENERATOR _

For tésting purposes one desires a monoenergetic neutron
source. The .cofnplex spec‘tflifn of (a, n) sources has been me‘:ntioned;‘
the other class of neutron sources using radioactive nuclei aré ‘the
photbneut’;‘on or (y, n) sources. These use deuterium or beryllium
because other nuclei have thfesholds above 6 Mev. To get high enough
intensity the ga_fnma source is surrounded so that there is an intrinsic
energy spread due to different angles between neutron emission and
incident gamma ray. This is small; for example, it is 3:37.% for a
Na’? + Be? source‘[zo.], However, this is not the main cause of
energy spread. Owing to the large quantity of beryllium there is
considerable neutron scattering in the source, and gamma-ray 1éss v
of energy 'by Compton scattering. ‘ .

It has been found possible to construct neutron generators
utilvizing the deuteron-’dé‘uteron reéction, D(d, n}He'?’, with useful
neutron intensities without elaborate high-voltage equipment; for
eXaniple,_ the generator of Zinn and Seely 42 was built in 1937.
Voltages on the order of 100 kv can give useful yields even though the
reaction is not very efficient at this enérgy. ‘With this low voltage we
also have the advantage of almost monoenergetic and gamma-free
neutrons., For a thi‘.ck target the deuteron:energy at the time of the
reaction can vary from a maximum to zero,v In the generator used
in this experiment the maximum deuteron energy is 120 kev. Thus,
using equations developed in Chapter VIII and Q = 3.28 Mev, we find
that in the forward direction the neutron energy can vary from 2.46
to 2.91 Mev. At a 1a‘bbratory—sy$tem angle of 90 degrees the energy
spread is from 2.46 to 2.49 Mev, or little more than 1%. The energies
are weighted toward h/igher values because yqéld increases rapidly
with deuteron energy. This neutron-energy rénge is convenient for
checking the operation of the counter because the maximum recoil-

alpha energy is about the same as the maximum (En + Q) energy we
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wish to measure in helium-3, and about half the recbils are above the

lowest sensitivify needed.

PULSED- NEUTRON GENERATOR

The neutron generator that is being put into operation prov1des a
pulsed source of neutrons and is similar to the one described by \
Ruby[43] except for the method of mounting - the accelerater system and
the vacuum equipment. The accelerator system is described in

Reference 43; briefly, the deuterons are generated in a pulsed Phillips

‘Ion Gauge type of ion source supplied with deuterium gas through a

palladium leak and accelerated to impinge upon a circular target of

1-1/8-inch diameter. The targets are prepared by occluding deuterium

. in titanium. ThlS type of target allows simpler equipment than one

with heavy ice, by requiring no special cooling. ' It is planned to try a
deuterated paraffm target to see if the yield is increased. The
objection of non-monoenergetic neutrons due to the Clz(( )N
action is not pértinent here because we are below the reaction
threshold. The generator was designed so that adjustment of param-
eters would not be critivcal; the yield is largely determined by the
acéelerating voltage and the condition of the target. (The reaction
C*ét‘O'SS section decreases with deuteron energy, and the targets have a
tendency to form a carbonous surface after a few hours' use. )

The pulsed operation is particularly convenient for experiments
that require a reference time, such as in neutron-diffusion experiments;
single pulsing has been used for cloud cha;‘nber experiments. In normal

operation the ion source is pulsed at 60 cycles per second with 200-

usec pulses. In this manner we can get an integrated yield, Qs’ of
.more than 106 neutrons per sec. This is a duty cycle of 0.012, or

- during a pulse the instantaneous neutron yield'is QS/O,OIZ neutrons

per second. For a cloud chamber experiment we used an external
oscillator option of 400 cycles per second and increased the width of
the pulse by an adjustment in the arc pulser to 500 usec. This is a

duty cycle of 0.2. This mode of op.eration was gated on, when it was
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desired to take a picture, for 100 milliseconds, giving a total pulse-on
~time of 20 msec per gate. Then the neut_ron_yiel-d-per,‘gat.e should be
QS/O.OIZ times 20 msec, or more than 10 ’n‘e.utrons in each burst,
assuming the same effectiveness of the ion source when pulsed at 400
~cycles per _se_c'. as at 60 cycles. It would be more realistic to calibrate
‘a_‘t }400‘.-‘c:ycles stéady oﬁeratipn,v but this increases thvé risk of démage

- to'the ion source.

NEUTRON YIELD

| - In order to measure the integrated yield one should determine
-if the anisotropy of the yield is significant. It has been found that in
the energy region below 0.5 Mev, the neutron yield as a function of

angle in center-of-mass coordinates can be represen'qed[44] by

N(6) = A (1 +B cos” g),
bwh.ere A is a constant ande.is a number that increases with deuteron
lenergy, ‘Thus, the yield is smallest at § = 90 degrees. The quant.ity
B has Been determined exp‘erimentally[45] down to 500 kev, and the
curve extrapolates fairly well into a theoretical determination[4.6] at
low ‘energies based on the D(d, p) H3 reaction. It is believed the
angular asymmetry is the same for the companion reactions at
corresponding ,voltagvesa We estimate B as 0.6 at 120 kev. This,
means the neutron flux at § = 0 should be. (1 + B) times the neutron -
flux at § = 90 degrees. Or, performing an integration, we find that
if Q_ is determined by measurements at 6 = 0, we should divide this
by (1 {B/2+B)) for the true yield or 1.23 for B = 0.6. This.is a high
estimate of the anisotropy, because not all the deuterons have the
maximum energy. With these small deuteron energies, we expect
that the laboratory-system angles will not be much different from the
- center-of-mass angles. We need not outline the calculations here
‘(a description of the two coordinate. systems and some convenient
‘equations may be found in Reference 47), but for 6 = 90 degrees,

we find the lab angle G'L = 85.6 degrees for 120 kev, and for By =90
deg'"riées, 6 = 94.4 degrees.
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The generator yield has been monitored with a B’F3,proporfiona1
counter surrounded by 2.5 inches of lucite moderator and a thin sheet
of cadmium. 4Carde'rhu'st"b'e taKen in its calibration since this
arra.ngement.does not 'giv’e’»equal sensitivity over a wide range of
neutron energies. For a'par'ticular counter we found a sensitivity of
0.29 counts per neutrou per cmZ when a Pu-Be source was used, and
0.37 counts per neutron pér c’::rnz when a mock fission source with a.
smaller energy range of neutrons Was used. However, it can be
calibrated on the D-d neutroﬁs by comparison with a calibrated
Har;son and McKibben type[48] long counter. .The lucite efnbedded
counter is easier to place and adds less scattering objects to the

experimental arrangement.
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" CHAPTER VIIT

. NUCLEAR REACTION DYNAMICS
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Consider the general case léketched" above of a particle of mass
A M1 and veiocity V'l colliding with a target nucleus of mass M2 assumed
at rest. After the reaction the re sulting particle of mass M3 flies off
with velocity V3 at angle GL° The nucleus of mass M4..has velocity
v, at angle ¢ . We will use nonrelativistic dynamics, mass numbers
for masses, and laboratory coordinates. ,

First‘, write two equations for conservati'_onv of momentum for

components par'alle"l and perpendicular to vv"lz

M v, = M,v, cos ¢; +M,v,cos §;, (VIII=1)

‘M3v3 sin 6, = M,v, sin q;L . - (VIII-2)

By transposing the last term of Eq. (1) to the other side, .
squaring both equations and adding, we can eliminate ch. ‘Then
replacing velocities by use of E = iM v‘2 for energy and rearranging,

we obtain

M M 2 L
= : - = . 2
E4 M4 E1®] [4 E3 o [4 (E1E3M1M3) cos 61 .
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We can write another equation for E4 from the definition of the
Q of the reaction. ‘Ha;v'ing:éss_u'rned?E-Z =0, ‘we write = : *
TRTELEs o -
For the He3 (n, p)T reaction, using' Q = 0.77 Mev and similar
symbolism, we write two equations fer..'th_e‘_tri‘ton energy:
1 1 a2

1
= — - & AV
ET 5 En + 5 Ep -3 _(Fn»Ep) cos ,6,_L ,

Er

]

0.77+E - E
n P

- With these two equatlons we can solve for the proton and
triton energies for given values of E ‘and 6

For E_ = = 0, the proton receives 75% of the Q energy and the
triton receives the remanung 25%. That is,
0.577 Mev,
0.193 Mev .

For E =1 Mev, a tabulation is given below.

6 1 'P'r.oton' o T Triton -

L - .
(degrees) Ep < % of . ET % of
(Mev) (E, +Q) | (Mev) (E_+Q)
0 1.74 98.3 . 0.03 1.7
45 1.52 85.8 - 0.25 - 14.2
- 90 1.08 61.0 0.69  39.0
135 0.77 435 - 1.00  56.5
1180 0.67 37.8 1.10 62.2
. - It is often desirable to ha.ve a convement express1on for the
energy of the eJected partlcle at 6 = 0 and at 90 degrees as a function

of the bombardmg_,part;c_le ener;gy., : F_Q‘l.' the forwa'rd, vd11_'ect1on the two

equations become
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E, =— E. + — E_.- 2>~ (E..E, M, M,)2 ..
47M, T M 3T M T T
Eg=Q+E - Ey

>
!

A solution for E, yields

Ey

A 2A, + é [(AZ/A_,,)Z:"...- (4A‘i~/A3_)] :

o>
1

M4Q +E1 (M4 _-Ml) ,

>
[

=2A) (M3 + M) +4E M) My,
= (M: ¥ M,)%
3T Mg

- For the He® (n, p) T reaction this gives

E

B -lasZE aslie 2o )
i“or fhe D(d, ¥1.) He3;‘reac'tion,
For GL = 90 degr_e.es; thé‘t\x}o equations are
_—M M | |
E, = _‘1} E; + I\Tf E,
s=erE-E,

. Solving, : We_ ‘obtain

By = %44/(M3\_'f.M4ﬂQ_+ [(My-M)/ (M, + M;)] E, -

For the two reactions above, at 90 degrees,
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=3+l g
E,=3Q+7 Eg
= 3 1 '
' For the case of elastic. scattering we set Q=0and M, = M

3 I’
therefore the two equations become ' ‘

My My
R~ — - 2
E4 Vi vE1+ Vi E3 Vi (EIE Ml) cps GL’
4 4 4 7 , |
'E,=E, -E

4 1 3°

We are interested in the energy given to the"fecoil nucleus,

therefore we e11rn1nate E3 from the f1rst equation by using the second.

Then we set OL 180 degre;as fo»r_max1_murn, E4 correspondlng to a .

backward recoil. Solving for —E4(n"1ax'), we have

4M| M, -
E4 (max) = ———, E, ;

(M +M4) 1".

For neutron. scatter1ng in hehutn 3,

E

e _ 3 .
'\EHe?’ (m_ax) T4 Tn’

and for neutron scattering in helium-4, -

16 C
Ea(max)——gEnq-;v_r ,
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