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ABSTRACT

A study of the T(XK,¥ )Li7 reaction has been made at
mean alpha particle energies of 1320, 560 and 350 Kev in a
solid tritium~-zirconium target. At the 1320 Kev energy the
absolute 900 differential cross-section for transitions to
the ground state has been found to be 1. 89xlO~31 cme er
steradian from analyses of spectra obtained in a 2“"x
NaI crystal. At this energy the ratio of the differential
cross-section for transitions to the first excited state to
that for transitions to the ground state was found to be
O.446. This ratio was observed to remain the same at all
detector angles. The excitation function roughly determined
by additional runs at 560 and 350 Kev mean energg followed the
form obtained by Riley of this laboratory in 195

dngular distribution measurements at 1320 Kev gave
the result that both the above mentioned gamma_rays have the
same angular dependence, this being 1-0.11 00329 + 0.39 cos”e
At 560 Kev mean energy their anisotropy was measured to be
about 5%.

A background from the target has been found to have
an angular distribution at 1320 Kev mean alpha particle
energy of 1+0.35 cos ® in laboratory co-ordinates. Both its
excitation function, determined roughly from runs at 560 and
350 Kev, and its anisotropy followed a form in agreement with
neutron counter measurements. It is suggested that this
background is caused by neutrons from some still unknown
reaction in the target.

An investigation was also made of a standard thick-
walled brass Geilger-Muller counter to determine its efficiency
for photon energies from 0.5 to 20 Mev. A smooth curve was
obtained showing efficiency increasing with gamma ray energy
thus agreeing in form with previous experimental and theoreti-
cal results. : _
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THE T (&R ,¥) Li/ REACTION

Chapter I

- Introduction:

—

In recent years there has been considerable interest
in the mass 7 nuclei Li7 and Be” both because of their astro-
physical importance and because of considerable interest in the
nature of the coupling responsible‘for the energy levels. DMNuch
of this interest has been concerned with the ground state and
first excited state‘properties of these nuclei and in this con=-
nection a puzzling point is the relatively small excitation
energy of about one-half Mev of the first excited states of
both theselnuclei as compared with about two Mev in surrounding

ones.

According to simple. shell model theory the two neu-
trons in the p-shell of Li7 couple their angular momenta and
spins to zero so that the properties of the two lower states
are determined by the odd p-shell proton. This should result
in the ground state being a 2P3/2 level and the first excited
state a 2P1/2 level. The situation in the mimror nucleus Be’
is similar in that the roles of the neutrons and protons are
simply interchanged resulting in the same lower level designa-

tions as in Li7.

From experimental observations it is indeed verified

that the ground state of Li’ is a J=3/2 level with odd parity



(Breit and Stehn, 1938). Experiments on the angular correla-
tion of ¥ -rays and &K -particles from Blo(n,o()Li7 (Rose and
Wilson, 1950), & -rays and o ~particles from Be9(d,c()Li7, and
¥ -ra ys and protons from,Lié(d,p)Li7 (Ajzenberg and Lauritsen
1955) show isotropy as do measurements on the 0,478 Mev ¥ -
ray from Li’(p,pT)Li?* (Littauer, 1950) thus pointing to the
assignment of J=1/2 to the first excited state. However, such
a choice is inconsistent with the observed ratios of intensi-
ties of B rays from Be”7 and ok-particles fi’om Blo,(n,o()Li7 to
the first two levels of Li’. A J=5/2 designation would be ne-
cessary to explain these latter observations (Hanna and Inglis,
}l9h9) Since magnetic dipole radiation would be emltted in the
de-excitation of the first level with either a = 5/2 or J=1/2
assignment no differentiation could be made from lifetime mea- -
surements of Li’®¥, The mean lifetime has been measured, how-
ever, by a number of experimenters (Ajzenberg and Lauritsen,
1955) to be about 10-13 second which is consistent with a mag-

netic dipole transition.

In the case of Be7, unstable by K capture to Li’ by
0.863 Mev witﬁ a half-life of 53 days, the negative results of
the reaction Ha“(o&,n)Be7 support the assumption that this nu-
cleus has odd parity (Ajzenberg and Lauritsen, 1955). From
stripping theory applied to Lié(d,n)Be7 the ground state of Be’

is agin indicated to have odd parity and to have J «€5/2. O0b-
( ‘



servations on the anisotropy of the neutrons with respect to
the deuteron beam at Eg=0.60 Mev. and the gémma ray isotfopy
with respect to the neutrons definitely indicated that the
0.43 Mev excited level of Be’/ has: J=1/2., The superallowed
nature of the /3 decay Be”(€ )Li’* limits the ground state of
Be’ to have J £ 3/2. A value of about 10713 second for the
half-life of the J=1/2 level of Be’/ is in agreement with the

supposition that this decéy occurs by magnetic dipole emission.

It would thereforé appear that the single particle
picture of these nuclei does give a qualitative picture of the
two lowest levéls but is not sufficient for a quantitative de-

scription of all featurss.

Apart from the interest in the ground states of the
mass 7 nuclel there is great interest in the formation of these
nuclei in astrophysics from the standpoint of explaining quan-
titatively the p-p chain in hydrogen-burning stars (Fowler,

1958). In this process four hydrogen atoms are converted to

~one helium atom accompanied by the release of 26.7 Mev of energy.

The possible processes invoked to'explain the reaction are:

_H(p.AWH (P He® ¢ (He*, 2p He* B¢
f(o(.X)Be’ (€WL (p) et @
5 (p.x)B,sgg*u)B_e‘ () He (3
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The energies released in the three possible chains,
exclusive of neutrino energy losses, are different, being 26.2
Mev, 25.6 Mev and 19.1 Mev in reactions (1), (2) and (3) re-
spectively. It is interesting to note that if the process pro-
ceeds by reaction.(3) considerable energy escapes  (29%) from
the system via the very energetic neutrinos accompa nying the

15 Mev p+ decay of B8.

A factor affecting the relative importance of chains
(2) and (3) is the relative probability that Be7 will be de-
stroyed by electron or by proton capture. The capture cross-
section of the latter reaction, Be7(p,X)B8, has not been re-

ported as yet for protons, however.

The choice between chains (1) and (2) is greatly af-
fected by the size of the capture cross-section of He3 for ok -
particles in the reaction He3(d & )B_e7. No cross-section for
this reaction wés known until recently when Holmgress and
Johnston (1959) measured it using a He3‘gas target. A check on
this cross-section may also be made from the cross-section of
the mirror reaction T(eX,¥ )Li7; Both Holmgren and Johnston
(1959) and Riley (1958) have measured this value for ok -particle
energies from O.,47 to 2 Mev and while their results agreed with-
in the combined'uncertainties large errors were quoted amounting

to at least 30% in each case. It was therefore felt that a more

$kaccurate determination of the absolute cross-section would be

of some value. 1In order to give a good estimate of the absoluté

\~



cross-section and also to aid in understanding the nature of

the reaction angular distribution measurements on the direcf
radiative capture gamma rays have been made. This 1atfer inves-
tigation was alsco prompted by the anisotropy of 0.39 I 0,37
observed by Riley at 1.6 Mev bombarding energy.



Chapter II

Experimental:

1. Apparatus

(a) Van de Graaff Generator

The source of thelion béam for the experiment to be
described was the University of British Columbia's Van de Graaff
electrostatic generator. Beams of singly ionized'alpha particles
of energies up to 2 Mev and of intensity on the target up to
10 microamperes were available. The straight down beam from
the accelerating column was bent through 90O by a large elec-
tromagnet into»a horizontal glass sidearm tube with a target
at the end. Careful alighment and focussing of the beam enter-
ing the top of the magnet was necessary to avoid having it
strike the magnet box and cause a large increase in neutron in-
duced background from reactions such as Cl3(o(,n)016; the carbon

arising because Sf the presence of diffusion pump oil vapor.

The loﬁg term stability of the magnetic field has
been measured to be of the order of 3 parts in 10,000 by Aaron-
son (1950) and so was of negligible concern in this experiment.
The energy of the accelerated particles was read on a generating
voltmeter which looked at the high voltage dome. Any variation
iﬁ alpha particle energy reaching the target as read by this volt-
meter was less than 3 Kev. Calibration of the energy scale was
carried out by observing the resonances of F19 under proton

,)[\
" bombardment of 0,340, 0.8735 and 1.372 Mev. energy. The cali-
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tration remained constant to - 1.5 Kev over a period of 6

months.

(b) Sidearm Arrangement

The experimental arrangement of the target tube and
the sidearm is shown in Figure 2. The total length of the
horizontal sidearm was about 6 feet and it was located
inches off the floor. Provision for lining the sidearm up op-
tically before running a beam ﬁas made by having a small (1/16")
glass window in the 1/16" brass target pot wall on the axis of
the sidearm tube. 4 gold stop of 1 cm. diameter was used part
way along the tube and two others of molybdenum (3/8"x 3/16")
in the target pot itself in order to define the beam., These
materials of high atomic number were used in order to reduce

any Coulomb-excited background.

A liquid air cooled trap was mounted in front of  the
target chamber to éondense out diffusion pump oil vapors pre-
sent in the tube. Occasionally, the magnet box was cleaned
with steel wool and hot dilute nitric acid to reduce background
from straight down beam components other than those of mass k.
.The target pot and mblybdenum stops were cleaned before each

run.

In order to measure thexbeam current the target holder
was insulated from the target pot with a lucite spacer and 90

Yvolt positive potential was applied to it to reduce secondary

electron emission from the target. This target current was
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measured on a current integrater (Edwards, 1950) on the 1.0 mf
scale where one intégrator count corresponded to about 106
microcoulombs with the exact value dependent upon the magnitude
of the current being measured. This device was calibrated fre- -

quently and observed to stay constant to withiﬁ-l%.

(¢) Scintillation Counter

(i) shielding

Two scintillation counters Wére tried for this ex-
periment; one, consisting of a 23"x44" NaI(T1l) crystal mounted
on a Dumont K1213 photomultiplier tube and the other a 2&"x3i"
NaI(Th4) crystal on a Dumont 6363 photomultiplier as used by
Riley. Both counters gave good spectra for trial runs of alpha
particles'on a tritiﬁm target with heavy lead shielding. The
beam dependent background counts, found by running the beam on
a piece of gilrconium,were in the ratio of the volumes of the
two crystals. For the larger crystal this background in the 2
to 3 Mev region of the spectra amounted to 27 counts per minﬁte
per Mev at the 1.6 Mev bombarding‘energy. Because of a larger
volume and noticeably better resolution the large'crystal was

~the one chosen for use in this experiment.

For most of the T(™ ,¥ )Li7 runs the end of the counter
was placed about 6 cm, from the outside of the 2" diameter tar-
get pot. In all runs the counter and target pot were surrounded

by about 5" of lead on all sides. In addition a lead wall was

put up between the counter and the magnet box while wax was
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present between this wall and the magnet box. These materials
shielded the counter from ~any (™ ,n) or (d,n) reactions of the:
beam with pump oil vapors in thé magnet box.
(ii) Efficiency

In'gamma ray flux measurements Where scintillation
counters are employed the counter efficiency must be found for
the particular gamma ray energies involved. A commonly used
value is that deduced from the total theoretical absorption
coéfficient,/u y for the particular crystal and gamma ray energy
and defined as (l-e ’LL) where L is the length of the scin-
tillatiné crystal. When using this efficiency, which is plotted
as a function of energy for a particular Nal crystal in Figure
3, the total number of counts recorded by the counter are
usually found from the gamma ray spectrum by extrapolating the
spectrum to zero energy with a flat tail from the minimum
which occuré at about half the full gamma ray energy. The cor-
rectness of this method is in doubt, however, for the following
reason: in the BT (p,X’)C12 spectrum, obtained at a low bom-
barding energy with a Nal crystal at 909.to the beam direction,
the total number of 12 Mev counts is greater, by about 20 to
25%, than the total number of 4 Mev counts as determined by the
above method. This contradicts the fact that the 4 Mev and the
12 Mev radiations have the same intensity in the‘90° direction
(Ajzenberg and Lauritsen, 1955). A variation in total absorption

Y. coefficient of Nal cannot account for this since it causes only



10
a 3% difference in the two efficiencies as defined above and as

can be seen from Figure 3.

In an attempt to clear up such a serious inconsistency
in flux measurements the efficiency has been defined in a
slightly different manner in this laboratory. The proceedure
is to define the efficiency to the half-energy bias as the ratio
of the total counts above the half-energy point on the gamma
ray spectrum to the total number of gamma rays incident on the
crystal. Experimentally, efficiencies defined in this way have
been measured at 0.51 Mev and 1.25 Mev using the radiations.
from calibrated sources of Na22 and Co60 respectively. A point
at 6.1% Mev was also obtained from Flg(p, K,¥ )Ol6 radiation,
the absolute yield being determined from alpha particle éounting
as described in Part II of this thesis. Unfortunately no ef-
ficiency determination could be made at higher energies since
the abéolute'yield of gamma rays from any possible reaction was
not known with sufficient accuracy. However, an extrapolation
was preformed as in Figure 3 to higher energies keeping the ex-
trapolated curve between those for (1l-e~ML) ang for.égﬁlye- MLy,
The former is the total theoretical efficiency based on primary
absorption processes only while the latter is the theoretical
efficiency cdnsidering primary absorption processes.which leave
more than half the gamma ray energy in the crystal, that is,

the contribution from the primary compton tail below half energy
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has been dropped and the transfer of pulses above and below
the half energy point duelto secondary processes in the crystal
has not been considered. This empirical curve for the efficiency
as a function of energy is believed to be accurate to within 5%,
up to 12 Mev and to within 10% from 12 to 20 Mev. Partial jus-
tification for the shape drawn is obtained from the results of
the standard G-M counter efficiéncy determination to be described
in Part II. The shape found for this efficiency versus energy
curve was dependent upon the scintillation counter efficiency
assumed and since a smooth curve was found the values used for
the scintillation counter are believed to be correct to within

the stated error.

Another characteristic of the scintillating crystal
used was 1its effective centre distance. This distance from the
crystal face to its effective centre may be found théoretically

as t= -/Cn.[0.5(1+e"‘p)]. However this is found to‘disagfee

 with experimental determinations (Riley, 1958). Since these
distances as a function of gamma ray energy have not been mea-
sured for the 23"xUi" crystal used, values were assumed on the
basis of previous measurements on the 24"x34" crystal. The un-
certainty in such an estimate is believed to be léss than ¥ 0.5

cnl.

The experimental values of efficiencies described

above are defined for the Nal crystal in a lead castle and the
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12
fact that more lead was usgd_in the experiment than in the ef-
ficiency measurements makeé a slight difference which was not
allowed for. This, therefore, will introduce a small unknown
error into absolute flux measurements.

(d) Electronics

High voltage for the photomultipliers was usually
about 925 volts supplied by an Isotopes Development E.H.T.
supply. Negative output pulses from a 403B cathode follower
were fed into a long 100 ohm cable to another cathode followef
unit used to drive a Dynatron Radio Limited amplifier Type 1430A.
Positive pulses from this unit were fed to a Dynatron Radio
Limited scalar Type 10094 in parallel with g 100-channel Com-
puting Devices of Canada kicksorter. A block diagram is shown
in Figure 4., The electronic equipment was calibrated‘for lin-
earity by feeding pulses from a mercury relay pulse generator
(Roberston, 1957) into the 4O03B cathode follower unit on the
scintillation counter. The photomultiplier was calibrated se-
parately by means of a RdTh source which also set the energy

scale on the kicksorter.

2. Tritium Target

(2) Mounting .
The tritium-zirconium target (#4) used in this ex-
periment consisted of a small amount of tritium adsorbed in a

thin evaporated film of 2zirconium on a platinum backing disc
7\
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of thicknesé 0.25 mm and diameter 1". The amount of zirconium
present as specified by the suppliers, Oak Ridge National La-
boratory, was 0.002705 gm on the 5.07 cm® disc area. The tri-
tium content as measured by the above laboratory was 731 milli-

curies on April 30, 1959.

In order to prevent loss of tritium caused by target
heating when a beam was being run precautions were taken in the
~mounting arrangement. The thin target disc was held rigidly
against a thick (1/32") copper backing plate which was in turn
clamped to a copper supporting rod. Thus, good heat conduction
away from the target was obtained. In addition the lower.end
of the supporting rod was cooled with forced air. A piece of
lucites with angle markings on it was placed over the glass win-
dow on the top of the target pot to enable any target angle to
be set easily. |
(b) Tritium Content
The amount of tritium on the target was estimated in
two ways: .
(i) _B-Activity | |
Allowing for the decay of 1% of the tritium with a
characteristic half-life of 12.26 years from the time of the
Oak Ridge National Laboratory's activity measurement to the
time the experiment was carried out, the tritium content esti-
mated from the M-activity was 15.0x1018 atoms of tritium, or

%2.95x1018 tritium atoms per cm2. Since the amount of zirconium
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present was 3.53x1C atoms per cm~ of target area the tritium

to zirconium atomic ratio may be found as O0.84:1.

(11) T He" Yield

Towards the end of the T(M.,X)Li7 work it was decided
to measure the tritium target content by means of the T(b,! )HeLF
yield using the 90° differential cross-section data of Perry
and Bame (1955). Accordingly, two T(p,X')He” runs were taken
separated and preceeded by runs of T(o(,X')Li7 with the counter
at 90° to the beam. All of these runs were done on the same
spot on the target, with the same heavily shielded scintillation
‘counter and the same counter-to-target distance.. For the
T(p, ¥ )HeLF reaction the 20 Mev spectrum in Figure 5 was. observed

with the 100-channel kicksorter at bias 1.

The scintillation counter efficiency used for this
20 Mev radiation was not that defined to the half energy bias
but the one defined as (1-e ™) the total number of recorded
events being found by extrapolating the smooth tail of the 20
Mev spectrum to zero pulse height as shown in the figure. This
doubtful method was applied since it was the same one used by
Perry and Bame in establishing their cross-section, so that if
any error is introduced by the method it should be cancelled‘in

finding the target tritium content.

To record the spectrum shown a beam of about 7 micro-

#émperes of protons at 800 kev energy was used. This energy was

chosen for two reasons: first, to be below the T(p,n)He> threshold
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at 1.0 Meﬁ and, second, to avoid the 0.873 Mev resonance of Fl9
as much as possible since fluorine was known to be on the target.
Even at 800 kev, however, some Flg(p,c.'a(.,a')ol6 6.14 Mev gamma
rays were observed. The spectrum shown has been corrected for
beam dependent background found by reversing the target and
running the beam on a thin (.0014") zirconium strip on the back
for the same length of time and number of integrator counts as

in a T(p, X )He't run. This background was so small that it would

not show up in the figure above about channel 30.

During the rﬁns the front-face of the scintillation
counter waé 5.96 cm away from the outside of the brass target
pot and the target was positioned at 450 so that the reaction
gamma rays passed through the target backing. For an effective
centre distance, from the front face of the crystal, estimated
to be 4.0 cm. a spacing of 1.034 cm between the crystal and the
aluminum can covering the crystal, and a target pot radius of
2.54 cm. the solid angle subtended by the crystal, fdr 20 Mev

gamma rays, at the target was found to be 0.198 steradian.

The absorption correction for loss of gamma ray in-
tensity in the target backing of platinum-copper-zirconium may
be read from the curve in Figure 6. A4pplying also a correction
for gamma ray absorption in the 1/16" target pot walls results

in a final factor of 1l.137.

S «
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Hénce, the number of tritium atoms on the target may

be calculated from the following data:

Ne = 62920 % 74
= 64120 L 9% after correcting for the effect of

the counter solid angle on the sin2
angular distribution of 20 Mev gamma
rays.

N =0.198 - 63

€ =1-¢" T =0.837 % 109

Np = {39 integrifgiiggunts 103,8x10%) = 3,2ux1016

protons : 1%

@A) o 5. 666x1073%m2/steradian © 10% for Ep = 753 kev.
(dw )gno
, 90
The target thickness for 800 kev protons was found from the
curve in Figure 7, drawn from Whaling's (1958) data, as 95 kev
: 5% for the target at #50. Hence the mean pfoton energy in
the target was found to be Ep = 800~95 = 753 kev and the above
' 2

90O differential cross-section value was obtaihed for this

energy from Perry and Bame (1955)

. " _ Nc = 4, 48x108 atoms/cm® z 18%
t T - (de) .n.
M (G ke

for the atomic surface density of tritium.

This, then, leads to a tritium-=zirconium ratio of

fl.3:1 which is in quite violent disagreement with the /3 activity
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measurements which gave 0.84:1. This might be explained by a
very non-uniform distribution of the tritium on the target sur-
face. It is intereéting to note that the supplier; Oak Ridge
National Laboratory, claims that the tritium-zirconium rates
on their targets is always at least 1:1 and may be as high as
1.8:1. Since their /3 activity measurements'contradict this
on a number of tritium targets received from them their acti#ity
measurements may be at faultj possibly all the low energy'beﬁa
rays do not.escape from the thin zirconium. layers used for

these targets.

(c) Tarpget Thickness for Alpha Particles

Since the stopping cross-section of tritium atoms is
small compared to that for zirconium atoms a 1:1l ratio of tri-
tium to zirconium was assumed in order to make use of the
curves, shown in Figure 7, deduced from Whaling's report, to

find the stopping cross-section for alpha particles.

Suppose a particle of energy Ei is incident on a tar-
get of atomic surface density n (atoms per unit area) and em-
erges with an energy Eo. The loss in energy of the particle

may be written AE = Ei-Egq = ng}c) f € dn

wheie N is the atomic density of the target material (atoms

per unit volume) and € is the stopping cross-section that

Whaling tabulates as a function of energy. From this formula,
knowing the atomic surface density, the target thickness in elec-

>(t:r'on-volts may be found. However, the numerical integration is
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rather tedious and so a single transformation may be made to

n = dE
E, €

easily in terms of E, for a fixed Ej, the proceedure being to

another form where ‘JEi « In this form n may be given

plotib@ as a function of energy and doing a single numerical

integration. Such a plot for E; equal to 1.6 Mev and 800 kev

is given in Figure 8.

For the target used in this experiment the surface

" density of zirconium-tritium pairs was taken to be Nzp_p =
3.53x101812r-T atoms/cm2 based on the Oak Ridge measurement of
the surface density of zirconium on the target. For the target
operated at 450 to the beam this value was increased to 5.60x1018

Zr-T atoms/cm2. Using Figure 8 the following may be calculated:

Target
Ee Angle Nzp.p AE —“ = Be- 'A_Eé
(Kev) (degrees) Zr-T atgms (Kev) (Kev)
/cm : ,

800 90 3.53x1018 364 618

45 5.00 480 560

1600 90 3.53 394 1400
45 5.00 560 1320

3. Angular Distribution Measurements

(a) Précedgref
The main energy chosen for the angular distribution

fmasurement was 1.6 Mev since a good yield was obtained and since
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Riley's normalization occured at this energy. In these runs
the 2%"x4%" NaI (Harshaw) crystal was used and the scintillation
counter positioned by means of a lucite spacer so that its

front face was 5.96 cm from the outside of the target pot.

Since it was known from Riley's runs and the low cross-

section obtained that background counts could be troublesomse

care was taken to reduce‘these to a ﬁiniﬁum as described in
Section 1 (e¢) (i). At the 1.6 Mev bombarding energy a target
current of 3 to 4 microamperes was maintained for 50 integrator
counts in about 25 minutes. This target current measurement

was used as the monitor and target deterioration chécked by
repeat runs at the 90O counter position. No sign of target

loss was noticed at any time.

Runs were taken with the counter at 0°, 459, 90° and
134° to the beam direction on each side of the beam. At certain
counter angles the target was set at 90° to the beam and at
other angles it was set at MSO to the begm in order to avoid
excessive absorption of gamma rays in the target backing. A
proceedure which eliminated any effect of right-left asymmetry
was to run at counter angles Pand 90° (both sides of the beam)
with the target at 45°, turn the target through 90° and repeat

the measurements at the same counter angles.

For all runs taken spectra were recorded showing trans-

Titions in 117 to the ground state, ¥, , to the first excited state
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, Ki and from the first excited state to the ground state, 33.

Measurements were also made at an 800 kev ;pafticle
bombarding energy. This energy was chosen because the yield
was still quite high in order to see whether the angular distri-
bution changed with bombarding energy. ¥For this energy the
counter was moved closer to the target pot, using a 2.12 cm.
lucite spacer, since only the 0° and 90° angles were under in-
vestigation. A current of over 5 microamperes was run for 70
integrator counts taking about 25 minutes. Runs were taken

with the target at 45° (both angles) only.

RATh spectra were obtained frequently for energy cali-
bration of the system. Occasionally, gain shifts of about 1 or
2 channels were observed probably due to a high couﬁting rate
in the scintillation counter so that all runs had to be corrected

for this before ahalyzing.

In spite of the liquid air trap before the target pot
carbon was deposited on the target changing its color from a
golden tan to a smudged brown appearance afterla 1.6 Mev run

and to light grey with blue edges after a run at 800 Kev.

The target was moved as little as possible in order
to reduce the uncertainty in duplicating its angle and beam
dependent background runs were then taken at the end of the

#Work by reversing the target and running the beam on the piece
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of zirconium for the same number of integrator counts as during
a regular run. The time dependent background was about 73
counts per minute per Mev in the region of gamma ray energies
2 to 3 Mev., The beam dependent background however went from
22 counts per minute per Mev at 1.6 Mev bombarding energy to
9 counts per minute per Mev at 800 Kev in the same region.

(b) Standard Gamma Ray Spectrum

After correcting for beam dependéht background the
T(OQ,X')L17 gamma ray spectra were plotted; typical spectra ob-
tained at 1.6 and 0.8 Mev are shown in Figure 9. In addition
to the T(XK,¥ )Li’ gamma rays it was apparent that there was
some background present from the target itself similar to that
observed by Riley. Because of this unknown amount of target
dependent background two proceedures were possible for the
analysis of the data. One was to make a rough estimate of this
background by assuming that it decreased smocthly in the region
of the 3 Mev gamma ray peaks down to the level of the tail ex-
tending beyond the peaksj upon subtraction the resultant spec-
trum was to bé separable into two curves having standard shapes
for gamma rays to the ground state and first excited state of Li7.
The alternative was to make a decomposition of the T(e ,¥ )Li”
gamma ray spectrum into its two gamma ray components of standard
shape which could be subtracted leaving the target dependent
background. Both methods were used, however the second one was

considered more accurate.
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In order to make this analysis a 3 Mev spectrum of
standard shape was obtained from comparisons of gamma ray spectra
of 3.09 Mev from C-2(d,p,¥ )CL3, 2.62 Mev from RATh, 4.43 Nev
from B%(p, ¥ ycl2 and 6.1% Mev from Fl9(p,0k,1)016. The 3.09
Mev gamma ray from Clz(d,;gx)cl3 would héve been satisfactory
as a standard by itself except for the neutrons from the
'Cl?’(d,n)l\Tl)+ reaction with the 1% of C13 in the natural carbon
(Aquadag) target. The standard 3 Mev gamma ray spectrum is
shown in Figure 10 as is the observed spectrum from Cl2(d,P )C13‘
The difference of the two gives a target dependent background
showing peaks at 2.23 Mev from the reaction H(n,K')H2 of neu-
trons in wax near the counter and at 1.43 Mev resulting from a
gamma ray in the decay of KLFO in the Nal crystal.

(¢) T(X,¥ )LiZerctra

About one half of the T(&X ,¥ )Li7 gamma spectra taken
were subjected to a decomposition into two standard gamma rays
and a smooth background. The procedare. was to fit the photo-
peak of the standard gamma ray spectrum to the upper peak in the
T(R,¥§ )Li7 spectrum such that the difference, considered as
background, joined continuously to the tail above the upper
peak. The rest of the standard gamma ray spectrum was then con-
structed and subtracted from the T(® ,¥ )Li’ spectrum. A simi-
lar analysis was performed on the resulting curve using, as the
standard gamma spectrum for K;, a good RATh spectrum. The re-

isulting background, however, had oscillations in it--the peaks
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and valleys being observed to change position withAchanging -
particle enéfgy. The reasons for this were two: first, because
of statistical errors in the experimental curve 'and, second,
because the peaks of the experimental curve were substantially
broader than those due to monochromatic gamma rays on account
of the thickness of fhe tritium target. No allowance for this
latter effect had been made in constructing the standard gamma
ray spectrum. Since a snooth background did not show up the |
two standard spectra corresponding to those for x, gnd ¥, We.re ad=~
justed until the oscillations became a minimum and could be
averaged to a smooth curve. The decomposition was then regarded
as being accurate to almost within statistical errors. Such a
break-up of a T(ﬂ\,x)ld7 gamma ray spectra for a bombarding

energy of 1.6 Mev is shown in Figure 11.

After a number of curves had been analyzed in the
above manner the general shape of the target dependent back-
ground became known and the remaining curves were subjected to

analysis by the first method described above in 3(b).

T(ﬂ~,8')Li7 gamma ray spectra, corrected for a smooth
background, taken at a bombarding energy of 1.6 Mev are shown
in Figure 12 for the scintillation counter at 0° and 90° ., It
is clearly seen that the angular distribution of 8} and X;is
not isotropic. A4Also noticeable is the Doppler shift of the

%groﬁnd state transition gamma ray, ¥, .
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(d) Branching Ratio

As a consequenee of the analysis used a branching ratio
for the decay of Li%E to the first excited state and ground
state could be made. The scintillation counter efficiency de-
fined to the half-energy bias was the same for both &, and K;.
Therefore the ratio of intensities.of ¥, to YL was the same as
the ratio of the number of counts above the half-energy bias in
the ¥, spectrum to the corresponding number in the ¥, spectrum
except for an absorption correction, which amounted to less
than 1% for the ratio. Within the experimental accuracy the
ratio was independent of angle indicating that X;and61 have
the same angular distribution. Discrimination for the ratio

at different energies could be méde, however, with the results.

H

in
NK;

o446 % 0,014 at Eg 1.6 Mev

1+

0.361 0.001 at E«x = 800 Kev

0.524% £ 0,08 at Ex = 500 Kev

This last figure was based on a single run to be men-

tioned later. From the above figures the fraction of the total

7%

transition in Li due to ground state,Xﬁ s decay may be found

which are necessary for determining the cross-section.

N .
% = 0,69 £ 0,007 at Eq = 1.6 Mev
Ng, + Ny = 0.73 = 0.006 at Eq = 800 Kev
= 0.66 % 0.04 at Eq = 500 Kev.
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(e) Angular Distributions

The simplest theoretical model for the T(X,¥ )Li7
reaction is one in which it is assumed that the capture takes
place with zero felative orbital angular momentum (S wave
Alpha particles) from the continuum directly to the 3/2 ground
state or the 1/2 first excited state with the emission of elec-
tric dipole radiation., On the basis of this model the angular
distribution expected for the radiation can only be isotropic.
However the preliminary measurements of P Riley (1958) at a
bombarding energy of 1.6 Mev indicate that the ratio of the
yield at 0° to that at 90° is 1.40 I 0.37. 1In view of the in-
térest in the reaction and the discrepancy of this resultlfrom
the expectations of the simple model it was felt that the
accuracy of the anpular distribution data should be improved

and extehded to cover a wider range of bombarding energies.

Since the branching ratio for the two transitions ¥,
amiKLwas independent of angle to within 3 percent indicating
_thﬁt the transitions to the first excited state and to the
ground state had the same angular distribution, only the angular
distribution of the ground state, ¥, was analyzed in detail. The
number of counts to the half energy bilas in the K,portion of
the spectra at OO, 450, 90O and 1350 on each side of the target
were corrected for absorption losses and the values from at

ﬁleast 6 different runs averaged for each angle to give the
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following results:

(i) 1.6 Mev - Mean alpha energy in the target = 1.32 Mev.

3% = 1.30 % .04 M45° = 1.08 % .06 NI34° = 1.04 ¥ .06
N90° N90° N90°

The errors given above are based on the counting sta-
tistics but also are of the same order as the root mean square
ef}ors of the individual runs from the mean for each angle. The
results show that the distribution is symmetrical abbut 00, in-
dicating that the line of the beam passed through the centre of
the circle on which the counter rotated, andvthat it is to a
good approximation symmetrical about 90° which suggests that
there are no contributions from opposite parity incoming waves.
Therefore the distributions should be fitted by an expansion in
even powers of cosine ® only. If only dipole terms are included
fhe expansion is then of the form l+a'¢‘:o;'29 and the 0° to 90°
ratio requires a value of "a" of 0.30. This however gives a
poor £it to the 45° and 135° values. Including, then, the next
term in the expansion l+ac0526 + bcosuea good fit can be ob-
tained with a = -0.06 and b = 0,36. It should be noted that the
number of experimental points is not great enough to consider
the inclusion of any high terms. These results were then cor-
rected for the solid angle of the counter which increased the 0°
to 90° ratio by 1.6% without significant effect on the other
ratios.> Next the ratios were transferred to centre of mass co-

ordinates by use of the equations



FIGUREI3 ANGULAR DISTRIBUTIONS AT 1.6 MEV

(L32 MEV MEAN)

(@) 7, TRANSITION

Centre ot mass angle

L 1 | i 1 1 I
-135° -30° -45° o’ 45° 90° 135°
(b) TARGET DEPENDENT BACKGROUND
15— 1+.35C0S @

0.5-

Laborot?ry angle

-135° -90° -45° o 45

90° 135°




27

2V

Gem (O, ;)= Glap ( O 1ab) rfl“ ¢ cos@ c.m.% and O g,

_ v
- elab + ¢ sin e c.m.

given by Devons and Hine (1949).

For a collision of an alpha particle of average
energy E in Mev with a triton at rest the velocity of the pair

after collision may be found as v = 3.91x106 VE“_ in metres per

second., On the basis of these figures the corrections were
calculated and found to change the above ratios by less than 3%
and the angles by less than 1°. The new values found were:

Noo = 1.28+0,04% Nyso = 1,06 * 0,06  Ni3y ° = 1.02 £ 0.06

———

N90,8° | Ngo, 80 Ngo,8°

These corrected values can then be fitted to an angular distri-

bution of the form —g——lN(goo) = 1+a cos?@ + b cos)+e with the re-
N

sult that a = -0,11 and b 0.39., This distribution is shown

in Figure 13 along with the corrected experimental results.

For comparison the figure also shows the distribution which in-
cludes dipole terms only fitted to the values at 0° and 90°,
This simpler type of distribution could only be fitted within
the errors shown by assuming that all Hﬁoand 135° points arse

low by an amount equal to or just greater than the errors shown
on the individual points. It should be pointed out that the
target dependent background which was left over after separating

f\out the standard gamma ray spectra for ¥, and ¥, was not itself
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isotropic. This point is discussed in more detail in section
4 of this chapter. It is felt that the decomposition proceeduré
used for the spectra has effectively removed any effect of the
background anisotropy from the gamma ray angular distributions.
(ii) 800 Kev - Mean alpha energy in the target = 560 Kev.
At‘this energy measurements were made only at 0° and
_///90O which, after transferring to centre of mass co-ordinates,

gave the average result, from about six runs, of NO° - 1.05
N90.7°
T 0.06, Since this value is much closer to isotropic than

that obtained at the higher bombarding energy and since the
yield is considerably lower at this energy it was not considered
worthwhile to make measurements at any further angles.

(f) Doppler Shift

The velocity of the alpha-triton pair after collision
has been given previously as a function of mean alpha pérticle
energy in the target: v = 3.9lx106 VE; in metres per sec. for
Eo 1in Mev. The values of E«x apbropriate have been given
in section 2(b) of this chapter for the target at 45° to the

beam., From theory the Doppler shift in energy for the detector

at an angle 8 with the beam is E = Eo % cos 8 . Measure-
ments were made on with the results:
3 » AE
Ee Fox Eo o Theory Experiment
e (Mev) coe (degrees) (Kev)
7 1.6 1.32 3.03 0 4, 8 4o T 5
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Eo | E E, _Q_ Theory A% Experiment
(degrees)
5 31.7 33
90 0.0 0
134 -32.2 - 30
0.8 0.56 2.71 0 314 28
90 0.0 0

Within the experimental error the measurementé are seen to
agree with theory supporting the argument that the lifetime of
the excited Li’/ nucleus to gamma ray emission is short com-

pared to its‘slowing—down time in the target material.

L4, Background

(a) General

After analyzing the T(«.,K)Id7 gamma ray spectra a
smooth background remained as pointed out earlier. This target
dependent background was from some material in the target it-
self other than any beam deposited carbon since it was present
during early runs as well as later runs with about the same in-
tensity. 'Also, it was noted that its general spectrum shape
was‘similar.to thaf seen by Larson (1957) when he looked at
the low energy neutrons from the D(d,n)He3 reaction with the

25"x34" Nal crystal.

Riley (1958) had observed that his target dependent

background increased as the alpha particle bombarding energy
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was decreased below 500 Kev and increased above 1.6 Mev. The
shape of the T(M_,K)Ii7 gamma ray spectra taken in the present
work showed that the target dependent background decreased as
energy decreased over the whole range studied. This background
could have been due to the 14 Mev neutrons from the T(d,n)He3

reaction caused by a small amount of molecular deuterium in the
" mass 4 beam, to neutrons of a few Mev energy from carbon buildup
on the target, or from secondary neutrons produced by scattered
tritium atoms in the target colliding with further target tri-
tium atoms. Since it was therefore probable that neutrons were
present it was decided to measure their energy, yield and aniso-
tropy and to check whether they could possibly account for the
anisotropic target dependent background found in the angular

distribution runs.

(b) Energy of Neutrons

In order to roughly determine the energy of these
neutrons from the target a beam of about 3% microamperes of
alpha particles at 1.6 Mev was run on a thick tritium target
(B-127-1) and the spectrum observed with a fast neutron counter
of the type described by Ssu (1955). The photomultiplier of
the counter was operated at 1275 volts obtained from an Isotopes
Development E.H.T. supply. Pulses were fed from a cathode
follower into a 100 ohm cable to a Dynatron Radio Limited Am-
plifier and from there to the 100-channel Computing Devices of

fCanada kicksorter. The kicksorter was operated at bias 1 to
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observe the many low voitage pulses. A run of 150 integratsrs:
lasting over an hour was taken with the counter face as close
as possible to the target pot. For comparison purposes a Ra Be
neutron spectrum was obtained with the same counter, the kick-
sorter being at bias 2 to avoid the numerous pulses from gamma
ray build up in the counter, with the gain otherwise the same.
The two spectra are shown on a semi-logarithmic plot in Figure
1%, By comparing the two curves with those given by Griffiths
et al (1959) the energy of the neutrons from the target was
sesen to be about 2 to 3 Mev. This, therefore, ruled out the
possibility of them being due to the T(d,n)He3 reaction from
molecular deuterium in the beam.

(¢) Yield and anistropy of Neutrons

On two separate occasions the anisotropy of the neu-
trons from the tritium target used for the T(X ,¥ YLi’ runs,
when bombarded with 1.6 Mev alpha particles, was measured with
the neutron counter mentioned above. Since these runs were not
taken for a long enough time to accumulate many counts the
pulses were not fed to the kicksorter being recorded only on a
Dynatron Radio Limited scalar Type 1009A. Using the results
of these runs the anistropy of the neutrons may be stated as

NAO
° +

= 1l.32 - 0.3

N900
From curves in the paper by Griffiths et al., the de-

"
>tector efficiency of the neutron counter for the neutrons
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observed wasibelieved to be about 0.2%. Assuming the effective
centre of the counter to be 1" behind the front of the counter
face and allowing 1-1/8" for the counter face-to-target distance
the solid angle of the counter was calculated to be 0.7 stera-
dian using a cross-sectional area of 20cm®. Then for Ne counts
in the counter at 0° per 50 integrator counts the number of

neutrons emitted from the target per steradian at O? was Np =

708 N,.

From a number of runs with the counter at 0° the yield

at 1.6 Mev and at 800 Kev alpha particle energies was found:s

Eo Ne N

(Mev)

1.6 150%15% 1.06x10°% 204
0.8 372607 0.26x10°%65%

A yield at 800 Kev may therefore be given relative to that at

1.6 Mev as %%2.8% = 0.25 £ 0.16 °

(d) Background Yield from the Scintillation Counter

In the gamma fay energy region from 2 to 3 Mev the
target dependent background, resulting from analyses of T(X ,¥ )1;17
gamma ray spectra, was found to be always larger than the beam
dependent one. When counts in this target dependent béckground
were added from thé half-energy bias of &, to about 4 Mev the
following yield rates were obtained for the counter at'90° to

the beam and for the bombarding energiés shown in brackets:
¥

+ +
/ HEH =039 - 0.8 Y8A = 0.37 - L0179
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It is therefore seen that the relative background
yields at 500 Kev and 1.6 Mev as determined from gamma ray
analysis agrees, within the experimented uncertainties, with
that obtained from neutron counting thus lending support to
the supposition that the target dependent background is neutron

induced.

At 1.6‘Mev alpha'particle bombarding energy the total
target dependent background for the counter at 900 to the beam
amounted to about 10,000 counts in 50 integrator counts. From
the neutron counter results, assuming a scintillation counter
solid angle of 0,18 steradian and a neutron anisotropy of 32%,
:the number of neutrons which entered the scintillation counter
were: N = l:%%%%gz x 0,18 = 14,500 neutrons. Thus, if neutrons
in the Nal crystal are to be the explanation of the target de-
pendent background then two out of every three neutrons entering
the crystal must interact in some way. This proportion may be
reduced, however, by considering the flux of gamma rays from
the radiative capture of neutrons in the target pot and massive‘

s¢intillation counter shielding.

(e) Angular Distribution

Counts in the target dependent background spécfra in
the scintillation counter which were left over after subtracting
out K. and X;_were added from the half-energy bias of b’, to about
4 Mev for T(& ,¥ )Li’ runs taken at different angles and at two

gnergies in order to find the angular distribution of the back-
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ground. Results may be stated in the laboratory system as

at Ew = 800 kev: N,o
2 =1.17 ¥ 0.18
N90°
at Eq = 1.6 Mev: Ngo + Ny,.5° +
—— = 1.36 = 0,10 — = 1.2% - 0.09
Ng©° | Ng oo
N. 4,0
13% - 0.75 ¥ 0.05
N9OO
Applying:a least squares fit to the data at Eq =
1.6 Mev for a function of the form N(8) = Jl+dcos ® yields

N(90°)
the result that a = 0.35 £ 0.9. This function is shown plotted

in Figure 13,

It is interesting to note that the 0° to 90° aniso-
tropy of this target dependent background was the same as that
of the neutrons present thus further indicating that the back-

ground might have been produced by neutrons.

5. Absolute 200 Differential Cross-Section
(a) Procedure:.
The runé for the determination of the absolute differ-
ential cross-section at 90° to the beam direction were taken
at the same time as the T(D(.,%')HeLF runs which have been used

to determine the target thickness. To do these runs a relatively
-new spot on the target was selected and two T(o(,K')Li7 runs and

wwo T(p, b')Hel+ runs were interspaced. No target deterioration

was detected by this proceedure. For all of these runs the
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scintillation counter was at 90O to the beam and 5.96.cm. from
the outside of the target pot. The target was at #50 to the
beam direction and positioned so that thé_gamma rays Wbuld pass
through the target backing to reach thé scintillation counter.
~The T(N.,V)Id7 work was done at an energy of 1.6 Mev as read

by the generating voltmétér and with a‘target current of 4
‘microamperes. The spectra were analyzed into their two com-
ponents as described before so that the cross-section could be
given for X.transitions. The tritium target thickness used

18 atoms/cm2

was, as found from the T(p,‘a’)Hél‘L work, 4.48x10
t 18% for the target at 45°. <

(b) Cross-Section at 1.6 Mev

The efficiency of the scintillation counter in the
lead castle for counts to the half energy bias of the spectrum
was read‘from Figure 3 as € = 0,68 I 5% and the effective
centre was used as 4.8 cm from the crystal face. After cor-
recting for absorption losses the average number of T(O(,8')Li7

cbunts above the half-energy bias for ¥, transitions, N, = 3240

% 54, The rest of the data needed is as follows.

Q =o0.179 T 63
N = (50 integrator counts) 100.4x10-6 =3 l37x1016 o ~particles
1.6x10°Y
: +

; . . - 1%

_ 18 e 2 +
np = L4.,48x107 atoms of tritium/cm® = 15%
. . (@0) = Ne = 1.89x10-31 cm2/steradian = 20% ,

@00y, Nk m €
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for the absolute 90O differential cross-section for 3: transi-

tions. Using the ratio of 81 transitions to total transitions

as 0.69 £ 0,007 then the absolute 90° differential cross-section
7

is found as

31

for formation of ILi

(4.07) - 1.89x10

- 2
= 2,74x10 31 em /steradian & 20%
(d W )900 0.69

Integrating the angular distribution, 1-0.11 cos29+ «39 cosl+e,

over 4T steradians yields a total cross-section for formation
7
of Li of
-21 ~-30
G- = 2.74x10 > Tx(4.16 ) = 3.58x10°° em? * 204,

(¢) Excitation Function

Besides the 1.6 Mev bombarding energies two others
were also used:
(1) 800 Kev

Unfortunately no 1;6 Mev runs were taken on the same
spot on the target as 800 Kev runs. However, by examining the
800 Kev yield figures and those of runs at 1.6 Mev taken within
a few days of these a reasonable cross-section can be given at
800 Kev relative to that at 1.6 Mev. The 800 Kev runs are
those that were used in determining the angular distribution and
as mentioned in that section the counter was appreciably closer
than for the 1.6 Mev runs. In order to determine the relative

cross-section at 800 Kev the following figures are used:

i
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(40" ) - Ny, , 800 Kev N 5 1.6 Mev

aw . .
( )909 ‘. ’ 800 Kev Nf, ’ 106 Mev Ne 800 Kew

fL 800 Kev (QWlgao ¥ , 1.6 Mev

= 2044 99,0 0.123 (40)
3053 102.5 *° 0,324 ° (dw)gp®
sty

1.6 Mev

-
= 0,445 Ei—;;

90°, &, 1.6 Mev = 11%

or for the total cross-section ¢ = 1.45x10-30 cm2 ¥ 23%

assuming isotropy.
(1i) 500 Kevw

An attempt was made to obtain a spectrum at 500 Kev
incident alpha particle energy to note any change in target de-
pendent background. At the time of running however, only a
small current (2,~9) was availablé and this hecessitated'a long
running time of about an hour for 75 integrator counts of 96.5
microcoulombs apiece. Over most of the spectrum the beam de~
pendent background was more than half the number of counts re-
corded. However, a value was deduced for the cross-section
relative to that at 1.6 Mev bombarding energy. Runs at 1.6 Mev

on the same spot on the target‘had been taken just prior. Hence,

(40 )

= 752 99:0 o.lzg (do)
(w600 %, , 500 kev 3053 96.5 0.32%k  (dwlge® ¥, . 1.6 ev.



38

= 0.140 E%%;% I 15%, or for the

90 , %, 1.6 Mev

total cross-section, G = O.SOXZLO"'30 cm2 T 263 assuming isotropy.

(d) Target Thicknéss from Gamma Ray Energy

The gamma ray energies from the runs taken at the
three bombarding energies followed a form Ey = Q+ 3 E‘ ’
within the experimental accuracy, indicating that ch proper
reaction was being observed. Frbm the RATh energy calibrations
the gamma ray energies were found and mean alpha particle ener-
gies calculated from them. These latter are compared with ex-
pected values, based on target thickness computations given in

section 2(¢), in the following tables:

Target Eee
LY dngle Experiment From target-thickness
(Mev) (degrees) (Mev) (Mev)
1.6 45 1.31710% 1.32
| 90 1.37 140
0.8 45 0.567 0.560
0.5 45 0.355

As can be seen the agreement is well within the ex-
perimental error and so mean alpha energies may be considered

accurate to 2%.

6. Summary and Discussion of Experimental Results

The absolute cross-section for the T(e ,& )Li7 re-

+ action was measured at 1.6 Mev alpha particle bombarding energy.
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Values relative to this were found for energies of 800 and 500

Kev., Results are tabulated below for mean energies in the targets

e (Mov) g (en®)
1.32 3.58x1073° * 207
0.56 1.45 23%
0.35 0.50 26%

These values are definitely lower than those of Riley
but the relative values agree well with the trend of the cross-
section with energy obtained by that author. On the other
hand Holmgren and Johnston's values, obtained with a gas target,
are lower by a factor of 2)at 600 Kev and a factor of 2.5 at
1.3 Mev and their excitation function falls less rapidly with
energy. There is no immediately apparent explanation for this
rather large discrepancy between the results determined by the

two different methods at the present time.

Angular distribution measurements of the reaction
gamma rays from T(&, )’)Li7 indicated that the gamma rays to
the ground state, ¥ , and to the first excited state, » have
the same angular distribution. These followed the form 1-0.11
cos%9+ 0.39 coshB at 1.6 Mev bombarding energy while there
was some indication of anisotropy (5% z 6%) at 800 Kev. The
presence of the cosine terms at the high bombarding energy
means that the reaction proceeds by capture of alpha particles

of angular momentum greater than 1 = o to some extent. If the
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ground states of Li7

are pure 2P levels then it is difficult to
seé how the quadrupole radiation, whose presence is indicated
by the coshﬁ term, arises since s, p, or d capture of alpha

particles would give electric or magnetic dipole radiatioq.

vThe angular distribution of the target dependent

background was found to be of the form 1+0.35 cos ® at 1.6 Mev.
This agreed well with anisotropy measurements made with a neu-
tron counter. The excitation function of this background at 90°
to the beam was determined roughly by measurements at 1.6 0.8
and 0.5 Mev., This also agreed very well with the neutron coun-
ter results. Therefore, indications are that the target depen-
dent background was due to neutrons emitted from the target.
One drawback to this however is that the yield of neutrons did
not seem to be large enough to explain the large background in
the scintillation counter. Fufther investigations to determine
the exact source of the background would, therefore, be wath-
while.

7. Application of Results to Astrophvsics

Because of the astrophysical interest in the absolute
cross-section of the T(OL,K')L17 reaction, as far as it deter-
mines the cross-section of the mirror reaction He3(aL,X')Be7,
the data was put in a form convenient for use. According to
Burbidge et al (1957) the cross-section factor for a charged

particle reaction in an energy region well below the coulomb
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barrier may be written as

= & L

s = G(Ey) Ey __ég_ exp(31.28 leoA12E1 2) Kev-barns in the
Aqthq )

centre-of-mass system, for E; the laboratory energy in Kev of

the bombarding particle and ¢7(E1)1 the laboratory cross-section

O'thmz) for the reaction; 4y, A, refer to the mass

in barns (1
of the interacting particles in atomic mass units and Zo, L1,
to their atomic number. For the T(e& ,¥ )Li’ reaction this

— —k
becomes S = 3/7 Ex O (B« Jexp(125.12E <),

Using Riley's excitation function, normalized at Ey =
1320 Kev to the absolﬁte cross-section obtained from the pre-
sent work the dependence of S ¢én Eyg was found. Riley's re-
sults were corrected for target thickness by using the stopping
cross-section values from Figure 7 and the Oak Ridge National

Laboratory's figure of.262 micrograms of Zr/cm? for his target.

The results of the present work and Riley's corrected
results are shown plotted in Figure 15. Also shown are values
of the same quantity as found by Holmgren and Johnston (1959)
after converting their "S" to the centre of mass system. Within
the experimental error the present results show that S does not
change with energy in the region-investigated. "Holmgren and
Johnston's results show a slow variation of S towards lower
energies..: This may be due.to a small error in mean bombarding

enérgy at the lower energies, which would result in a large
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change in S because of its exponentialldependence on Eq_ . The
sloped lines through the experimental points sth the direction
in which S would vary with a slight change in ﬁéan bombarding
energy. Over most of the energy range studied the best experi-
mental estimate for S is 0,062 Kev-barn and it femains within

about 25% of this value over the range.

If the reactions T(&X ,¥ )Li7 and HeJ(& ,X- )Be7 were
exact mirror reactions then the cross-section factors would be
the same for both. On the assumption that they are exact mirror
reactions cross-sections were found for the He3(o( , & )Be7 re-
action from those for the T(e , K)Id7 reaction by multiplying
the latter values by the factor exp(-125.12E -%) which results
from the assumption of equal Bivalues. Results are tabulated
below as well as the cross-sections for the He30x %4 )Be7 re-

action as found by Holmgren and Johnston.

Mean_Energy G- v ' L 3 7 Holmgren
Ea T(® 4% L1’ exp(-125.12E, <) He ' (w ,¥)Be’ Johnston's
B He3 (o ,¥ )Be”
(kev) (10-3%%m?) ' (107 30cm<) (1073Y%n2)
50 o.go 0.124x10™% 0.00062 ————
30 0.09 0.240 0.0021 0.021
560 1.45 0.505 0.0070 , 0.078
610 1.3 0.628 0.0082 . 0.12
860 1.9 1.4%0 0.027 0.35
1105 3.1 2.32 0.072 0.75
1320 3.58 3.20 0.11 1.25
1520 309 .O)+ O.l6 -
1830 L.,5 5.40 0.24 : C emm——

It is readily noticed that the cross-sections found from the

f T(A,¥% )Li’/ reaction are much lower than those obtained by
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Holmgrén and Johnston amounting to about a factor of 10 over
the energy rahge studied. This indicates that the reactions
T(‘*,l’)Lil? and He3(o( y a’)Be7 are not exact mirrors of each
other. The two values of the cross-section would differ in
the same direction if the repulsive force betwegn the two

protons in Hed enlarged its radius over that of H3 thus in-

creasing the cross-section of the He3(o( y ()Be7 reaction.



Part I

A Standard Geiger-Muller Counter

for Gammg Ray Flux Determinations
Chapter I

Introductions

The Geiger-Muller counter, as all other nuclear ra-
diation detectors, depends on the ionizing power of the radia-
tion for its operation. By means of gas amplification it
amplifies the primary ionization, caused by the radiation in
its interior, and the resultant flow of charge, is practically

independent of the number of ions originally formed.

The term, Geiger counter, actually refers to a point
counter as originally designed by Geiger (1913). This con-
sists & a thin wire at high potential surrounded by a metallic
cathode; the interior is gas filled. Gas amplification takes
place around the point of the wire in the gaseous atmosphere
regulting in a collected charge independent of the amount of
original ionization., A slight modification of this made by
Geiger and Klemperer (1928) was to add a small metal ball to
the>end of the wire. Over z small voltage range this device
operates as a proportional counter--~the amount of charge col-~
lected on the wire being proportional to the original number of
ions formed. Thus, charged particles give a voltage pulse pfo-

portional to their energy. Since the above counters operate
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only around the end of the wire the active volume is small.
In order to increase the sensitive volume a new counter was de-
veloped (Geiger and Muller, 1928) known as the Geiger-Muller or
G-M counter. In this device'amplification of ionization occurs
along the complete length of the high voltage wire thus giving

greater sensitivity.

-8ince gamma rays are detected by the ionization re-
sulting from electrons liberated from the materials of the
counter a good gamma ray G-M counter should have a large solid
surface area surrounding the gas-filled interior. Because
these secondary electrons have a finite range in the cathode
material the wall thickness should be just greater than this
range to ensure that the maximum sensitivity is obtainéd. If
the walls are thicker than this then sensitivity is lost as a
result of gamma ray absorption in the walls which can not con-
tributelelectrons to the interior. Primary ionization in the
gas may be considered negligible (Bleuler and Goldsmith, 1952).
Even a wall thickness of the order of a millimetre stops all
beta and alpha particles ensuring that only gamma rays and X-

rays are detected.

Fowler et al. (1948) as well as other authors (Bleuler
and Zunti, 194%6) have made elaborate theoretical calculations
in the efficiency of a thick walled G-M counter. In their

paper they find that the gamma sensitivity varies essentially
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linearly with photon energy for an aluminum cathode between 1.5
and 25 Mev; at the lower energies the efficiency changes less

rapidly with energy.

An approximate expression for the overall efficiency

was given by von Droste (1936) as € = Constant ( Ton tph +

Oc %c * 207 %,) where Oph is the cross-section for the photo-
electric effect, tph is the range of the secondary electrons
in the wall material and the other symbols have analagous mean-
ings. |
This formula predicts that the efficiency at energies
below about 300 Kev increases significantly rather than smoothly
falling to zero with decreasing photon energy. This effect is
due to the nature of the photoelectric cross-section at these
low energies and has been born-out in the experimental results

of Bradt et al. (1946) and anworth (1940).

Since the photoelectric effect depends on Zh, pair
production on 22 and the Compton effect on 4 high sensitivity
to gamma radiation is gained by employing cathode materials of

high atomic number, Z.

Although G-M counters do not occupy the same position
as they did ten years ago for gamma ray flux measurements it
was felt that an experimental determination of their efficiency

over a wide range of photon energies would be worthwhile not
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only to make available a standard counter for determining gamma
ray fluxes in the laboratory but alsp as an independent check
on the flux measurements made with scintillation counters.
Accordingly efficiencies have been found for a standard brass
(Z = 29) walled counter over the gamma ray energy range from

0.5 Mev to 20 Mev.

Efficiency determination at 6,14 Mev and 17.6 Mev
gamma rays for a similar counter were made a few years ago by

Barnes et al (1952); this present work is an extension of theirs.



Chapter II

Determination of Characteristics:

1. Method of Operation

When a gamma ray enters the counter wall there is a
certain probability depending on the gamma ray energy and the
counter construction of it interacting and producing electrons
by one of the three effects: Compton, photoelectric or pair
production. Theée electrons, if produced near enough to the
inner surface of the wall, will reach the gaseous interior.

Here they will be accelerated by the potential gradient between
the thin wire anode and the counter wall and will ionize the

gas by collisions producing electron-ion pairs. These electrons,
in turn, produce more ionization and successive collisions in
the region of the counter wire and initiate an electron avalanche
which spreads along the wire. The production of new avalanches
ceases when the positive ion sheath moving slowly towards the
cathode reduces the field at the anode to such an extent that

no further multiplication can occur. Thus, at this time, a
fraction of a microsecond after the passage of the primary
particle the primary discharge is terminated. If the ion sheath,
which takes from 100 to 500 microseconds to cross the counter
volume, is allowed to strike the cathode it produces photons
which eject electrons by the photpeffect thus initiating a new
discharge. In order to prevent this multiple discharging which

occurs with counters using pure gases quenching can be accom-
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plished by pfoper electronic circuitry (Bleuler & Goldsmith,
1952) which reduces the high voltage across the counter for a
short period after each discharge. Alternatively, instead of
a pure counter gas, such as argon, a small amount of polyatomic
vapor, such as alcohol, may be added to serve as a quench gas.
This gas mixture does not affect the initial production, however
after the discharge instead of the positive argon ions hitting
the cathode they collide with alcohol molecules, thereby trans-
ferring their charge to these heavy molecules. The alcohol
molecules then move towards the cathode and dissociate upon:
hitting it rather than emitting an electron. Due to the dis-
sociation of the qﬁench gas the lifetime of the counters is

8

limited; counter life is usually of the order of 10° to 10%°

counts.

2. Construction and Filling

A sectional diagram showing the construction of the
Geiger-Muller counter used fdr the efficiency determinations is
shown in Figure 16. It consisted of a piece of brass tubing of
L .45 cm. outside diameter of 0.95 cm. wall thickness closed at
the ends. Glass-to-metal seals at both ends keep the high po-
tential 0.006 inch diameter tungsten wire insulated from the
counter walls. 4 glass sleeve at the entrance end serves to de-
fine the active length of the wire more accurately by keeping
the active volume away from the brass end of the counter where

the field is non-uniform. This particular counter was designated
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as Mark I. A slightly different construction was used in two
later counters referred to as Mark II Nos. 1 and 2. Active

lengths, as defined in the figure were measured for the three

counters:
Counter Length (cm)
Mark I 745
Mark II No. 1 7.36 £ 0.08

Mark II No. 2 7.58 £ 0,08

The counters were filled by the usual method (Bleuler
and Goldsmith)j; the filling system is shown in Figure 17.
Filling proceedure was as follows: the G-M counters A were
sealed to the-manifold B and the system pumped down with the
mercury diffusion pump. The evacuation continued while the
counters were warmed in hot water to outgas them. Pumping con-
tinued this way for a number of hours until little increase
above the normal 10'4 mm. Hg pressure was noticed when the sys-
tem was sealed off from the pumps and the hot water removed
from the counters. The tube was then flushed with argon from
the flask C. After closing C the pumping line was opened and
the pressure allowed to fall to nearly its original value where
the evacuation was sfopped. Alcohol from the bottle D was then
evaporated into the system until the pressure rose 1 cm. as read
by the mercury manometer, E. The alcohol was then closed off
and argon introduced, letting the pressure climb to 11 cm. After

sitting a few hours in this condition so that uniform mixing of
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gases occurred counter plateaux were obtained. Finding these
satisfactory the counters were removed from the system.

3. Plateau and Resolving Time

Immediately after the counters had been removed from
the filling system another check on their characteristics was
made using a Berkely Model 2105 Decimal Scalar and a Co
source of gamma rays. The G-M pulses were viewed concurrently
with an oscilloscope; both scalar and oscilloscope agreed as
to where the Geiger threshold was. Plateau characteristics
are given below for two of the G-M counters immediately after

filling and after about nine months of use:

Counter After Refilling After TUse
Length Slope Length Slope
Mark I - 300 0.05/100 150 0.08/100
Mark II, No. 1 200 0,06/100 200 0.08/100

A counter is considered satisfactory if the plateau is 200 to

300 volts long and has a slope of about 0,05/100 .

The two source method was employed to find the re-
solving time of the Mark I counter (Bleuler and Goldsmith).

For this, two Co60 gamma ray sources were used with the results:

' +
my, = observed count rate for two sources = 20,956 - 64 per min
m, = " " " " source 1 only= 9,100 Zuo o
m2 - n l-l 1 l; fn 2 u = 12’672 + 50 n n
mp = " " " " no source =35.8% 1.4 n w
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Then the resolving time is determined from

T = Tl El + %_ (m12_3mb)%and (l\.‘ = ml+m2-m12-mb

2(m1-mb)(m2-mb)
giving T = 212 microseconds ¥ 5%. This is a typical value for

a G-M counter.

L, G-M Counter Efficiency

(a) Definition of Efficiency

The overall sensitivity or efficiency, €, of a Geiger-

Muller counter can be defined by the formula Ny = A€

ywre Ny
where Ng, = number of counts in the G-M counter
Ny - corresponding number of gamma rays emifted from the
source | |
r = distance from the source to the effective centre of
the counter
4 = effective area of the counter.

The factor é@ may be considered to be the solid angle
r

of the counter and an analytical expression for it in terms of
counter dimensions is given by Norling (1941). However, in this
present work A was taken together with € and an "effective ef-
ficiency" A€ defined. Such an efficiency is, therefore, charac-

teristic of the counter under investigation.

If counts are recorded at a number of distances from

the source then a plot may be made of /Ni versus r, and a
Ng



53
should result so that

I?[ .

straight line of slope m = =
[}

m

n

distance for the counter may also be found by noting the in-

tercept on the r axis.

- In analyzing the results a least squares line Y =
mx+b was fitted to the inverse square law plot and the slope
and intercept found as
n% X; ¥y ~ZX ¥y Ziyi -n S x,

and e = :
niixi2- (Ei‘xi )2‘ nm

m =

=3 e

where n was the number of independent observations. 4n estimate
of the error involved for m and b was found by a method described

in Whittaker and Robinson (1924) and outlined here:

The condition that the least squares line must satis-
fy may be written in two "normal" equations:
[xy]
[1y]

[xx]m + [x1]b
[x1]m + "11]b

H

where l;xy] =§ Xq ¥4

If D is the determinant of the coefficients in these equations

and 52 = [(8S] = [yyl-[xyIm-[1y]b then the quadratic mean

errors associated with m and b are

Szm = [11] héji_ and 5;2 = [xx], gLE
D n-2 D n=2

+
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(b) Experimental Proceedure

The G=-M counter efficiency was determined by applying
the theory of the last section to data taken at six different
gamma ray energies. The mean energies used were 0.51, 1.25,
6.16, 12.1, 16.3, and 20.3 Mev from the reactions Na22(‘8 +)N922x,

- 60 1 16 11
0060(/3 ¥iNi—, F 9(p,°( ¥)o , B (p,b’)cl2, Li7(p,lf) Be® and

L
T(p,¥ JHe respectively.

A block diagram of the G-M counter circuit connections
is shown in Figure 18. Geiger pulses were fed through an
Atomic Instrument Co. Linear Amplifier Model 403+B into a 100
ohm cable to a Dynatron Radio Ltd scalar tgype 1009a. High vol-
tage for the G-M counter was 1175 volts from an Isotopes Develop-
ment E.H.T. supply. This resulted in an overvoltage of about
125 volts putfing the opérating point around the centre of the

plateau.

For runs involving a scintillation counter (either
the 23"x34" crystal or thé 2g"xhd" crystal) the circuit connec-
tions for this counter were also as shown in the figure. Pulses
were fed from the output cathode follower unit mounted on the
scintillation counter through a 100 ohm cable to a cathode fol-
lower ahd hence to a Dynatron Radio Ltd Amplifier Type 14+30A.
Positive pulses from fhis unit drove a Dynatron Radio Ltd scalar
Type 10094 in parallel with the 100 channel Computing Devices

of Canada Ltd. kicksorter. Calibration of the system was carried

out as described in Part I.
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(c) Proceddrs= at 0.51 Mev
In the deéay of Na22 a positron is emitted in 89% of
the cases (Kreger, 1954) énd an electron is captured in the re-

22 of 1.279 Mev

maining ones resulting in an excited state of Ne
(Ajzenberg and Lauritsen) which decays with a half-life of
1+.8x10-'12 second (4lkhazov, D.K. et al., 1959). The radiation
from the annihilation of_the.position was used to determine the
G~M counter efficiency at this 0.51 Mev photon energy. The num-
ber of 0.51 Mev gamma rays was 1.78 times the number of 1,28

Mev gamma rays.

In order to determine the absolute strength of Na22

activity the spectrum of the 1.275 Mev gamma ray shown in Figure
19 was recorded with the 23"x34" Nal crystal mentioned in Part

I and the number of counts abové the half-~energy bias compared
with the analagous number in the spectrum also shown in the
figure of 1.17 and 1.33 Mev gamma rays from an accurately known

60

Co60 source, Fortunately the mean Co gamma ray energy is al-

22 1,28 Mev gamma ray so that the

most exactly the same as the Ne
scintillation counter efficiency is the same in both cases the
ratio of Na22 counts to C060 counts was found to be, R=0.110 :
1.2% on December 31, 1958. This ratiovhas been corrected for
the loss of counts due to the kicksorter resoclving time of
(30 + channel number) microseconds. The sources used were Na2?
#2 and 0060 #1. This latter source had been calibrated by the

National Research'Council of Canada on April 11, 1956 as having
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a strength of 0,031 millicuries within 5%4. P.P. Singh of this
laboratory using coincidence techniques on the two cascade
gamma rays had found the activity to be 0.0237 millicuries
within 3% on April 22, 1958, in agreement with the previous
measurement aésuming a Coéo half-life of 5.2 years. Taking ac-

60

count of the fact that one disintegration of a Co~~ nucleus re=

sults in two gamma rays, the strength of the Na22 #2 soﬁrce, on

December. 31, 1958 was 0.00432 millicuries * 5% for the 1.27 Mev

gamma rays.

'To do the efficiency measurements the G-M counter was
held about three feet off the floor with its axis vertical and

2

counts were taken for Na’® source-to-counter distances, r, from

15 cm. to 40 cm. The proceedure was then repeated with the 0060
source for the same counting time and distances. If N22 is the
number counts due to the Na22 source and Néo is the analagous
number from the 0060 source then the counts due to the 0.51

Mev gamma ray are (N22-k Néo) and the effective efficiency at

0.51 Mev is found from A€ = _TI r2 . (N22-k N¢o) where N
0.89k N 60

is the number of disintegrations of Co nuclei in the counting
time. Efficiencies and effective centres for both Mark I and
Mark II, Ne. 1 counters were measured in this way.

(d) Procedune. at 1.25 Mev.

When a Co60 nucleus decays two gamma rays of energy
1.17 and 1.33 Mev are emitted in cascade. The G-M counter ef-

ficiency was assumed to vary linearly between these two energies
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so that a mean energy could be defined asgs 1.25 Mev. The data.

obtained with the Co®0 source.in the previous section was used

for the determinatiaon of the effective efficiency and effective
centre at this energy. For Ny ,.the number of disintegrations 
of @060 nuclei in the coﬁnting time, the efficiency is glven by

A€ ==2W r® N5 |
Ny

- (e) Procedure at 6.16 Mev

A CaF, target mounted in the target chamber described
by Larson (1957), was bombarded with 365 Kev protons. The pro-
tons were captured in the 340 Kev resonance and a.highly excited
state of Ne20 was formed. This decayed mainly to the 6.14 Mev
level of,o16 by the emission of an alpha-particle. Other
states at 6.91 and 7.12 Mev were formed in:2.3% % 0.2% of
the decays (Dosso, 1957). The mean gamme ray energy for the

G~M counter efficiency determination was therefore 6.16 lev..

The isotropicallyyemitted alpha-pvarticles (De#ons
and Hine: 1949) to the 6.14 Mev state were counted by a propor-
tional counter in ‘an accurately known geometry: W = (2.357 %
O.OOS)xlO"5 of a sphere. From the alpha counts the humber of
gamma rgys. emitted isotropically, could be found as Ny :'d.countsx

W
(1.023_ % 0.002)..

The G-M counter wés held with its axis vertical and

positioned so that the gamma rays from the target would pass
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perpendicularly through the thin copper target backing and the
one millimetre thick aluminum window to reach it. The counter-
to-target distance was varied from about 20 ecm. to 60 cm,
Pulses from the proportional counter were amplified by a Dyna-
tron Radio Limited Amplifier Type 1430A and recorded on the 100
channel kicksorter in parallel with a Dynatron Radio Ltd

scalar Type 1009A.

For a count Ny in the G-M counter corresponding to Ny
gamma rays emitted the effective efficlency was found simply
as A€ = LW r? 1 |
Ny
Againz efficiencies and effective centres were cal-
culated for Mark I and Mark II, No. 1 G-M counters.

(f) Procedfive: at 12.1 Mev

By bombarding a pli target with 275 Kev protons
gamma rays of energies 4.43, 11.67 and 16.10 Mev were emitted
(Ajzenberg and Lauritsen, 1955). At this proton energy the

16.0 Mev contribution was small but not negligible.

4 Bll target was mounted in a 3.65 cm outside diameter
1/16" brass walled target pot. The Mark I G-M counter and the
scintillation counter with the 23"x44" Nal crystal were positioned.
at 900 to the proton beam. The front face of the scintillation
counter was located 15 cm from the outside of the target pot
while the G-M counter-to-target distance was varied from about 5

cm to 40 cm,
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A typical spectrum obtained in the scintillation
counter is shown in Figure 20, The number of gamma rays of each
energy emitted in the 90° direction was fbund by determining
the number of counts above the half-energy bias in the scintil-
lation counter spectra and using a scintillation counter ef-
ficiency as read from Figure 3. The efficiencies and effective
centre distances used were 0,705, 0,790, 0,798 and 4.6 cm.,
4.1 cm., 4.1 cm. for gamma ray energies of 4.43, 11.67 and 16.10

Mev respectively.

From previous results an efficiency forlthe 4,43 Mev
gamma ray in the G-M counter was found from interpolation;
the value taken was (A€ ), = 0.59. Using this efficiency and
the intensity of 4.43 Mev gamma rays incident in the direction
of the G-M counter as determined from scintillation counter
spectra the 4%.43 Mev gamma ray contribution to the counts in
the G-M counter was determined. The remaining counts were then
due to the 11.67 and 16.10 Mev gamma rays. From their relative
intensities in the scintillation counter a mean energy for use
with the G-M counter was calculated to be 12.1 Mev. Hence the
effective efficiency for 12.1 Mev photon energy was inferred

from:

(N, - (A€)), N, _ :

where Np was the number of gamma rays of energy "E" Mev being

emitted from the target as found from the scintillation counter

spectra and assuming isotropic distribution.
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(g) Procedure: at 16,3 Mev

A thin 117 target evaporatéd onto a copper backing
by the method described by Singh (1959) was bombarded with 450 -
Kev protons. The protons were captured in the 4.41 Kev reson-
ance of Be8. In the subsequent decay a 1lh4.4 or a 17.2 Mev
gamma ray was emitted (Ajzenberg and Lauritsen, 1955) both
being separately isotropic (Devons and Lindsey, 1950). Since
their relative intensities were 2:1 (Walker and McDaniel, 1948),

the 17.2 llev gamma ray being the more intense, a mean photon

energy was found as 16.3 Mev.

The large scintillation counter, used for the measure-
ments at 12,1 Mev, was positioned at 90° to the proton beam,
its front face being 29.65 cm. from the outside of the 2" diam-
eter brass walled target pot mentioned in Part I. The Mark I
G=-M counter was located opposite the scintillation counter also
at 90° to the beam. Its distance from the target was varied
from about 5 cm to 40 cm. A typical spectrum obtained in the
scintillation counter is shown in Figure 21. The total number
of gamma rays emitted Ny was found by adding counts in the
spectra from a weighted half-energy bias and using a mean scin-
tillation counter efficiency of 0.797 from Figure 3. The effec-
tive centre distance used was 4.1 cm. Thus, a G-M counter ef-

ficiency at 16.3 Mev was found simply from Ng = A€

N
x '3
MTIr2
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(h) Procedure. at 20,3 Mev

A 20.3 Mev gamma ray was obtained by boﬁbarding a
thickitritium target (B-127-1) with 800 Kev protons. Since
these gamma rays are emitted in a sin® distribution (Perry and
Bame, 1955) both the scintillation counter with the 2&"x34"

NaI crystal and the Mark I G-M counter were positioned at 90°

to the proton beam. The scintillation counter face was 29.65
cm from the outside of the 2% diameter brass target pot while
the G-M counter-to-target diétance was varied from 5 cm. to 50
cm. The spectra obtainéd in the scintillation counter were
similar to that in Figure 5. Counts were added in the spectra
above the half-energy bias and an efficiency of 0.72 was
assumed for this scintillation counter from a comparison of the
(l—e"‘L) efficiencies of the two scintillation counters used
throughout the work and the efficiency of the large crystal to
the half energy bias taken from Figure 3. 4n effective centre
distance of 3.6 cm. was also chosen on the same basis. The G-M

counter efficiency was then obtained simply from NG = A€

4T 72 Ny

A€ bW Ny where Ng was the number of counts to the half-

LI'T‘-I'd Rs E.s
energy bias in the 20 Mev spectrum and-né ,-ES are the solid

angle and efficiency respectively of the scintillation counter.
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(1) Summary of Efficiency Results

The efficiencies are tabulated below. The statistical
error shown in the fourth column dﬁes not include an error for
the scintillation counter efficiency. Since a scintillation
counter was used to determine the last three entries an uncer-
tainty, considered to be 10% at the present time in the ef-
ficiency at energies over 12 Mev, should be added to the sta-
tistical error to give a total error estimate for these ent rieg..
For the first three entries fhe statistical error is to be taken

as the total error.

By _A€ (cm?) Statistical
Mark I Mark II, No.l1  __Error

(Mev) |

0.51 © 0.OL4hk 0.0436 12%

1.25 0.138 0.146 0.8 %

6.16 0,845 0.787 2 %

12.1 1.97 3%

6.3 2.77 29

20.3 3.68 3%

To within the experimental error the effective centre
occurs at the geometrical centre of the counter for all photon
energies up to 20 Mev. These efficiency results are shown
plotted in Figure 22. The smooth variation agrees with the re-
sults of Fowler et al. (1948). The two other points plotted
are those of Barnes et al. (1952), the values being 0.73 T 39
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at 6,13 Mev and 2.50 - 9% at 16.8 Mev. 4 rough .curve drawn

through the origin and these two points would have the same

shape as the bne found in this report thus lending confidence

to the scintillation counter efficiency values in Figure 3.
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