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ABSTRACT

The . energy distribution of .charged photoparticles
from the interaction of the a0 nucleus with 17 64 Mev and
,14 7 Mev gamma rays from the reaction Li7(p,7)Be has
been obtained using a gridded ionization chamber..'A
‘total cross section of 5. 8 mb .was found for the combined
production of photoprotons and photoalphas. Peaks in the
energy spectrum corresponding to photoproton events leading
to the ground and first excited states‘of‘the residual

139

nucleus C were identified but some features of the

energy distribution.remain unexplained.
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PROLOGUE

It happened on a midnight,cléar

The Machine —;it workéd!_ Results were near ...
Coincidencexbéyond‘belief.i o

Caused héppy smiles;'nqt;breakdownjgrief.
Diffusion anps“SHCkéd Side:by side |
Whilé #mplifieréTaﬁpiified;f

Then,vés proton‘beam came down

The Magnet deftly bént it round,

The Sniffers lét-the beam’go by

And gaﬁma réyé began to fly;

- Scintillators scintillated,

- The Integrator iﬂtegrated,

- The Sorter kicked, the Scaler scaled -
{Not even a.tfénsistor failed.) :

Then, as eafly,mbrning clock‘struck three
Results wére'tﬁére»fér éii.to See..

To end those weeks of weariltoil

Ridding pumps of dirty oil

A éhange hasicbmé‘we won't resist ....

From technician back to PHYSICIST!



INTRODUCTION

The interaction of electromagnetic radiation with
atoms has beén of paramount importance in advancing our
understanding of atomic structure., It might therefore-be'
expecfed that the electromagnetic interaction would also
provide a powerful tool for study of fhe structure of the.
nucleus, The value of the photon as a nuciear probe is
-enhanced  because the electromagnetic force is well under-
stood, unlike the much stronger nuclear force. One method
of studying_the interaction of photons with nuclear.matter
is Vialphotodisintegrﬁtion reactions., These invo;ve the
absorbtion of a photon by a nucleus in its ground state,
and its subseduent decomposition into two or more particles,

~The comprehensive’invest;gation by Hirzel and wiffler,
1947, of photoprotons from huélei in the range Z = 25 to
Z'= 118'has been foilbwed by a substantial volume of further

gxperimental work (Toms, 1955). However, fhere-remains a
'femarkable paucity of good experimental data,'dué to the
~lack of a sufficiently good source of gamma rays, Avail-
able,sourcés are of two types: nuclear reactions induced

by particlé bombardment; and bfemsstrahlung derived from
energetic electron beams,

Reaction sources have'the»advantage'of narrow line

width, but are generally of low intensity, and often comprise



two or more COmponentéépf.differentvenergy. They have the
further disadvantage;bf;being,iihited”to a few discreet
eneﬁgies,variahleﬁdﬁiy:B&Léﬁ§1§e_¢f reaction, with a
maximum bf/ZO;G;M§yfff§@ 1T(§}xjﬂ§4;i;Bféﬁégﬁ}éﬁiﬁpg;jon
‘the other hand, cénfﬁégﬁgovidéafwiyh'aﬁﬁiefinteqsity and
is continuously vafiﬁbié in itsiméXimum'énéngIi Itfis,
'however, a "white" radiation 56¢rCe, the shape of Whase
energy spectrﬁﬁumﬁ$f bé determined in order to interpret
~ the results qf’php%@ﬁithtégfatiéngegﬁerimgnts for which
,it is used, | -
In generai;fméiégigmentjdf:xhe,éhétgy{bf,radiation

- useful as a nuclear probe is not nearly a§ accurate as
‘that which made 6pti¢£i frequency radiation so invaluable
for the study of atomic physics. The frequencies of inter-
est in.nuclear workjare'much higher, and the precise
techniques of optiéaI“SpectrOScopy must be replaced by
less satisfactory indffeét'methods‘(Blatt‘add'WeiSSKOpf,
1952). | )

| while the theory of two body photod£sihtegfation has
become one of the cornerstones of nqueariphyS£cé; tﬁe
interpretation of theiphotodiéihtegraﬁiqn of heavier nuclei
is much more coﬁplex,and rélativély uncertain, The gross-
structure of all phdtOdisintegration cross sections exhibits
a "giant reSénan¢eﬁ[di}ebt1y'attfibutable to the gamma ray
absprbtion'crossise¢£ibn,of'the nﬁpleus,_-The cross section

is peaked'bétWeéh'io'ﬁﬁd,ZQ_Mév; aﬂd:is'tyﬁiéally be tween



3 and 8 Mev widQZA It is almost entirely due to electric
dipole ébsorbtidn. ‘The theory of this phenomenon is treated
im.most'nuclear'physics textbooks;'fOr instance, Blatt and
Wweisskopf, 1952,

Attempts to interpret such details of the photonuclear
break-up as energy énd anguhn*diétributibn of the prbducts
as well as the branéhing'rafios involved, have been in terms
of two quelé; ,These'aré‘the uéual compound nuclear model
of reaction theory and_avdirect'ﬁhoﬁbéffect_model.

In the compound nnc1e#f model the cross section for a
givén photodisintégrgtion’reaction is taken as‘the_p?oduct
of th independent_factors; These are thé cross section for
formation of the combound_nucleué by gamma absorbtion

(resulting in the charadteristic “giant reSonance"); and
the probability 6f.%ts-decay by pérticle emission through
the channel of inteéest.' The latter is principally influenced
vby the barfiér'pehetrability; and thus favours the emission
of neutrons over protons. The mechaﬁism of'the decay of
the compound nucleus by particle emission has been dés-
cribed by Weisskopf, 1937, and Weisskopf and Ewing, 1940,
as analogoﬁs to the evaporation of molecules from a hot
surface. 'The latter phenomenon is dgscribéd by a statistical
(Maxwell)d;stribution of the kinetic energy of the evdborated
molecules, witﬁ.the éurface'temperature as a parameter. In
the nuclear gase,_a,particlé;is "évaporated" from the excited

compound nucleus;»»The energy diStribution_of'the outgoing



,particles.isvlafgely determined by the emergy distribution
of the levels;in‘the‘residual hgélqusf On thgvassumptions
that the excitatibnzégergy is sufficient to populate‘levels.
in the residual nucleus in a fegién where the 1eve1 density
is great, and that the level density increasés rapidly_'
with energy,-the eneréy spectrum of,the,émittéd particles
alsovhas the shape of a Maxwell digtribution. The'analogy"
to surface evaporat;oh‘then leads to the definition of a
"nuclear temberaturéﬂ:as a-parémgtér of the distributibn.
ACcording to thg»wofk of_Béfhe; 1937; the_maximum_yie1d
of charged pafticles from the decay of a QOmpouhd,nucleusv
should occur at an exit channel energy approximéfely equal
to the Coulomb barrier height. This is shown to be true for
the'predicted energy distribution of photoprotoné based on
the staiistical model; by the calcuiationé'of Spicer; 1955,
The,étatistical_model predicts that the majority of
particles.will.be emitted‘with an exit channel energy;well
below the maximum allowed by the reaction Q-value. This
also favours the emissibn of neutrodsvover charge& partic1és
becausé of the dependénce of Cbulomb‘barrier penetrability
'upongchannel energy. The ﬁbdel therefofe indicates aAvery
small (10“2,to 10'5) ratio of photoproton to.ﬁhotOneufron
-cross~sectidns. In.those cases. where the particle is emitted
with less than maximum eﬁergy there is; of dourse; further
deéexcitatioh of the reéidual.nucleus albhg_energetically open

channels, These may iﬁclude,émission of'another_parficle, or



gamma decay. Photodisintegrations involving the emission
of two particles must therefore be duly considered. Qne
does not expect to be able to apply the statistical model
to nuclei so light that the aseumption of high level
density at the excitation.energy of the residual‘nucleus
is unreasonable, - It has been used with some success for
as low a mass number as 27 by Diven end,Almy,_1950.

The accumulated experimental evidence is for a rather
larger ratio of photbproton to-photoneutronAcross section .
than predicted by the sfatistical theory, Schiff '1948v pro-
poses that this might still be explalned in terms of that
model if a modified energy level density is assumed in the
residual nucleus. He gives some justification for this
assumption,-and.shows how this increases the mean exit
channel energy of the photoparticles, and consequently ehanges
the photoproton to photoneutron ratio,

-The direct photoemiseion processlwas postulated by Jensen,
_1948,-end Cou:ant,-1950, as an elternative explanation for
the unexpectedlyllarge photoproton yield., In the direct
process a, particle is ejected f:em the target nucleus
witheut.the pridr formatioﬁ of a compound nucleus. - In such
a case all the energy available from the photodisintegration
reaction.apbears as kinetic energf in the exit ehannel,
and the'residual nucleus is left in its ground state,

The absorbtien of e gémma quantum by a single nucleen in

this manner would not alwéys lead to the direct emission of



that nucleon.v It might head into the nucleus and lose
energy by collision resulting in formation of the compound
nucleus as described above, The result of direct effect
,events' however is expected to be an energy distribution
of photoparticles with the main group at the maximum exit
channel energy.. This increases the Coulomb barrier pene-’
'tration probability for charged particles and tends to
increase the photoproton‘to photoneutron ratio, This
-theory also predicts'anaanisotropY‘inlthe angularvdistri-
bution of the direct‘photoparticles,vfavouring~emission at
right angles to the‘incident gamma,flux. -Courant points out
that the direct photoprocess need only have a small cross
section relative to that for the formation of the compound
nucleus in order to account for the observed photoproton
cross section, o

. Neither theory can entirely account for the experimental
results, and so the consideration of both mechanisms in -
conJunction suggests itself, This possibility was explored
by Toms and"Stephens, 1953, as an explanation of their
results. for the photodisintegration of indium cerium and
bismuth, - In these heavier nuclei they expected the yield
of "evaporatedﬁ protons to_bengreatly reduced due to the
increased Coulomb»barrier. They calculated the yield of
photoprotons and their expected energy distribution u51ng
both the statistical ‘and direct photoeffect theories. They'

matched the two calculated energy distributions to their



experimental curves, combining.them_in proportions for
'optiﬁum fit. The obsérved particle_yields from the two
processes were found to be in‘fair agreement with.the
calculated,ones.They‘wefe able to interpfet these_results
as definite evidence of an appréciable direct photoproton
yield. The dbserved angular distributidns were not as -
readily resolved as their anlsotropy was not purely that

expected from the direct effect protons.

The Photodisintegration of Argon.

The reactions most likely to occur in the photo-
disintegration of argon are given in Table 1 together
with their Q-values as computed from the mass dlfference
tables of Everllng et al, 1960 and as tabulated by Bromley
and Rutlege, 1958, It is noted that there is some dis-
agreement between these soufces,.especially for the Q-value
of the reaction A40 (y.,p)C].39 . For this reaction the
Q-value quoted in the later literature ié.12.44 Mev. (See
for ihstance, MéPherson et al, 1954,) Peftinent energy
level diagrams for the most importﬁnt reactions are given

in Appendix D,



Q-VALUES

TABLE 1

FOR THE PHOTODISINTEGRATION OF ARGON

REACTION Q-VALUES (Mev) CHANNEL OPEN
» | . FOR EXCITATION
EVERLING ET AL | BROMLEY AND | ENERGY 17.64
R RUTLEGE | MEV MARKED *
| 4%° (,p)c139 - 12,52 - 12,03 *
4%0(y, 4)s36 - 6.81 - 6.76 "
A?O(y,n)A39 - 9,79 - 9.8 *
4%0(,,q)c138 - 18.37 - 18.30
2%%(,,t)c137 - 18.26 - 18.15
%0y, He3)s37 - 22,99 - 22.33
4%0(; ,np)c138 - 20.59 - 20.53
4%0(; ,nn)a38 - 16.45 - 16.49 *
2%, ng)s3® - 18.35
A4O(y,aa l)‘S_iSz - 15.69 *
4%0(;,pp)s38 - 22.82
A36¢;,p)c13° - 8.51 - 8.65 *
438, 0)532 - 6.64 - 6.65 *




The photodisintegration of argon has been'studied using
a variety of experimental technidues. Following the original
work of Wilkinson and Carver, 1951 using gamma rays from
the reaction L17(p,7)Be8. the maJority of experiments
‘were done u51ng bremsstrahlung sources. - The first of these
is reported by Spicer, 1955. | | ‘

Wilkinson and Carver obtained an energy distribution of
oharged.photopartioles:from_ohotodisintegrations initiated by
14, 7 and 17. 64 Mevkgamma rays;‘-They‘found no significant
contribution which they could attribute to photoalpha par-
tlcles and their photoproton excitation function shows a~
broad peak at 2,5 Mev,van unresolved peak at approximately
4 Mev, and two small peaks at 5,7 and 6.8 Mev, A photostat
of their paper>appears as Appendix A. The two peaks at =
5.7 and 6.8 Mev were identified as.full energy peaks corres-
ponding to the_first excited and ground states resoectively,

. of the product nucleus'0139. -From varying the flux ratio
‘of 14.7 to 17.6 Méy gammas they concluded that their results
were almost entirely due to the 17.6 Mev radiation. They
further concluded from the ratio‘of the 3 photoproton peaks
observed in their energy,distribution, that the bulk of the
disintegration was not due to the direct photoeffect. Their
energy distribution was peaked at a lower energy than that
expected from the statistical theory,

Spicer's work was done with 22.5 Mev bremsstrahlung,

He obtained an energy distribution for photoprotons which is
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peaked at 2,6 Mev., Although the majority of absorbed photons
were presumed to he of energy close to 20 Mev, his distribution"
showed negligible yield between proton energies of 7 and 8

-Mev where dirept photoprotons might be expected. He obtained
an excellent fit to his data using the statistical theory

with a modified energy level densityAdependence'on energy,

and with a Cduiomb barrier reduced in height fromAthe‘

classical Z /A1/2

"by almost 50%. Such a low Coulomb barrier
is thbught plausible_from the work of Scott; 1954, Spicér's
angular,distribution is strongly anisotropic;vpeaked at
approximately 70° to the incident gamma flux independent

‘of the proton energy.

Later workers haVe been. largely concerned with the
determination of the cross sections for photodisintegration
reactions and their dependence upon photon energy.

Apart from the theoretical interpretation of the general
characteristics of the photodisintegration of argon in terms
of the two modelé, there are séveral.features of the results
of Wilkinson and Carver which are not clear, and whicﬁ
ha&elnot been resolved by other researchers, Primary among
these is the nature of the two peaks in their photoparticle
energy spectrum at.5.7.and 6.8 Mev, Thé identification of
these as representing transifions to the ground and first
excited states of Cl39 is in serious disagreement with the
presently accepted Q-value for the reaction As shown in

Table 1. Also unexplained among the results of Wilkinson
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and Carver is the unresolved group at 4 Mev, In addition,
there exists a discrepancy in the cross sections measured
by Wilkinson and Carver and by McPherson et al, 1954, of
the order of 300%. Spicer's photoproton cross section
agrees with that of McPherson ét al, and is approximately
15 mb, at 17.6,Me6,ywhile that of Wilkinson and Carver is
given as 5.4 mb, »

In the present experiment the work of Wilkinson and‘
Carver has been repeated, using a gridded ionization chamber
in place of their proportional counter;'thus obtaining a
~much better energy resolution, By this expedient it was

hoped to resolve the aforementioned inconsistancies,
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CHAPTER I

THE GRIDDED - IONIZATION CHAMBER

A, Choice of Detector-

Five generai_methdds have been used for the detection

of photodisintegration events in argonQ These are:

(a)

(b)

(c)

@)

(e)

Determination of the residual activity due to

‘the beta-decay of C139.produ¢ed in the reaction

A4Q(p;y)0139;’ See for instance McPherson et al,
1954, Brix et al, 1959, and Dosch et al, 1960,

.Charged.particle track analysis in photographic

 emulsions, See for instance Spicer, 1955, and.

Iavor, 1958,

Charged particle traékAanalysis in a Wilson Cloud

Chamber, as used by Gudden and Eichler, 1958,

Pulse analysis using a-proportional counter,

as done by Wilkinson and Carver, 1951,

'Pulse analysis using a gridded ionization chamber

as done by Komar et al,.1961, for the investi-

gation of the reaction A4?(y;a)s36.

Method (a)-is only useful for cross section measurements,

and yields'nd information about the energy~d;str;bution 6f the
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photoprotons., Furthermore, it is.only useful in:conjunction
with a high gamma flux so that the decay of the product 0139
(half 1life 55 m) taking place duringvthe irradiatiqn is nbt
too large a fraction of the total yield. This technique

has therefore only been used with betatron énd synchroton
bremsstrahlung sources, . |

_The‘qse of photographic emulsions, method (b);_has:'
the ad?aﬁtage of yielding information about the angular
distribution and the energy of the cﬁarged photoparticles
as well as indicating the cross section. However; the gas
preSsure of’the argon must be kept low and the volume small;
in order to minimize-the energy‘loss of the charged pérticles
by ionization in the gas., This réstriction again favours
use of high flux gamma sources to &ield an adequauanumber'
of counts within a reasonable time,

The use of a Wiison Cloud Chamber, (c), once again
requires a’lgrge gamma flux owing to,the'brief timé for
which it is sensitive during its cycle of operation,

Thé proportional counter, (d) is‘usefq1 with a low
gammarflux, such és that avéilable from particie iﬂduced
reactions utilizing primary particles from a Van de Graaff
genérator. It has the advantage of noiseless‘gas amplifi-
cation, but this requires a region of high electric field
in the neighbourhood of the collector, With the usﬁal
cylindrical geometry this, in turﬁ,fequires that the collector

diameter be small to avoid the problems of having to supply
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an extremely high voltage. The field near. the counter walls
,is consequently quite low for a chamber of reasonable
‘diameter and this has the disadvantage of favouring re=.
combination of 1ons in ﬁueparticle tracks with electrons
before collection' thus decreasing the energy resolution.»

: In the case of the grldded ionization chamber (e),
which has similar geometry to the proportional counter a
larger diameter collector may be used because there is no
‘high field requirement for gas multiplication. For a l
given supply voltage this results in a larger field near
the chamber walls which 1s less favourable for recombination.
The grid -which is discussed by Gillespie, 1953 and Monier,
1950, has the effect of making the rise time of the.voltage
pulses.at the collector dependent only»on~the electron
collection time by shielding the collector from the slower
positive ions. - The rise time is ‘thus equivalent to that
‘of the proportional counter. 'In'addition the-absence of
gas gain makes the counter more stable to the presence of
impurities in the gas than is the case with proport10na1
counters,'particularly at,the high‘pressures needed for
adequate‘stopping'power.r |

The foregoing considerations indicate the suitability
of the gridded ionization chamber for the present .work,
A futher incentive was the successful use of such a chamber
for the photodisintegration of neon by Hay and Warren 1959,

:aud the subsequent availabillty of 'their chamber.
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B. _vbéfails;of'ChambérrCoﬁstrudtion

.The details of construction are given both by Hay and
‘Warren in thelr paper (1959), and by Monier 1960 who
used the same chamber_ior the peutron,dis1ntegratiop“of
neQn; ffhe diagram_6f £he chémbér given as Figut¢ i;is'
reproduced. from the earlier fefereﬁde; Some of the

pertinent'details.ar¢ réca11ed‘in1$ab1e 2.

TABLE 2

CHAMBER DETAILS

 Collector diameter 0.635 cﬁ'(1/4'inch)
Grid diéﬁéter. ' | 1,905 cm (3/4 inch)
Diameter'of‘sensitive]VQlﬁme ‘ 15.7 cm
Length of sensitive'v&idme | 22,7 cm
Wall area of sensitive volume 1120 cm?
Semsitive volume 4 o _4;40 litres
wall thickness ~ 0.318 cm
Diéméter of grid wires. | 0.07 cm (30 wires)
| Energy of calibrating source 5.15 Mev (Pu239)
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FIGURE 1 The Gridded Ionization Chamber.

See Table 2 for_Dimensions.



-16-

In pléce of the calcium turnings used for gas purifi-
cation by Hay and Warren, 1959,'ca1cium-magnesium alloy was
used as described by Colli; 1952, This is more active than
pure calcium, and requires less heating. The graphite
coating on the inéide df the chamber w511s used in the
previous experiments was not used in this 1nstance; Only
the collector and fhe grid wires were graphite coated.,

The reason for this is fully discussed in Chapter 1V,

C. Method of Operation
(1) .Pressure

The optimum operating conditions fof the chamber
must be determined between two conflicting requirements.
On the one hand it is desirable to have good energy reso-
. lution. This is favoured by low gas pressure, which reduces
collection time and hence the effect of random track
orientation,'and which reduces the recombiration probability.
On the other hand, it is essentiél to keep the track length
of the phbtoparticles as short as possible so that a
majority of them lose all their energy in the gas without
hitting the Walls or moving out of the sensitive volume
(wall effect)., Reduction of wall effect requires increased
pressure., . An additional advantaée of higher pressure is;

of course, an increased count rate for a given gamma flux,
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In view of these considerations it was decided to
operafe-the chamber at a pressure of 100 p.s.i. absolute,
At this pressure, after_purifying briefly, it waslfound
possible to achieve a resolution of 4,0%. The wall ’
effect was still significant (see Appendix B) at this
pressure, but the recombination-rate was not yet excessive
(evidenced by only a slight Qrop in pulse height from the
calibrating source ovér its low pressure value); The
pressure could npt conveniently be increased further owing
to the strength of the chambér‘walls. At 100 p.s.1i.
absolutelthe range of a 5 Mev proton is.approximately
.5 cms, and that of a 5 Mev alpha particle 0.63 cm,

(2) Voltage

The collector voltage was established by observing'

_the performance of the chamber as a detector for the alpha

particles from the pu239 calibrating source (5.15 Mev) as
a,fﬁnction of voltage. As the vbltage was increased

from a low value; the peak pulse height due to the alphas
increased, This was due to the reduction of ion re-
combination before collection;.a#d‘was strongly voltage
dependent up to a certain maximum voltage asSociatéd with
complete collection. This was 3 kv, at 100 p.s.i. absolute.
Thereafter further increases in voltage pfoduced onlywslight_“

increases in pulse height as indicated by kicksorter analysis,
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This effect was attributed to the increased electron

mobility, and was not significant, It was therefore

decidéd to operate at 3 kv, as unnecessarily high voltage

only contributes additional noise, For a pressure of

80 p.s.i. absolute a voltage of 2,5 kv, was fouhd sufficient,
The grid voltage was set at one half of the collector

voltage. This was in accordance with the findings of Hay

and Warreﬂ;.1959,fbrfthis,chamber; and in agreement with

the discussion givenfby Rdbertsbn; 1963, Hay and Warren

calculated the gridgghiélding efficiency to be 96% and

tﬁe electron transpérency to be unity under these conditions,

(3) Filling

~Before the chaﬁber was filled with argon; it was
pumped down to a pressure of 5(10'6) torr with the
calcium-magﬁesium pnrifiér heated to 500°C to ensure
adequate‘oufgassing. ‘The chamber itseif was initially
outgassed by pumping for several days while being heated
with a flexible, 1néulated heating element, This had to
be done, however, before the Mylar.lining.(see Chapter IV)
was inserted, to avoid distortiqn-of this plastic and |
consequent uncertainty in the sénsitive vdlume.

The purifier was then allowed to cool to 450°C and .

the argon was admifted directly from the gas._boftie.
The purifier was. kept at 450°C for about one hour and then
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turned off. 'rhé'pgiﬁoée of theinnrifier'waslto remove
traces of oxygen'and water vapour- from the'gas_as.these,
even in minute,quantities; foster recombination end:hence
spoil the energy resolution. A liquid nitrogen cold trap
in the filling system made no difference to the resointion,
even without use of the purifier, and'hence its use was
discontinued. | /
The ges used was high grade.Welding argon Quoted at
99.98% argon, of which 99, 6% 1is 440 and the remainder A36
The most probable. impurities in the cylinder argon besides
oxygen and water vapour are nitrogen hydrogen and-oarbon

dioxide. The eutectic mixture is also effective in

removing_these, as demonstrated by Colli, 1952,
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CHAPTER II

»PULSE~ANALYSIS

A, General Arrangement

‘A schematic diagfém of the arrangement used for the
ampllflcatlon and analysis of the pulses from the 1on1zat10n
chamber appears as Figure 2 The high voltage supply and
the Dynatron amplifying system are discussed under separate
headings.belqw, The ampllfied pulses were analyzed by one
3ﬁha1f of a Nuclear Data Model ND 103 256 channel_kicksorter,
.”this having the facility ehabling'it tO'be”oherated as two

independent 128 ehannel.kicksorters.

B. ' High Voltege Arrangement

High voltage to the collector of the ionization chamber
was prov1ded by a Northeast Sc1ent1fic Corporation High
Voltage Power Supply Model ZRE 5QOlAW1.'-In view of the
very small current required;lit-wes pessihle to introduce
a high ihpedance;'low;pass filtering'network comprising
] ‘ )

C,, and L_ihﬁEigure 3. This was located inside a

17 B2 Cys
copper shield directly above the chamber,.’ ]
Gillespie, 1953, has shown that greater benefit can

be obtained from differentiation'pulse.shapiﬁgsif it takes
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place after the first stage of amplification, -Since the
amplifier used provides for this, the load resistor R3
was . chosen at 10 meg.,. . to make the time constant RBC large
compared to the chamber collection time (~ 10 psec). C
is the chamber capacitance and was estimated from the
chamber geometry at 30 pf.

Some problems were encountered mith'noise produced by
the high voltage. This noise compmsed spurious pulses of
similar shape and amplitude to those from the chamber. |
These were traced to breakdown in-the filtering network.
Low amplitude background 'hash" was also produced by corona

until the usual precautions were taken,

- C. Pulse Amplification

The voltage pulses appearing at the-collector of the
chamber were amplified by'a Dynatron Preamplifier Unit and
Dynatron Main Amplifier Type 1430 A, This amplification
system provides for selection from a wide range of intef
grating and differentiating time constants for pulse
shaping., This allows for optimum signal to noise ratio
and reduction of pulse pile up for given inpﬁt,pulse shapes,
with 100 p.s.i.a. preSsure in ‘the chamber;-the rise time
of the pulses,from'tbeicalibrating sonrce waS'approximately
1.5 usec. ‘That associated with protons of similar energy

(~'5 Mev) was expected to be 1onger, and was found to be
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about 5 psec;,during the experiment -To avoid loss of
pulse height a differentiating time constant of 8 usec.‘
was chosen. ~In accordance with the findings of Gillespie,
1953, the integrating time constant was. then also set at
8 usec. in order to optimize the signal to noise ratio.

The Dynatron Preamplifier is a low noise vacuum tube
amplifier des1gned for use with nuclear counters. Because
of the large amount of negative feedback incorporated in
~its design, .the.principle noise cOntribution from this
amplifier comes from the 1nput stage.‘ This comprises two
6AKS pentodes in a "cascode" configuration. It was found
that the overall amplifier noise could be further reduced
by replaciné the first.tubebof the cascode by a 7586
nuvistor medium mu triode.

Because of similarity in operating conditions for the
nuvistor and the 6AK5;.this modification was relatively
simple, and compriSéd afchange'of'load resistor Ré from
3.3K to 7.5K and.introduction:of a heater snunt,of.ISO-fL.
The nuvistor was provided with a'grounded; convection
bcooled, copper heat sink; The circuit of tne}modified
input stage is shown in Figure 4;~which uses the nomenclature
of the Dynatron Manual, . The use of 2 nuvistor as an input
stage for a nucleonic amplifier is endorsed by tnevfindings
of Heywood 1960 |
| W1th pulses of carefully regulated height (voltage)

from a pulse generator supplied -to the test.input of the
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preamplifier the noise introduced by the entire amplifying
system as a function of the ch01ce of input stage was
compared by monitoring the output with a 256 channel .
kicksorter, With the-amplifier,time constantsAand-gain
left at the settings determined for the experiment the
test pulse height was . adJusted to fall into the same
channel of the kicksorter as the: peak of the pulse height
spectrum from the callbrating source when the collector
voltage was applied. -

The noise superimposed upon .the constant pulse height
delivered by the pulser causes. a random fluctuation in the
height of the pulses seen by the kicksorter. - The contour
of the spectrum registered follows a Gaussian-distribution
whose width at half height is proportional to the r.m.s.
Anoise voltage; and whose'mean; or peak; occurs in ‘the
channel corresponding to noiselessly amplified pulses,
The‘kickSOrter resolution; taken as the ratio |

width of distribution- (channels) x 100 %
~_channel number of peak .

is therefore a measure of amplifier noise for compariSon
purposes, and is also a measure of-electronic noise'contri-
buting to hroadening of peaks in:the‘experimental,spectrum.
.The Iatter isvusually given'inikev s0 that itspeffectvcan
be applied directlp to a pulse height spectrum involving

a wide range of energies, In the present case the noise
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in keV is’ the productVOf the electronic resolufionAand the.
alpha particlevenergy,'5.15 Meﬁ;ét which energy‘fﬁe reso-
lution was measured, |

| Several 6AK5.pentodes andftwo;nuvistors were tried
'in this way. Since  R' is a @eésure §f'ﬁean séuare noise
voltage, one c#h estimate.the_intrinsic width of the pulse

height spectrum from. the calibrating source as follows:

R = R -R?
where R, = Ihtrinsic resolution of source and counter
| ﬁe = Resbluti§n>qf éleétronicé (using'pulser)
R = Measured resolution of source and counter,

The results of_these trials are summarized in Table 3.

The trials were done with an argon pressure of 70 p.s.i.a,

TABLE 3

RESOLUTION MEASUREMENT SUMMARY

Best. GAKS | Best 7586 Nuvistor
R, - 3.7% (190 kev) 1.5% (77 keV)
"R 4.7% . , 3.4%
R, 1 2.9% 3.0%
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D.. Electron Pile Up

The gammd ray”fluxqgives,rise_to large numbers of
énerggtic electrons as a result of pair7pr6duction,
Compton scattering and photoelectric effect in the materials
constitu#ing thé chamber and its coﬁtent, Forﬁunately the
stOpping_pbwer of thé.argon for these is small compgred‘to
that for protons;,and they lose little of tpeir energy in
the sensitive volume, A relativisfic electron 1oses
approximately lﬁ.kev;per cm in argon at 100 ﬁ.s.i;a, ‘Such
an electron would lose a‘maximum of 400 keV in.the chamberfﬁl
“’Howevér; if the electron flux is large; the simultaneous
passage of many electrons through the gas can give large
. puléesvsimilar to those expectéd from one heavy charged
particle;.(“Simhltaneous" here is extended to include those
sufficientl& close‘thaf their respective‘pulses are nbt
resolved. by the amp1ifier.)s This effect is known‘as {
electron pile up. o |

Inuthe‘present case; the majority of the méterial
giviﬁé rise to electfons is in the chamber wallé. The
‘'pile up can. therefore be reduced only by decreaéing'the
gamma flux or by deqreasing,;he resolving time of the
aﬁplifier. It was_fbuﬁd, however;_that the gamma flux from
the target waé‘not_suificient'to produce an ﬁnaCcéptably
high count rate over 1.5 Mev. Itzwas found by Robertson,

1963, that the background count due to electrons drops
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approximately exponehtially with‘incfeasing'energy. The
‘electron background is;,of course, statistical in.nathre
and hence decreases.the‘energy{resdlution,ofzthé chamber,
The resolutién of'the;system-for pulses dueltbnthe cali-
brating source alphafparticleélwas 3;4%‘(after'purification)
with no gamma.flﬁg and .5.,5% in the»preSéhce of the.flux
usedAdufing the runé.‘ The electrop.background was esti-
mated by,observiﬂg.the'éffect of a'ﬁatural source giving

a comparable flux through the-qhamber;,but of gammas below
the photodisintegration-thresho;d énerg&; This is shown

. in Figure 9,‘
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 CHAPTER I1I

~ GAMMA RAYS |

A, Reactionngrithe&Pfoduétion of Gamma Rays

The gamma rays used in this gxperiment were.frqm the
reaction Li7(p;7)338‘ih_the neighb;urhooa.ofvthe 441 keV
resonance;. This'}eaqtion has beeh'inyestigated'in.detaii
by Mainsbridge; 1960 (twoipapers);. The?pertinént :esulté

of these investigations are as follows.

(a) Gamma ray energies: two gamma rays are produced
with energiesil7;27 and:14;3 Mev plus 7/8Lbf
the iﬁcident;proton energy. . At the 441 keV
‘resonance<these'correspond to 17.64 aﬁd 14,7
Mev respectively., The ratio of intensities has
a'peak valué of 2{3Nat resonance; in fayogf.of \
the 17.6 MeV‘radiation; The ratio.drops to unity
at bombarding‘proton energies_df apbroximately
380 keV and 580 kev.  The line width of the 17,6
Mev gaﬁma ray is 12,2 kev, and that of the 14.7
Mev one of the order of 2‘Mev;‘ fhe=cross section

for the reaction is 6 mb. at resonance.

- (b) ;Aﬂgular distribution: ,the:gamma yield is isotropic

within 6% at,resonance,



B. Production of the Target

The lithium target was made:in_the-tatget'chamber
illustrated in"Figufe]S. Apprbximatgly,loovwatts,of a,c,
power were delivered t64the furnace at 15 vaits; through
a Variac transformér; This was suffiéiénf to‘heat it to
red heat in just uhdér one minute. -Af this femperature a
40 keV thick target could be deposited in a few minutes.

The copper. target backing was highiy polished;
| meticulously cleanéd and clamped into the water.cooled
copper target hqlder; which could be moved via a vacuum
seal to shift theztaréet from the furnace tubé to the
beam tube,

Approximately a tenth of a cubic centimeter of natural
lithium metal was scraped clean under benzene and allowed
to outgas under vacﬁum’in the furnace with about 10 watts
applied to the heater; for one hour, The full 100 watts
were then applied with the back of the targét holder exposed
to thé furnécevtube. After the furnace attained red heat
a black deposit appeared‘on the copper, When this began
to turn white, the framé was rotated to expose_the'pros-
_pective t#rget to the furnace., A fairly substantial white
deposit obtained in 2 - 3 minutes amounted to a satisfactory
target, 20 - 40 kevithick.

The excit#tiqn;fﬁnction of the. target used for the

final run recorded -here appears‘as Figure 6, This target
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was 23 keV thick and lasted for 8 heﬁrs with a proton current
of 15 pamps before tﬁe yield was reduced beloW'a'useful
level‘by:ﬂaking. The initial yield was approximateiy'40%

7 of.the'theoretical target yield of 9,200 gammas per
_Stefadian per microceuldmb calCulated.from’the excitation
function shown in Figure 6. The low expefimeﬁtal yield is

attributed to oxide contamination of the target.

. C, Measurement of Gamma Flux

The‘integrated'gamma‘flu#’was measured with a 2°74 iaCh
diameter by 41/2 inch leng NaI(TIJ'scintillafioa counter;;
aThis was placed 82 centimeters from the target aﬁ‘an
angle of 1335<i 2° to the direction of the proton beam.

_1The eouhterIWas the same 6ne'used,by Robertson, 1963,
and tﬁe counting'and calibrating‘procedures were identicall
to his,‘using the same»amplifier andiscaler.‘ In this case
the dpper and lower,level‘diéerim;nators were set to pass
pulses corresponding to éamma rays of'energy between 8.8
.and,19 Mev, The uncertainty.in the number of gamma rays
counted due to determination and stability of the lower
level discriminator bias was :_047%; |

The energy spectra‘of the gammauraye from the lithiﬁm‘
target and from the RaTh calibrating seurce were qbtained
by feeding the«amplifier_outpdt inte the 256 channel kiek-'

sorter. These epectra are shown in Figure 7. The linearity



. 6000 |
5000 |

4000 [

-

3000 |

2000 1

IOQC 4 //

420 : S T 4o 430
Ep (KEV) , UNCALIBRATED MACHINE ENERGY

. FIGURE 6 Lithium Target Excitation Functiod.



of the kicksorter was‘checked using’a pulse generator‘
(RObertson: 1957) It was thus possible to introduce a
correction to the number of gamma counts due’ to the error

in the setting of the lower level discriminator.

| The efficiency of this gamma counter ‘has been measured
by Singh 1959, up to 12 1 Mev. He also calculated theore-
tical values which are in good agreement with experiment

for the three crystals he used The curve of efficiency

for half energy bias as a function of gamma ray energy for
the crystal used in this work was seen. to be approximately
linear from 6 to 12 Mev. This curve was then extrapolated
up to 20 Mev without theoretical contradiction. A point

at 20.3 Mev was obtained by intercomparison with a standard
thick walled brass geiger counter whose efficiency was
alsovbeing measured; (MorrOW; 1958), - The efficiency curve
of the geiger counter"was predicted to be linear from a

few Mey up to at least 26 Mev, ,This also was found to be
in good agreement with experiment. .While agreement of the
- £1lux measurement at the 20, 3 Mev energy between -the two
types of counter 1s a good indication of the validity of

the extrapolated efficiencies it is not an absolute measure-
ment,-and the possibility’of an error of the‘ordervof 10%
must be accepted - The value of the efficiency of the counter
,according to the semiempirical determination discussed above
varies linearly from 80% at 14 Mev to 81, 5% at 20 Mev. A

value of 81% was therefore used in this work
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CHAPTER IV

'THE PROBLEM OF CHAMBER BACKGROUND

'As.Stated,in the reports.of,Hay and Warren, 1959,
and Monier,.1960;’after whoselwork,the gridded.ionization
chamber became available for the present experiment; the
interior of the. chamber was coated with graphite. This is
a common practice for reducing background due to the natural
alpha activity from.the:inevitable impurities in.commercially
available'metais;¥‘When‘the ehambervms'overhauled and ‘re~
activated after its two year rest, the background was found
to be excess1vely high and displayed peaks in its energy
spectrum at 5,7, 6.1 and 7.9_Mev.‘ These were well resolved
and Were attrihutedito some alpha emitting contamination, .

- The chamberwWQS;ﬁheﬁ.completely cleanediand'freShv
vgraphite applied'ihﬁthe form of aquadag, . The background
was then found‘to'beisatisfactory and devoid of noticab1e>
peaks.JsThis:sitdation did not persist however Has an
,unacceptable background was again found to be present at
the time when a preliminary run was made on the’ photodis=
-integration. This was the more interesting because the
background was reduced to its original low level when the

gas was replaced
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It was suspected that the .graphite used might have been
contaminated by . an active nuclide having radon as a daughter
product The short half life of the radon 1sotopes would
account for the rise in background within a moderate time,
and its gaseous nature would account for the reduction with
the change of. gas.‘ | J |

- A considerable amount of attention has been devoted to
the problem of. background in gridded ionization chambersvin
this~1aboratory,:due.to.the current experiments on the photo-'
disintegration of helium 3 (Robertson: 1963).?»This experiment
is particularly sensitive to chamber background because of
the low count rate expected as a result of the small Cross
section - In anticipation of progres51ng the helium 3
experiment beyond. the work of Robertson MacDonald and Healy
_ of this laboratory have developed a technique for reducing
the background.contribution from the chamber walls well
below that found‘possibleAwithigraphite iining. o

» Their technique‘(MacDonald and Healy;’private communi-
cation) involved 1ining their chamber with a polyester
film produced by du Pont under the trade name '"Mylar",
This is a tough; clear plastic with a low vapour pressure,
composed of 62.5%'carbon; 4;2%-hydrogen and 33.3% oxygen.
The thickness used was 3.63 (1072) cm, corresponding to
5.0-mg/cm2, which is sufficient to stop a 7 Mev alpha par-
ticle, 1In order to render the inner surface conducting so

that it could be maintained at ground potential and not
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distort the field within the chamber,.the Mylar was coated
with a very lighf film of gold, evaporated on under vacuum,
A thickness of‘gold gifing a resisténcé of.the‘order of a
few théusand qhms7per%inch.was deéméd‘adeqnate,.HSuch a
film was quite transparent in-éppearaﬁée, and conéidéred
unlikely to contribute.héavily‘to_the background from its
natural impurities.

Because of the success of this technique in reducing
the bapkground in,the’helium 3 chamber; it was decided to
employ it for_the argon chamber in place of the graphite,
Incorporation ofithe Mylar indeed reduced the.background
by a factor three ovef.the best graphite value; giving of
the ordef of 30 counts per hour with energy greater than
2 Mev, Divided by the wall area surroﬁnding the active
volume this amounts to better than 0;63 counts per cmz‘per
hour; This compares fdvourablyiwith.the figure .07Aqu6ted
for aquadag by Sharpe;-1955.

This background remained constant and_dévoid of péaks
withiﬁ.statistical_flucfuationé, for an observation pe;iod
of two days. The'photodisintegration was then progresséd,
only_fo find just before the run that it had:risen again;
and in fact showed peaks as before, The fact that the gas
purifying calciumfmagnesium eutectic had been insefted after
the satisfactory background observatidn, led to the con-
clusion thatthis‘mﬁst_be responsible, - Again:the backgrbund

was observed to increase with time, and again it could be
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restored to its original value by replacing the gas. A
sharp increase of the background was notedvafter a brief
heating of thevpurifier;- The,indicated.conclusion that
an isotope of radon waéubeing.produced in,and_diffusing
‘from the eutectic;was:later corroborated by.obtaining.a
positive indication on a tritium monitor from a sample of
the eutectic stored for some days in a plastic bag..

A fresh batch of eutectic was then tried’with some~
what better results,  Some contaminatidn was still present;
because thehbackg;oundAbedame_significant after approxi-
‘mately three‘dayé. For the first two days after filling
the background was considered low enough to conduct the
experiment., The runs yielding the results reported on
here were all done within 24 hours of filling the chamber;
and the background is practically negligible. The back-
ground after the runé were completed was monitored for
two hours and normalized to the running time for the pur=-
pose of subtraction from the experimental result, This
~is shown in Figufé 8; andiéveragéd close to 60 counts per
hour, |

The precise nature of the contaminant was the subject
of some specﬁlation. Of the three iSOtopeé of radon
occuring in the natural.radioaciive‘series; Rn222 jig the
most obvious chéice. Beginning with Ra226 in the Uranium
‘SeriesF the decay scheme involved is givenvin Table 4, It

can be seen from the table that the alpha energies involved
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are in agreement witﬁ?fhe'pOSitions.of_the peaks in the back-

ground energy spectrum'within 200 keV.; No such agreement

is even approx1mated‘by the decay schemes of. the other

\

natural radon.isotgpeg;'

TABLE“4
© DECAY. SCHEME FOR RADONZ22

NUCLIDE|HALF-LIFE [IYPE OF DECAY PARTICLE ENERGY | BACKGROUND

» (MEV) = | PEAK (MEV)
ra226 | 1620y | « (100%) 4.78 max
Rr?22 | 3,824 | a (100%) 5.49 5.7
po2t® | 3.05m | & (99%) 6.00 6.1
pb2l? | 26.8m B (100%) . 0.7
Bi2l4 | 19.7 m 'fs (99%) 3.17
po?M | 1.6(10°%d o (100%) | 7.68 7.9
210 | 22y '7 B (100%) 0.02

The energy spectrum of the background in which the
peaks were identified was made within a week of filling
the chamber. Owing fe.the 3.8 d. half-life of the radon
one would not expect_secular equilibrium to have been approxi-
mated in this time. The relative numbers of counts in the

three peaks were in;agreement with . this supposifion (5.7 Mev,

320; 6.1 Mev, 150; 7.9 Mev, 85).
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CHAPTER V

-EXPERIMENTAL RESULTS

The results upon which this report are based are shown
in Figufe 8. This shows the energy distribution‘spectrum
bof_Charged.parficlesklosing_energy,in the chamber, with an.
argon pressure of 103 p.s.i. absqiute; in approximately 8
hours of running time with a single lithium target. The
reproduéibility of this result is confirmed by comparison
with two independent runs done earlier with different
fargets and different fillings of argon,  The spectra are
éssentially the same; alfhough the earlier runs were of
poorer energy resolution and had the gain set so that
particle energies up to 1l Mey could havé been registered,

‘Figure 8 was plotted as the sum of three individual
runs with the kicksorter rezeroed before each one, These
runs, Qhen'individually.plotted; exhibited the same
characteristics as their sunm, The.p10t54were made from
the digital, typewritten output of the kicksorter.

It was concluded from Table I that the_Chafged.particles
COﬁtributing tq the observed résults could only have been

protons and alpha particles,
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A, General Description

Figure 8. shows the experimental energy distributioh
with both kicksprﬁer channel numbers and energy released
in the chamber as abscissae, The energy scale was set
by the calibrating'squt¢é,'whose,spectrumvis shown on the
diagram as an inset. This peak corresponds to 5,15 Mev
alpha particles frbm;Pu239, and was registered in the
presence of the gamma flux used for the‘equrimept. " The
linearity of the kicksorter was checked using the pulse
generator'at'variOus:pulse voltages‘as an input. The
kicksortér zero was determined to be at channel -10.5
by extrapolation,

« 12 The experimental points published by Wilkinson and
Carver, 1951; are shown for comparison. . The. points are
plotted at the energies shown‘in the publication; with'
the vertical scale (number of counts per point) nqrmalized
so that the height of.the peak at 2.5 Mev is the same as
that shown for the present work,

It is immediately apparent that the present results
are in accord with the main features of those given by
wilkinson and Carver, The main differences are in the
energy scale and in thé resolution obtained, 1In Figure 8
features of the earlier work are indicated by letters with
the suffix w, Peaks Aw and Bw are spaced the same as A

and Bvbut'are given_at_an'energy_o;S Mev lower. The
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correspondence is good withvrespectrtoépeak shape and
relative number of counts. Peaks C and D were not
resolved by Wilkinson and Carver and allowing for the
.energy scale discrepancy,_are,represented by their plateau
from 3,5 to 4.5:Mey;: The peaks F andvéwgolearly correspond,
and while there iseoneipoint which mightﬂindicate the
presence of ajpeak.corresponding”tOgE; this was notwinferred
Ein the»earlier‘work; vThe,discrepancijin‘the:energy scales
‘is approxinately‘ll$;

 An attempt has been made to resolve the experimental
energy distribution of:Figure 8 into.peaksfrepresenting
individual contributions. These are shown as broken lines
in Figure. 9 under the distribution after subtraction of.

the chamber background The estimated,electron background
(see Chapter. II) is also shown.

~ Because of the 2 Mev width of the 14,7 Mev. contribution
to the gamma fluk , it is not exnected‘to see any well defined
peaks due to events. stimulated by this radiation. -Further-
more, such events are expected to. be fewer than those
originating through 17 64 Mev gammas, . for two reasons, .
Firstly, because of the ratio ‘of intensities (see Chaper III)
and secondly, because the lower energy is further removed
‘from the maximum of the giant resonance in the absorbtion
cross section. .The effect of . the latter on the photoproton

yield can be inferred . from the results of McPherson et al;, 1954,
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According to their curve showing.the«photoproton Cross
section of argon as a function of gamma energy, the
cross sect1on at 14 7 ‘Mev is approximately 1/3 of
that at 17.6 Mev.p In view of. these considerations,‘o e
could expect a.maximum_of /6 ofuthe total number of
counts‘observed to'be_due‘to the 14,%>Mev radiation.

The peaks,A and;B were assuﬁedftoﬁbe dué:to the
(7,a) reaction because_they fepfeseut charged particle
energies well aboveﬁthose'alloWed7 fof-protons by the ;
‘listed Q;value;. The wall effect for these peaks was
therefore cons1dered neg11g1b1e (see Table 5) - Although
the;zaks are rather wider than expected for alpha particles,
they ere stiil narrower‘than anticipated for any events
initiated by the 14.7 Mev gammas, '1t is therefore assumed
that A and Bvare due to the 17.6 Mev radiation, This
assumption is supported by the absence of any peaks at hlgher
energy. . Events resulting from 14 7 Mev gammas leading to
the same states of the residual nucleus as those inferred
from peaks A and B might'therefofe'beoevident in the dis-
tribution at energies 2.9 Mev louef than A and B,  Peaks
G and H have been'postulated on this basis, and represent
approximately 1/6 of the number of oouhts in A and B. For
this purpose it.wasfassumed that the photoalpha cross section
dependence upon photouvenergyuwould_he similar to that for

PhOtbprotons.ﬁxThis'is expectedbbéoausefthe”eﬁeréy dependence
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is characteristic of the giant absorbtion resonance, which is
independent of the decaf channel | ; 2
Peaks C and D were associated with photoprotons leaving
the re51dual nucleus 0139 in its ground and first excited
state respectively. C,was.drawn 1D'With the shape of its
low energy side as suggeSted by that‘of,theicalibrating
Esourcevpeak. - It is expected that the experimental peaks
be somewhat broader than‘thecmlibrating source peak'because
of random track orientation in the former case. - This is
vparticularly true for proton peaks because of the greater'm
track length involved The number of counts in peak C
was obtained’by direct summation, by channels, from the
plot. - This number was thenlused'to,calculate the wall
- effect as per Appendix B- and the low energy tail of the
peak was modified accordingly. .Peak-D was drawn in after
C and G were subtracted fron‘the distribution. The fact
“that it requires G to reduce D to the same height ast-
‘supports . the existance of G, because one does not expect
D to contain more counts than C due to the increasing effect
of the Coulomb barrier with lower energy. The wall effect
was computed for D in the same way as -for C,
r - The decomp051tion of the remainder of the distribution
is of a somewhat speculative nature because. the contribution
due to the 14.7 Mev radiation can only be estimated very

roughly as outlined above. -Since.the Q-value does not -allow
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formation of the residual nucleus 0139 in any but the lowest
lying excited states, it is assumed that tne /¢ of the
photoproton events observed which can be attributed to the
14,7 Mev gammas results in the group J, occurring approxi-
mately 2.9 Mev below peaks Cc and D. Becauseﬁof the
influence of the Coulomb barrier, the neak-J‘is shown
favouring higher energy,protons. ?

The general shape of the remaining part of the dis-
tribution has the appearanCe predieted by the statistical
model, as shown; for.instance;ﬁby Spicer; 1955. - The fact
that seme structure_(peak E) isdappareut indicates thaf the
level density'at_the_corresponding excitation of the resi-
dual nucleus is not very great, or at least that there is
a gap between two groups of levels at the excitation energy
corresponding to the. dip in the distribution between peaks
E and- F, - The high energy tail requires a minimum of two
levels to account for_it,-such as indicated_by D' and‘D"
in Figure 9. - The remainder would.reduire of the order of
10 levels with spacing of approximately 200 kev; depending
'blargely on the rate of decreaSe_ef photopretqn cross section
as a function of exit channelﬁenergy,‘due to the Coulomb
barrier. - The resolveddpeaks together with their energies
as obtained from the alpna calibration, the number of counts
in each, and the appropriate wallleffect corrections

obtained by the method of Appendix B, are given in Table 5,
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TABLE 5

EXPERIMENTAL RESULTS

PEAK |ENERGY| No N |NE)/ REACTION
(MEV) | CHANNEL | - ASSIGNMENT
A | 7.60 | 850 | 915 0.6. 440(,, 4)5367
B | 6.44 | 900 | 960 0.7 A*o(yfa)s35?
c | 5.25 | 1370 | 2500 15.0 | a%0(y,p)c13?
p | 4.72 | 1370 | 2300 | 13.8 | a%0(,,p)c13°
E | 2.9 | 440(,,p)c139
. 205:} 10335 | 13950 83.8 440, p)0139
N, = number of counts in the peak
N = number of.counts corrected for wall effect-

N(E)/Channel= number of counts per channel expected

in the low energy tail due to wall effect.
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B. Discussion -

The identification of peaks C and D with proton events
leading to the ground and first excited states in 0139
gives good agreement with the Q-values quoted for the

40(

A y,p)Cl39 reaction, Peak C implies a Q-value of

=12,39 Mev, The peak D puts the first excited state of
c139 at 0.53 Mev. The energy level diagram for C139 given
by Endt and and der Leun, 1962; Appendix_D, indicates fhe
presence of levels at 0,36 and 0.8 Mev, Peak D; therefore,
could be the unresolved combination of events leading to
both of these., The iack of'resolution in that case

could be due to the presence of peak G,

The postulation of further energy levels based on the
group including D'; D"; E and F would not be meaningful
without considerably better energy resolution, That the
group is due to photoprotons rather than photoalphas as
suggested by Emma et al; 1959; is required by the large
photoproton cross section measured by workers using the
residual activity of 0139 as evidence,

The assumption that peaks A and B are due to the
photoalpha process from the 17.6 Mev radiation requires an
explanation for the absence of alpha groups at higher

energy as might be expected from the Q-values given in

Table 1. From the Q-value of Everling et al, 1960, one



~44-

expects alpha particles leaving 536 in its ground state
to form a group at 10.8 Mev, but no trace of this was
found. Possible explanations are the existance of an
isotopic spin or other selection rule, or a large error
in the Q-value.

Because the ground states of both A4° and 836 are
T=2, T, =2 states; there is no obvious isotopic spin
selection rule, AT = 0 for alpha emission; and AT =0
is allowed for electric dipole gamma absorbtion in this
case, Since both ground states have J = O and electric
dipole absorbtion requires AJ = 1; the alphas would have
to be emitted with 4 = 1. Such a p-wave transition is
less favoured than s-wave transitions,but it is not
forbidden,

If the peak A is taken as representing the transition
to the ground state of S36, a Q-value for the reaction
A4°(y,a)s36 of -10.0 Mev is impiied, inferring that the
nuclidic mass of S36 is 3.2 Mev greater than given by
Everling et al, 1960. Such an assumption has the consequence
that the decay by electron capture of the ground state of
0136 leading to s36 jg energetically forbidden, contrary to
the findings of Drever and Moljk, 1955, Alternatively,
the mass of S36 might be 1 Mev or more smaller than the
value given by Everling et al, in which case the peak

36

representing the transition to the S ground state would
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have been. off the kicksorter scale,

Various othef possibilities were considered to account
for peaks A and B, Reactions involving the materials of
the chamber are virtually eliminated both by the shape
of the peaks and by the fact that they were seen, with
the same relative number of counts; by Wilkinson and
Carver, The reactions A36(y;p)0135 and A36(y,q)s32
cannot be ruled out, but the Q-values involved both indicate
that peaks should occur at higher energy. Also; in order
to account for a peak the size of A or B; the cross section
would have to be at least two orders of magnitude greater
than for the corresponding events involving A40; because
of the very low concentration of the lighter isotope.

Any second order reactions must also be excluded because
of the relatively large cross section represented by peaks
A and B. There remains the possibility of neutron induced
reactions., Neutron production'in the target should have
been excluded by the negative Q-values involved, . This
was checked upon; using a BF3 long neutron counter to look
for diffefehées in neutron flux as the target was moved
in and cut of the préton beam, With the target ''out' the
beam was incident upon the copper target backing next to the
target. A run of half an hour was done with the beam on
thg copper backing, and the number of counts from the chamber
reﬁresenting energies above 5 Mev were negligible, No

significant difference in neutron flux was seen when the
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target was in position, A considerably longer run was done
using the mass two beam at a bombarding energy of 880 keV,
The energy speétrum of charged particle events in the chamber
showed a count rate several times higher than expected

from the monitored gamma flux., The difference was attri-
buted to neutrons arising from the deuterium present in the
beam, and showed a broad peak between 2 and 3 Mev; but with

no significant contribution above 5 Mev,

C. The Cross Section

_The calculation of the total and partial cross sections
has been reiegated to Appendix C, The total cross section
for the photoproduction of charged particles by lithium
gamma rays was 5.8 mb, Based on the assignments made
above, this was resolved into a photoproton cross section
of 5.2 mb and a phtoalpha cross section of 0.6 mb. The
values obtained for these cross sections could be in error
by as much as 10% due to the uncertainty in the gamma ray

monitoring.

D. Conclusion

Apart from improved resolution and an 1l1% discrepancy
in the energy SGales, the present results are in good agree-
ment with those of Wilkinson and Carver, 1951, both in shape

of the energy distribution and in the measured cross section.'
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The interpretation is different from theirs because of the
more accurate Q-values now available as a guide, These
results do not admit a photoproton cross section as high
as those foﬁndvby McPherson et al; 1954; andISpicer; 1955,

In order to arrive at more certain conclusion as to
the nature of peaks A and B in the present spectrum
furthér experimental evidence would be helpful., It would
be particularly useful if alpha: and proton events could be
distinguished, . Since alpha tracks are muéh_shorter than
proton tracks; the simplest method would be to repeat
the experiment at lowef gas presSure; such that the wall
effect for proton events becomes\ver& large. If the
indications of such a run are inconclusive; more sophis-
ticated means could be'employed such as use of solid state
counters with alpha absorbing films.

It would also be useful to obtain a spectrum including
peaks C, D, E; and F with better energy and kicksorter
resolution, Better energy resolufion might be obtained
by reducing the gas pressure to; s#y; 30 p.s.i.a.; where
wall effect and yield would still be reasonable. By this
expedient it might be possible to obtain a better indication
of the structure of the spectrum between peaks D and E,
and to resolve peak D into two components corresponding to
the suspeéted levels in C139.

Confirmation of the extent to which the 14.7 Mev gamma
ray is effective in producing photoparticles could be obtained

by conducting the experiment with a different gamma source,
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Photoprotons from Argon under the Action
of Gamma-Rays of 17.6 Mev

D. H. WiLKINSON AND J. H. CARVER* . .
Cavendish Laboratory, Cambridge, England ) . R
(Received May 28, 1951) - : 3 Sy

INCE the discovery by Hirzel and Wiffler! of the anomalously
large (v, $) cross sections in many elements there has been

" a carbon-lined proportional counter of sensitive volume 1220 cc.

much speculation as to the mechanism of the interaction of high - '

energy gamma-rays with nuclei. Two theories have been put
forward to explain the large cross section. In one? the individual

level properties are chosen to vary in such a way as to favor the

emission of high energy particles while retaining the idea of the
initial formation of a compound nucleus: in the other,? the process
is imagined as a surface photoelectric effect in which a proton

The energy distribution’ of the photoprotons is shown in'Fig. 1;
the analysis was made with a ninety-nine-channel kicksdrter.t
A very weak polonium source within the counter provided ‘the
energy scale. We made irradiations at various proton energies

“from 450 to 1150 kev, over which range the relative proportion

of 14.8- to 17.6-Mev lines increases by 3: 1.5 There was no detectable

~. change in the distribution; this must be due almost entirely to

lying near the surface of the nucleus is simply ejected on absorbing
a gamma-quantum, no compound nucleus being formed in the .

. ordinary sense,

We have sought to elucndate the mechanism of this mteractxon '
. by determining the energy distribution of .the photoprotons X
ejected from A% by gamma-rays of 17.6 Mev-produced in t.hel
" reaction Ll’(p, 7)Be' Argon at 11 at.mospheres was contained in
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F16. 1. Proton energy chstributlon from the photodisintegration of argon.
or the wall-effect. The rise at low energy is due to electron build- ups)

the 17.6-Mev line.

The tail above group A is probably due to the reaction
A®(v, )S*. These alpha-particles would contribute little in the
bulk of the distribution owing to the relatively great importance
of the barrier at lower energies and can probably be ignored. -

It is immediately apparent that the bulk of the disintegration
cannot be the result of a surface photoelectric effect, as this would
give the main group at high energy. Group 4 we identify with

" the ground state transition: if it were due to a surface effect, it

would be-difficult to understand the strength of group B, which
has about the right spacing from A to correspond to the first
excited state in CI%.

It is also difficult to adopt the suggestion of S(:}nf[2 that high
energies are favored, as the peak C lies at an even lower energy
than would be expected on a model using an exponentially in-
creasing level density of characteristic temperature 1 Mev such

* as seems appropriate from the work of Gugelot.® Using correct

coulomb wave functions’” through /=35 we have computed the

, expected distribution, which has a maximum at 3.0 Mev, and an

" intensity ratio of 7.7:1 from peak to 7 Mev. (This progedure must
* be rather crude for argon.) The same model predicts a ratio of 25

N

" : between (v, ) and (v, p) cross sections (neglecting all differences

but the barrier). We may infer a (v, #) cross section of about
15 mb:® our (v, p) cross section is 5.4 mb. So the difficulty of
the cross-section ratio remains without any apparent possibility

" - of explanation by the two methods so far suggested. The answer
" - may lie in a drastic modification of the shape of the barrier—a

great change in the nuclear radius cannot be permitted.
A fuller discussion and other results will be pubhshed later..
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APPENDIX B

CALCULATION OF THE WALL EFFECT

. The wall effect ih,an ionization chamber is a com-
binatibn éf two types of event. Mosi important in their
effect are events where a charged'particle_leaves the
sensitive volume of the chamber before it has lost all
its energy. This can happen as a result of collision
with the chamber walls; br aé a result of e#if into
the insensitive regions at the ends of the chamber, ‘Of
secondary importance are events where charged particles
produced outside the sensitive volume entervif and lose
. part of their energy inside the sensitive volume,
| The derivation of wall effect functions has been
treated in detail by Robertson, 1963; for cylindrical

chambers in terms of the following parameters:

P(R) = Probability that particle hits wall or leaves
| sensitive volume

R =  Range of particle being considered

b = Radius of the sensitive volume

£ = R/2D |

L = Length of sensitive volume .,

The effect of the curvature of the cylinder walls is small
for particles whose range is small compared to b, Using

a plane wall approximation, Robertson obtains
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P (R) = R 2 + 2
3 b L
He shows this approximatidn to be very good for f< 0.4,
Substituting the chamber parameters from Table 2, one

obtains

P (R) = 0,08 R
f = 0,318

Robertson has also shown that the correction due to the
fact that the gamma source is close to one wall of the
éhamber and hence that the reactions are not uniformly.
distributed through the chamber is quite small,

Because they will only introduce second order errors

the following assumptions are made:

(a) that the reaction is isotropic

(b) that the events are equally distributed in space

(c) that dE/dx is constant |

(d) that the contribution of tracks entering the
‘sensitive volume from the end regions is small,

For the case where the reaction produces particles of

--eﬁergy Eo (Range RO); let the number of events taking place

be N. Let No be the number of counts in the peak at energy

Eg, and N(E)dE be the number of counts in an interval dE

at energy-E, range R,
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From the definition of P(R) we have

N [1-? (Ro)]

2
o}
]

o N = -—-——N;o_— = ; No Eq' B-1

From the assumption (c) we can write

dE _ Eo
dR R,

R
.. dR = 2 dE
EO

Now N(E)dE = N [P(R + dr) - P(R)]

0.086 NdR

R
.086 O dE
o) N g |

. « N(E) = 0,086N Eg per Mev
E
o
But since the calibration gives 14.3 channels per Mev
N(E) = .0.006N 52 per channel, Eq. B-2 ,
Eo
The range of a 5 Mév proton in argon at 100 p.s.i.
absolute at 20°C happens to be 5.0 cms.  Since the range
of an alpha particle of the same energy is 1/8 that of
the proton, the constant Ro/Eo is taken as 1.0 for protons
and 0,125 for alphas, The values of N and N(E) can now be
obtained directlyfrom Eqs. B-1l and B~2 as a function of No

and Eg. The values have been computed and are given in Table 5.
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APPENDIX C

' CALCULATION OF THE CROSS SECTION

The expression used for calculating the cross section

for the photodisintegration reaction is given by Robertson,

1963,
- ‘Yield
o ToRE . p | ‘Eq. C-1
where N = the effective gamma flux per.steradian

from the source

H(d) the effective solid angle-path length

product for the chamber for a distance
(d + b) between the source and the

éentre axis of the chamber of radius b,

the atom density of argon in the chamber,

P

A, ‘The Calculation of N

N can be obtained'directly from the monitored gamma

flux by application of Eq, C-2

N, Cy Cyh C
N c 112 73 Eq. C-2
Q
where N, = total number of gamma rays counted by the

gamma monitor during the experiment,
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Ci = corrective factor for the error in the lower
level discriminator bias,

'CZ = correctivé factor for the absorbtion of gammas
in the'target backing and in the chamber wall,

c, = corrective factor for the efficiency of the
gamma counter,

L = the solid angle subtended at the target by

the counter crystal face.

The error inzthéllbwer level discriminator bias was
determined with the help of Figure 7.u.The actual dis-
criminator cut off point was located with the calibrating
pulser, and the half energy (B.S.Mev) point was obtained
from the energy calibration (see.Chapter III). Because the
-efficiéncy of the counter isﬂgiven in terms of half energy
bias, a correction factor of 1.068 was applied to Nc. This
value for Cy is the ratio of the nhmber of counts recorded
by'thelkicksoftervbetWeen 8.8 and 19 Mev tovthe number
actually passed by the low level discniminator.

The factof_cz for the absorbtion of gamma rays in
the target backing and the chamber wail was obtained with
the helpof absor‘ptibn coefficients interpolated from the
tables of Grodstein,;1957. -The target backing was 0.1 mm

of copper and theVWéIis}were'0.318'cm of mild steel (iromn),
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The gamma flux must therefore be reduced from the observed

value in theé ratio

c = o (Bc¥e + Bixi)

absorbtion coefficient for copper = 0,290 per om

where .

By A=r absorbtion coefficient for iron = 0,245 per ¢m
X, = thickness of copper = 0,0l cm
xi .= thickness of iron . = 0,318 cm .,

Substituting these figures in Eq. C-3 one obtains the value
0.90 for Cs. | |

The correction factor for the efficiency of the counter
was discussed in Chapter III; where it was established that
the value Cg5 = 100/81 would be used.

The solid angle subtended by the target at the counter
is readily calculated, The area of the crystal face is

38,5 cm2

and its effective centre is 5.5 cm from the front
of the counter (Singh, 1959)., Since the latter was 82 cm

from the target

- 38.5
(82+5.5)2

= 5,04 (10'3) steradians

The value of N is thus obtained from Eq., C-1

N =Ne (1.068) . (0.9) . (l%%) . <‘5183 ) = 235 Ne
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but N = 3,15 (106)-gammas (experimentalhfigure)'

.. N = 7.4 (108) gammas pér steradian,

B. ‘Calculatipn of :H(d)

Curves of H(d)/v% as a function of d with T as a
‘parameter are givenrby‘Robertson, 1963, for an .isotropic

gamma source., The variables are

n

sensitive;vqlume =':4,40'11tres
= 'chambef_radiusf = 7ﬁ85 cms
. length of sensitive volume = 22,7 éms

= 2b/L = 0,692

o H H T <
"

- distance from target to surface of sensitive

vqlume = 3.5 cm,

- Robertson's curve, obtained by numerical integration,

~gives H(d) = 31 cm-steradians. for this case,

C. Calculation of p
: —
At an absolute pressure of 103 p.s.i.a, and at 23°C.

23

1.70 (10205 atoms/cm3 .

.:f)



D. ‘The Cross Section

The total cross;sedtion for}the.photpproduction.of
charged particles‘obEetved in thisQexperiment can now
be computed from_Eq.fcfl. The yield;takeh"for this is
the sum of the total.nﬁmber of codnté’géeociated with each
peak as given in ‘Table 9, plus 2000 contributed by peaks

G, H, and J. ' The totdl cross section is therefore

- 22 625 IR
° = ' = 5.8 mb
(7 4(108)) (31) (1 7(1020)) .

The partial cross section for_the events associated
with any given peak can .be obtained by substituting the
individual yield for the total onme. If peaks A; B, G
and H are attributed to photo elpha.events the partial

cross sections become

O (y,p) 5.2 mb

O.Gmb 'y

T (y,a) -



O+

6-8l

9%+ o

57~

APPENDIX D

ENERGY LEVEL DIAGRAM

8 bt

Q-36

[2-52 |___ %6
| | C:Lpg'

The energy levels shown here are those given by

Endt and van der Leun, 1962, The mass differences are

in Mev, and\fOlldw the tables of Everling et al, 1960,
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