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INTRODUCTION.

In the investigation of the absorption (or
emission) of a gemma ray by a nucleus, & number of
nuclear models have been proposed which can describe
the process. A collective model og Goldhaber and -
Teller (Go 48) is a classical hydrodynamic model
which assumes the protons to be moving in opposite
directions to the neutrons in a nucleus, the gamma
ray energy being stored in the form of a dipole vib~
ration. This is essentislly a compound nucleus des-
cription of absorption. In the model of Wilkinson
(Wi 56) which is besed on the independent particle
model, a nucleon absorbs the gamma ray energy and
moves to & higher shell, eventually sharing its
energy by collision with other nucleons or escaping
from the nucleus before this energy distribution can
take place.

In the description of the emission of
nucleons in photonuclear reactions, it appears from
the Wilkinson theory thet two processes are possible,
direct emission of & nucleon immediately after the
absorption of a gamma ray or the formation of a com=
pound nucleus and the eventual evaporation of nucleons

whose energy distribution can be calculated from the
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statistical model. The energy distribution of the
reaction products which have been measured suggest
that the compound nucleus picture can account for
the general energy distribution but the yield of
high energy particles is significantly larger than
the predictions (Di 50, By 51) and there is the
possibility of both direct and compound nucleus
mechanisms.

Both processes appear to have regions of
velidity which are determined by the mass number of
the nucleus or the excitation energy involved.
Compound nucleus formation is the mein process for
heavier nuclei at low energies and for lighter nuclei,
both compound nucleus and direct transitions have been
observed. For high energy photon absorption, direct
transitions appear to be dominant.

From the experimental point of view, the
measurement of photonuclear reactions is difficult.
Because of the continuoue energy spreed of brems-
strahlung from betatrons and electron synchrotrons,
excitation functions are measured by varying the end
point energy, and the yield for each energy interval
is obtained by a difference method. Results from
various laboratories relating to the same nucleus are

not in general agreement and beside bremsstrahlung
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experiments, two methods of approach can be used to
extend the field of measurement.

1. The cross sections of photon induced
reactions have been measured using monochromatic
radiation from proton cepture in light hnclei. The
most commonly used radistion has been the Li7(p,7)B38
reaction at the 441 Kev resonance.

2, The (y,p) and (p,y) reaction cross sec-
tions are related through the principle of detailed
balance (Be 37) and it is possible to investigate the
inverse (p,T) reactions to provide data for the inter-
pretation of photonucleer reactions. (Ma 56, Ge 59, Go
59, Wi 59).

Both (y,p) and (p,y) reactions must be con-
sidered as fields of investigation whose ranges have
been limited by technology; the first by the need
for a varisble energy, monochromatic gemma ray source
and the latter by the need for well-resolved proton
beams above 5 Mev in energy. The relatively low
cross sections for these processes require detectors
with high efficiency, good energy resolution and with
low sensitivity to background. It is substantially
true that only the general features of many of these
reactions are known and a higher precision in measure-

1

ment is required before any nuclear model can be
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rigorously compared with experiment.

The investigations presented below are
believed to include a number of refinements which
have not been used extensively in earlier invest-
igations.

In part A is reported the measurement of
the angular distribution of the radiation from the
Li7(p,*{)Be8 reaction in the proton energy range at
present available in this laboratory. Using a
large NaI(Tl) crystal, it has been possible to study
separately the two gamme rays emitted and establish
a marked difference in their behaviour in the neigh-
bourhood of the L4l Kev and 1030 Kev resonances.

Part B describes the use of this radiation

2

to investigate the Na23(Y,p) NBQ and Br79’81(Y,P)

8378’80 reactions using thin inorgenic scintillators
as both target and detector. By this technique, it
is possible to detect the reaction products with good

resolution in the presence of a high gamma ray flux.




PART A.

The L:‘L7(p,3r)Be8 Reaction.

Chsapter_ I.
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a well-defined beam energy and thin targets. As @&
result, yields are low and background radiation from
competitive reactions can be high. While these
effects can be reduced by using energy sensitive
detectors, many investigations have been hindered by
the use of gamme ray spectrometers with limited re-
solution. Significant improvements in the accuracy
of measurement have come with the advent of the pair
spectrometer and the sodium iodide scintillation
counter.

The excitation function of proton capture
radiation generally includes & number of sharp re-
sonances in the first few Mev of proton energy.
These correspond to unique states in the compound
nucleus with properties which can be determined from
the level widths, angular distributions and intensity
ratios of the gamma rays emitted at the resonance.
At higher proton energies, the excitation function
generally paesses through a broad maximum which is
believed to be the inverse of the gient resonance in
photodisintegration.

Current theory suggests that radiative
capture may proceed by way of the compound nucleus
or capture of a proton into & bound level of the

residual nucleus, accompanied by the emission of the _
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excess energy in the form of gamma ray quanta. For
the lightest nuclei where the levels are widely sep-
arated, direct proton capture appears to be dominant
as in H2(p,y)He® (Wi 52) and B (p,y)He* (F1 51).

The excitation function of the latter reaction has no
resonances at low excitation energies and the cross
section rises steadily with proton energy (Pe 55).

The interest in the Li7(p,Y)Bea

reaction,
apart from its use as a source of monochromatic rad-
iation for photodisintegration studies, arises from
the suggestion by Wilkinson (Wi 54) that it proceeds
by way of compound nucleus and direct proton capture
mechanisms. The lerge amount of experimental in-
formation on this reaction has been reviewed by
Ajzenberg=-Selove and Lauritsen (Aj 59) which for
completeness is summarised below. As studies have
been hampered by the difficulties inherent in gamma
ray spectroscopy, the detection methods are discussed
in the following sections so that the data may be
critically evaluated before presenting the current
work.
l,). Bxcitation Function.

The Li7(p,'r)Be8 reaction is resonsnt at
proton energies of 44l Kev (Bo 48), 1.03 Mev (Kr 54,

Pr 54) and 2.1 Mev (Pr 54, Sw 55, Ne 57) corresponding
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to levels in Be8

at 17.64, 18.15 and 19.1 Mev.

The 441 Kev resonance is 12 Kev wide and has & pesk
cross section of 6.0 mb. (Fo 49) while the 1.03 and
2.1 Mev resonances are much weaker and have widths
of about 168 and 400 Kev respectively. Immediately
above the L4l Kev resonance, the cross section is
larger than can be explained by the resonance tail'

(Bo 48, Wi 54) and the two weak resonances are super-

imposed on a non-resonant background which increases

‘slowly with proton energy, going through a brosad

maximum at 5.8 Mev (Ge 59).
l.2. Composition of the Radiation.

The radistion includes gamma rays of energy
(17.2 + 7/g Ep) and (14.3 + 7/g Ep) Mev corresponding
to trensitions to the ground state and the first
excited states of BeaTi The relative intensities of
the two gaemma rays vary with proton energy and the
14.8 Mev gamma ray ie approximately 2 Mev‘broad
(Wa 48).

It is possible that there are other gamma

rays present with an intensity of about 5°/ of the

¥ 7For convenience, the two gamma rays will be
referred to in the text by their energies at the 44l

Kev resonance, 17.6 and 14.8 Mev respectively.
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total radiation. Evidence for these is discussed in
section 2.
Angular correlation measurements at the 4Ll
Kev resonance have shown the 17.6 Mev gamma rsy to be
magnetic dipole (M1) (De 54) and the 14.8 Mev gamma
ray to be Ml + E2 (Bo 56). ,
1.3. Assignments to the Levels of Be8 up to 18.15 Mev.
Alpha parficles from the disintegration

Be8

=> 2« have been observed from the ground state and
first excited state (2.9 Mev) of Be® (Jo 53, Bu 50)
and this requires the two levels to have even parity
and even angular momentum (J). As in the case of
most even-even nuclei, the ground state and the first

excited state of Be8

are believed to be J = O+ and_2+
respectively. This is confirmed by the work of
Devons and Goldring (De 54) and of Boyle (Bo 56).

The observed M1l and M1 + E2 character of the
441 Kev resonance radiation requires the 17.64 Mev

8 to have even parity and an angular

level of Be
momentum of 1. No « particle bfeak up from this
level has been observed end the odd J value is con-
sistent with this fact.

Investigation of the radiation from the 1030
Kev resonance hes not been extensive and no conclusions

about the spin and parity of the 18.15 Mev level of
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8

Be~ can be made from the experimental evidence

available (Kr 54).

Assignments to the 17.64 and 18.15 Mev

levels of Be8

have been made independently from

the investigations of the elastic scattering of
protons where anomalies have been observed at the
441 snd 1030 Kev resonances. (We 53a). An snalysis
of the data established both the 17.64 and 18.15
Mev levels to be J = l+ and formed by p wave protons
with channel spins 1 and 2 in the ratio 1 to 5

(Li 53, Ch 53, Li 55). In other words the J = 1
states of Bea are formed with equal probability in
their aubstates.Jz = O’f 1 and radiative trans-
itions from the 17.64 and 18.15 Mev levels to the

8

2+ and O+ levels of Be~  would be isotropic.

The information on the energy levels of

Be8

of interest in a discussion of the Li7(P,Y)BeB‘
reaction up to Eb,= 1100 Kev is summarised in

Figure lo 10

2, QGemme Redistion Detectors Used in Previous

Investigations_of the Li7§p.v)338 Regetion.. -

The significance of experimental measure-
ments of the radiation must be considered in the
light of the characteristics and limits of the

various detectors used in past investigations,
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and elthough the following discussion is not exhaust-
ive, the principle methods are reviewed in order to
present those properties of the radiation which are in
doubt or which have yet to be measured.

2.1, Photodisintegration.

The measurement of the total energy released
in the photodisintegration of a nucleus by radiation
from the 4L4l Kew resonance enables the calculation of
the energy and composition of the radiation. Invest-
1gations of this type have been carried ouf with the
012(7,34) and L17(Y,t)Heu reactions.

a. Nuclear Emulsiong;

Nabholz et.al. (Na 51, Na 52) irradiated
nuclear emulsions with resonance radiation anml exam-
ined the 012(7,3Q) reaction stars in the emulsion.
A plot of the number of stars as a function of the
total emsrgy of the three alpha particles revealed
three groups corresponding to gamma rays of energy
17.6, 14.8 and 12.6 Mev. A comparison of the yields
at four angles of observation showed the radiation to
be isotropic. The experiment was one of the first to
suggest the existence of a third gamma ray from the
Li7(p,Y)B68 reaction. The experiment was repeated
by Goward and Wilkins (Go 52) who found the third

gamme ray line to have an energy of 12.3 Mev. The
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relative intensity of the three gamma rays was
estimated from the variation of the cross section
of the 012(7,3d) reaction between EY = 12 Mev and
17.6 Mev end the inténsity of the 12,3 Mev gamma
ray has been estimated at 6% and 25% of the total
radiation by Nabholz et al. and Goward et =al. The
wide variation in the results is presumebly due to
the disagreement in the measurements of the cross
section in this energy range (Ti 55).

An experiment was performed by Titterton
(Ti 53, 54) using emulsions loasded with Li’.  The
Li7(y,t)Heu reaction cross section changes more
slowly than the 012(1,3d) reaction in this energy
range and the former reaction should give a more
accurate measurement of the intensity of the com-
ponents. Again, three gamme rays were observed
and the energy of the third line was found to be
12.5 Mev with an intensity of about 5% of the total
resonance radiation.

b. Proportional Counters.

In the measurement of the ClQ(Y,Sq) cross
section st EY = 17.6 Mev, a proportional counter,
filled with methane gas has been irradiated with
resonance radiastion (Ca 55). Evidence for the
presence of a week gamma ray at 12.5 Mev was obtained

after correction for a high background in this energy
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region. The»result mast be admitted with some
reservations in view of the large errors in the
measurement although a further investigation of
012(7,3«) in a nuclear emulsion reported in the
same peaper shows identical features about ET =
12,5 Mev.

A comparison of the two investigatione
demonstrates the type of situation where the
nuclear emulsion is still a useful, if tedious,
instrument in investigating aspects of a reaction
which are not clearly resolved by electronic
detectors. The fact remains that the evidence
for the existence of a third gaemma ray depends,
almost entirely on the nuclear emulsion measure-
ments. It is also true that if such a week line
were to exist, the resolution of the present
generation of electronic detectors is not suffic-
ient to resolve it clearly in the presence of the
14.8 and 17.6 Mev gamme radiation.

2.2. Alpha-particle Spectroscopy.

Even parity, even angular momentum levels

8

of Be~ can bresk up into two « particles, and «

groups observed in coincidence with the Li7(p,~{)Be8

8

radiation would identify levels of Be formed in &

gamma ray transition.
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While Inall and Boyle (In 54) were able to

find « groups corresponding to levels of Be8

at 4.09,
5.31 and 7.5 Mev, & more recent experiment using a
gamma ray detector with improved resolution has pro=-
duced a negative result (Ge 60) and gamma ray‘trans-
itioﬁs to levels of Bea, other then the ground state
and the 2.9 Mev level remain in doubt. In the
present work, no evidence for these weak gamma rays
was found and they were assumed not to be present.
2,35. Geiger Counters.

Many of the‘early‘measurements of the
radiation were made using Geiger Counters (Ha Lo,
Ta 46, Bo 48, Fo 49). These counters have a low
efficiency for thé-detection of gemma rays and this
can be improved by plééihg thin sluminium radiators
in front of the detector to serve as a source of
secondary electrons. In addition, the eluminium
serves as an absorber to reduce the contributions
from low energy radiation from scattered gamma rays
and from the accelerator. The pulse output is
independent of the energy of the radiation detected
and gamma ray energies are obtained by measuring the
range of secondary electrons produced in a radiator
(Fo 48). While this method is not precise, it is

satisfactory for the mesasurement of a single gamma
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ray energy. In the case of the Li7(P,Y)B68 radiation,
the ranges of secondary electrons produced by the two
gamma rays are sgimilar. The method is not satisfactory
for the measurement of the composition of the radiation
and the intensity ratios reported by Tangen (Ta L46) and
Devons and Hine (De 49) are in}disagreement with measure-
ments made with pair spectrometers.

Devons and Hine (De 49) have measured the
angular distribution of the two unresolved gamma rays
at Ep = 4O, 650 ard 890 Kev by using two geiger counters
in 1line with the target and in coincidence. An sluminiunm
radiator was placed in front of the first counter and an
aluminium absorber was placed between the first ami
second counters. The radiator and absorber thickness
combined was large enough to minimise the contributions
from scattered radiation and secondary electrons from the
target housing. A second pair of counters was placed
on the opposite side of the target and two separate
angular distributions were measured simultaneously from
the number of coincidences amd the counting rate from a
single thick-walled geiger counter monitor placed under
the target housing.

The angular distribution of the radiation was
found to be isotropic within 6% at the 441 Kev
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resonance and at Ep = 650 and 890 was found to be of

the form 1 + 8, cos ®+ a, cos2 8.

By measuring the ratio of the intensity of
the radiation at 15° and 145° to the proton beam, they
found there was interference in the neighbourhood of
the 441 Kev resonance between the resonance radiation
and radiation of opposite parity.

2.4. Magnetic Pair Spectrometers.

Semi-circular pair spectrometers after the
design of MeDaniel, von Dordel end Walker (McD 47) have
detected the 17.6 Mev gamma ray with 6% resolution
(Wa 48, De 50). With this instrument, the gemma rays
are collimated on to a thin radiator foil and a uniform
magnetic field bends the electrons and positrons pro-
duced in the radiator through opposite directions into
geiger counter detectors. A coincidence circuit
records the arrival of pairs and from the position of
the two detectors, the sum of the radii of curvature
can be obtained to calculate the gamma ray energy
(Wa 48).

A gamma ray spectrum is obtained by varying
the magnetic -field and plotting coincidences against
maegnetic field strength. Gofrections have to be
made for the dependence of the detector efficiency on

geamma ray energy. The resolution is limited by

-
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scattering in the converter and by the width of the
defining aperture in front of the pair detectors.
Good resolution requires thin converters and narrow
apertures with a consequent low coincidence rate.
For this reason, investigations of the Li7(p,y)Be8
reaction with this'instrumenﬁ have generally
required targets about 150 Kev thick to increase the
yield. At the 441 Kev resonance, the high cross
section would enable the use of thinner tergets, but
only Devons and Lindsey have used targets 10-20 Kev
thick at this resonance (De 50). ~They found the
intensity ratio of the 17.6 Mev to the 14.8 Mev
component to be 2:1 at 0° and 90° to the proton beam,
with an accuracy of 20%4. Walker and McDaniel have
also measured the ratio and found it to be 2 : 1 at
the 441 Kev resonence amd 0.66 at EP = 1,15 Mev

(Wa 48).

The use of this instrument for the measure-
ment of angular distributions has not been extensive
and at Ep = 500 and 1150 Kev, with thick targets, has
been limited to three angles between 0° and 75°. The
two gamma rays are isotropic at the lower energy while
at 1.15 Mev, they are anisotropic and markedly

different. (St. 51). The latter observation is one
of the few indications that the angular distributions

-
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of the two gamma rays may differ.

2.5. Scintillstion Counters.

The advent of the sodium iodide crystal
activated with thallium widened the field of gama
ray spectroscopy considerebly. The advantages of
the scintillator lie in its relatively small size,
high efficiency, satisfactory resolution and high
speed. The disadvantages include the production
of multiple peaks for a monochromatic gamma ray as
a result of the various absorption processes in the
detector. A detailed discussion of the scintilla-
tion counter follows below and in this section, it
is only necessary to review the use of this type of
detector in the investigation of the Li7(p,y)338
reaction.

It is unfortunate that most of the measure-
ments have been performed with small NaI(Tl) crystals
which do not resolve the 14.8 and 17.6 Mev gamma rays.
However Cempbell (Ca 56) has used & 1-1/2 in. diameter
by 1-1/2 in. long NaI(Tl) crystal to measure the
intensity of the two gamma rays at 90° to the proton
beam between Ep = 200 Kev and 650 Kev, after assuming
the value of the intensity ratio of 1.7 at the 441 Kev

resonance reported by Stearns and McDaniel (St 51).

The poor resolution gave rise to large experimental
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errors.

Angular distributions of the two gamma rays
have been measured at the 441 Kev resonance with a
similar crystel by Neuert and Retz-Schmidt (Ne 58)
who claim them to differ. Six me asurements have
been made between 0° and 145° and the scatter of
points in the forward direction throws doubt on
their conclusions. |

A 3 in. diameter by 3 in. long NaI(Tl)
crystal has been used to measure the angular distribu-
tions from E, = 880 to 1240 Kev and they are of the
form 1 + a; cos 8 + &, cos? © (Kr 54). The two com-
ponents were not resolved and the value of 8, at Ep =
880 is considerably higher than that measured by Devons
and Hine at 890 Kev (De 49).

Investigations of the response of large Nal
(T1) crystals to high energy radiation (Ko 59, Fo 54)
have shown the 14.8 and 17.6 Mev gamma rays to be
partly resolved but no investigations have been reported
beyond this observation.
2,6. Summary.

Most of the information on the Li7(p,7)538

reaction has been obtained using detectors which do not

QS‘“‘L‘AN Na }’.L. ‘) .
- PRty R
[ LIBRAVY H

resolve the two gamma rays.
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At the 441 Kev resonance, the two components
are approximately isotropic and this is consistent
with the resonance being p wave with channel spins 1
and 2 in the ratio of 1 : 5 (De 50). The level
assignments to the 1030 Kev resonance from the L17(p,p)
data are identical and predict isotropic angular dis-
tributions for Li7(p,Y)Bee at this resonance. This
is in disagreement with measurement (Kr 54). The
contribution of the non-resonant background is con-
siderable in this energy region and it is not known
if the anisotropy is due to the resonance or the back=-
ground. Wilkinson (Wi 54) has suggested the back~
ground to be from direct s wave proton capture to

the ground state and first excited state of Bee

and
while this theory is sufficient to explain the mag=-
nitude of the cross section between the resonances,

it would require the background to be isotropic, al-
though a small contribution from 4 wave protons
could account for the obseried anisotropy. A further
complication srises from the observation of Stearns
and McDaniel (St 51) who found the angular distribu-
tions of the two components to be markedly different
in this energy region. Apart from this measﬁrement

and those at the L4l Kev resonance, no anguler dis-

tributions in which the two gamma rays are resolved
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have been measured, and there is a need for a detailed
investigation of this matter before the distributions
can be interpreted unambiguously.

3.1, The Present Method.

The experiment~waé designed to me asure the
separate engular distributions of the 14.8 and 17.6
Mev gamma rays from proton'capture in L17 in the
energy rénge of the Canberra 1.2 Mev Cockeroft-Walton
accelerator. The detector was a 5 in. diameter by
L4 in., long NaI(Tl) crystal which, with suitable
collimation, gave a resolution of 13% for the 17.6
Mev gamma ray. The angular distributions of this
component W(e)17.6 and of the unresolved gammea rays
W(e)lu.8+l7.6 were obtained directly from the pulse
height distributions at sach angle of observation.
The angular distribution of the 14.8 Mev component
W(e)lu.B was obtained analytically from W(e)l7.6 and
W(e)lh.8+l7.6 using the value of the intensity ratio
of the two components measured at € = 90°.

3.2, Presentation of Material.

Chapter II is devoted to a summary of the
apparsatus and experimental techniques used in the
measurements and in Chapter III, the measurement of
the variation of the intensity ratio of the two com~-
ponents with proton energy is described. The

<

angular distributions of the two components are O
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presented in Chapter IV where it is seen that they
differ merkedly in the region of the 44l and 1030
Kev resonances. In Chapter V, the results are
discussed and the conclusions are compared with

present theories on the mechanism of the reaction.




CHAPTER II.
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INTRODUCTION.

This chapter is concerned with the experi-
mental aspects of the investigation. In section 1
the apparatus, targets and detection methods are des-
cribed. Section 2 is devoted to the properties of
the spectrometer and the absorption process which
gives rise to the pulse output from the photomulti-
plier. A brief investigation of the effect of coll-
imator size on resolution is described and the pulse
height distributions of the 17.6 and 14.8 Mev gamma

rays are separated from the Li7(p,y)B38 spectra.
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1.1. Appsarsatus.

A diagram of the apparatus used in th; experi-
ment is shown in figure 2.1. The target chamber was a
brass cylinder 5 in. high, 3 in. diemeter with walls 1/8
in. thick, & perspex inspection window being included in
the base.

The sodium iodide detector was mounted with
the cylindrical axis vertical, in-a 9 in. x 9 in. x 6 in.
steel block which stoed on a »otating table set so that
the axis of rotation passed through the centre of the
target. The gamma radiation was collimated into the
crystal centre by & conical hole through a lead block,

3 in. thick. The collimetor was tapered so that the
detector observed, through a solid angle of 0,074
steradians, a 1/4 in., diameter spot at the target. The
remaining five sides of the crystal mounting were not
shielded with lead.

A 1-1/2 in, diemeter by 1 in. NaI(Tl) crystal
was used as & gamma ray monitor and set at =-130°, 6 in.
from the target.

1.2, Proton Beam.

The proton beam from the Canberra 1.2 Mev
Cockeroft-Walton accelerator was anslysed by a 90°
Vdeflecting magnet and was defined at the entrance to

the magnet by a 1/4 in. slit and at the exit by the
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Jaws of the electronic voltage stabiliser set to a 1/; in.
gap. The emergent beam was focussed by strong focussing
electrostatic lenses and deflected through a 45° analysing
magnet and & 3/16 in. diameter aperture (beam stop) on to
the target. The stop and the 3/16 in. diameter target
spot defined the direction of the beam. The long path »
length of the protons defined the beam energy Which‘was
believed to be stable within 1 Kev. |

Currents of 1 = 15uA.were used in the experi-
ment and by adjusting the controls of the electrostatic
lenses while watching the beam spot on the target it was
possible to focus the beam to an 1/8 in. central spot.
Under these sharp foéus conditions, the beam stop current
was limited to O =~ LuA. Periodic checks on the spot
position and focus were made during the measurements but
few adjustments were necessary.

The machine was calibrated at the 340, L84,
672, 874 and 935 Kev resonances in the Fl9(p;q,y)ol6
reactions.

1.3. Target Preparation.

Targets 5 to 20 Kev thick were deposited by
evaporating natural lithium metal on to silver-plated
brass backings 0.015 in. thick. Kach backing was
masked so that four targets, 3/16 in. in diameter and
3/8 in. apart were deposited as well as a 1/2in, by

1/ in. rectangle of lithium, which was used to measure
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the thickness of the deposit at the L4l Kev resonance.
The becking material was originally of brass but earlier
experiments in this laboratory, uéing thick lithiﬁm'
targets on copper, showed the backing material to become
pitted because of the chemical interaction between the
two elements. Small pits in the-backing matérial can
accumulate lithium metal and lead to variations in
thickness over the target area. This effect can be
troublesome when,investigating the region above a sharp
resonance with a ﬁhin térget-where‘small portions of the
target may be thick enough to contribute some resonance
rediation. |

Pitting was less noticeable on the surface
of silver b;ckings and to minimise this effect, the brass
backings were silver plated and were highly polished
before each evaporation. |

To prevent oxidation of the lithium after
evaporation, the evaporator was filled with dry argon
and the targets were transferred to the target chamber
in an atmosphere of this gas. In the chamber, the
terget backing was screwed to a water-cooled holder
which could be raised using a series of 3/8 in. spacers
to position the target in the centre of rotation of the
detector. Bach target was changed after the measure-

ment of one anguler distribution.
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Because of the large number of targets emp-
loyed, no attempt was made to measure an excitation
function accurately, but a beam current integrator was
used in the measurement of each target thickness at the
L4l Kev resonance and to monitor the change of yield
with running time. In 2 hours, at B, = 600 Kev and a
current of 10 pA., the gredual accumulation of carbon
on the target increased the thickness by 5 Kev, despite
the use of liquid sair tfaps, while after 3 to 4 hours,
the yield began to fall off rapidly. For these reasons,
the running time was limited to 3 to 4 hours for each

target.

1.4, Electronics.

Scintillations in the 5 in. and 1-1/2 in.
NaI(Tl) crystels were detected by & 5 in. Dumont 6364
end & 2 in. 6097 B E.M.I. photomultiplier.

The 5 in. phototube weas surrounded by a mu-
metal shield and the output was amplified by a Fairstein
(Fa 56) non-overload emplifier and fed to & Hutchinson-
Scarrott type 100 channel pulse height analyser biased
at 6 Mev gamma ray energy. An exsminestion of the pulse
height distributions of the lithium gamma rays showed
the gain of the system was stable within 19 .

Pulses from the monitor detector were amp-

lified by & Higinbotham non-overload emplifier and fed

~
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to a scaler with the discriminator set to count all
events above EY = 10.6 Mev. The bias point was cal-
culated by measuring the pulse height of the 1.33 Mev
gamma ray from 0060 on the kicksorter set to the geain
X10 scale. Gain shifts of more than 2° could be
detected in this manner and the system was found to be
stable within this limit. Figures 2.2 and 2.3 chow
typical spectra from the pulse height analysis of rad-
iation from the 441 Kev resonance, detected by the -

large crystal and the monitor.

1.5. Background.

a. Cosmic Rays.

This background was measured by running the
electronics with the accelerator switched off. Figure
2.4 shows a background obtained from the large crystal
in two hours. In the energy region of interest in the
experiment, the pulse height distribution was quite flat;
the counting rate was constant and could-be determined
accurately. For the thin targets used, this background
was as high as 10°% of the reaction yield but the spectra
and the monitor counts were easily corrected for this

contribution.

b. Competitive Reactions.

Because of the sharp focus, the beam stop and

the target were the only significant sources of radiation
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from the accelersator. Gamma rays from the 6.1 and
7.1 Mev levels of 0l® in the Flg(p;d;y)ols reactions
were detected but were eliminated by accepting the

spectre ebove ET = 8.5 Mev.

The variation of the background with angle
of observation was investigated by raising the target
from the beam path and allowing the beam to strike the
back of the target chamber. It was found to be in-
dependent of the angle of observation beyond EY = 8.5
Mev and entirely due to cosmic rays.

c. Scettering.

The apparatﬁs included a considerable amount
of heavy scattering material but the energy spectré from
the large crystal suggested that most of the scattered-
gamma rays detected were of low energy and significent
only below EY = 8 Mev. The discriminator of the
monitor sceler was set to count all events above EY =
10.6 Mev and & check at the LL41 Kev resonance showed

the ratio of monitor counts to current integrator counts

was independent of the position of the crystal mounting.

Section 2. The NaIﬂTl} Spectrometer.

After considering the gamma ray absorption
process, the factors affecting the resolution of the
detector are obtained. The effect of collimator size

on resolution is meassured and the line sheapes of the ’
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8

gemma rays in the Li’(p,y)Be® spectrum are obtained.

2.1. Absorption of Gamma Radistion in a Sodium

JIodide Detector.

A gamma ray may be absorbed in the detector
by three processes; electron pair formation, Compton
scattering and the photoelectric effect. The cross
section for each of these absorption processes vaeries
with energy of the gamme ray as shown in figure ?.5.
(Gr 57). At 17.6 Mev, the photoelectric effect is of
no significaence for the initial event in the absorption
of a particular gamms ray, but is significent for low
energy gamma rays which are the result of events in the
absorption process. From the figure one can see at
B, = 17.6 Nev, that 79% of the initial interactions
between the crystal and the gamma ray beam are pair
creation events while the remainder are Compton scatter-
ing.

An anelysis of the subsequent events which
lead to the eventual total absorption of the initial
gamma ray energy in the detector o? to escape of some
fraction of this energy, requires a calculation of the
Monte Carlo type and has been performed for gamma ray
energies up to 4.45 Mev for sodium iodide detectors of
dimensions up to 8 in. radius by 8 in. long (Mi 58,

Be 56). Fprom these calculations an sccurate prediection

’
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can be made of the pulse height distribution of mono~-
chromatic gamma rays detected by a crystal of speci-
fied dimensions. For gamma rays of energy greater than
4 Mev the number of multiple events following an initial
absorption event increases rapidly end the energy loss
by the secondary electrons includes loss by bremsstrah-
lung which becomes more significant as the gamma ray
energy increases. For these reasons the Monte Carlo
calculations for the line shapes of high energy gamma
rays become very elaborate even for the present gener-

ation of electronic computors.'

2.2. Response of a NaI(Tl) Detector to Ggmms Radiation.

Any investigation into the line shapes of

high energy gamma rays must then involve the experimental
approach. A synthesis of the pulse height distributions
of 10 - 20 Mev monochromatic gamma rays for a 5 in.
diameter by 9 in. long NaI(Tl) detector has been made by
Koch and Wyckoff (Ko 56) by measuring the response of

the crystal to monochromaetic electrons from a betatron.
Spectral lines for electron energies in 1 Mev interveals
involved in pair formation from an incident gamma ray
were folded together to predict the line shape due to

the electron pairs. It has been assumed that the energy
loss characteristics of electrons and positrons in the
detector are the same, except for the production of

annihilation radiation by positrons.
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By extrapolation from the calculations of
Berger and Doggett (Be 56) for gamma rays up to 4.5 Mev,
they were able to estimate the electron distribution due
to Compton scattering of photons, the fractidn of totally
absorbed gamma ray energy which gives rise to a gaussian
distribution about the photo line, and the broadening of
the pulse height distribution due to the escape of one of
the annihilation photons from the detector. The latter
process results in the downward displacement of a fraction
of the electron pair pulse height distribution by 0.51
Mev.

Figure 2.6 shows their synthesis of the pulse
height distribution of a 19 Mev gamme ray in a 5 in.
diemeter by 9 in. long NaI(Tl) detector. The four seﬁ-
arate contributions to the line shape are shown and the
prediction is compared with the 17.6 Mev gamma ray line
shape from the Li7(p,y)Be8 reaction. This was obtained
by adjusting the 14.8 and 17.6 Mev gamma ray line shapes

to fit the intensity ratio 117.6/& 8 = 1.6 (Fo 54).

An important conclusion from the synthesis is
that the line shape of monochromatic gemme rays changes
slowly from 10 to 20 Mev and this has been confirmed by
direct measurement with 5 in. diameter by 4 in. and 8 in.
long NaI(Tl) crystals (Ko 59).

The synthesis of Koch and Wyckoff has been’
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made assuming fine collimation of the gamma ray beam
along the crystal axis. For comparison with experi-
ment, the effect of the collimstor must be considered
as well as scattering of the gamma ray beam by the

target housing and the collimator wall.

2.3. Effect of Collimator Sigze.

By increaesing the dismeter of the collimeted
gamma ray beam, the probability of escape of radiation
through the crystal sides increases and the pulse
height distribution of the gamma ray broadens.

. The pulse height distribution of 20.3 Mev
gamma rays from proton capture in tritium was meesured
with the apparatus of figure 2.1 but using cylindrical
collimators of varying diameter. The resolution was
found to vary as shown in figure 2.7 and is relatively
insensitive to collimator dimensions for those less
than 1.5 in. diameter. One point is shown in figure
2.7 Which has been obtained by collimating the beam
along the ecrystal axis, and i1t was concluded that the
optimum resolution of 139 could be attained with the
crystal axis vertical. This orientation was found

more convenient to use in the experiment.

2.4. Efficiency of the Detector.

From the total gaemma ray aebsorption cross

sections p for Nal (Da 55) at B, = 14.8 and 17.6 Mev,

Y
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the efficiencies
E =1 =e—Hl (L = 5 in.)
were found to be 82.8% and 84.5% respectively. No

corrections were made for the 2 Mev width of the 14.8

Mev gasmma ray.

2.5, The Line Shape of the 17.6 Mev Gamma Ray.

The 17.6 Mev gamma ray line shape is not
directly available from the pﬁlse height analysis of
the L17(p,*{)Be8 radiation because of the overlap of the
two gamma rays in tpe spectrum (figure 2.3). The sep=
aration is complicated by the 2 Mev width of the 14.8
Mev component.

The 17.6 Mev line is monochromatic and it
was decided to investigate the difference in the pulse
height distributions of the 16.6 Mev and 20.4 Mev gamma

11 and H3 respectively to

rays from proton capture in B
see if the 17.6 Mev line shepe could be estimated from
these two monochromatic gamme rays.

Thick targets of natural boron and tritium
adsorbed on zirconium were placed in turn in the angular
distribution chambef shown in figure 2.1 and were bomb~-
arded with 1 Mev protons. Beeause of the sin 26 angular
distribution of the H3(p,y)Heh reaction (Ar 50) the spect-
rometer was set at 90° with the target at 45° to the

12

proton beem. The Bll(p,Y)O reaction was observed “
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at 0°. In addition, a 200 Kev thick lithium target

was bombarded with 500 Kev and 380 Kev protons and

the yield was observed at 0°. The gain and bias of

the pulse height analyser were not altered during the
comparison but the gain of the photomultiplier was
altered by adjusting the E.H.T. supply so that the peak
height of the 20.4, 17.6 and 16.6 Mev gamma rays occurred

in turn in the same channel of the pulse height analyser.

In figure 2.8, the 16.6 and 20.4 Mev gamma ray spectra,
normalised to the same peak height, are compared.
Because of the 12 Mev gamma ray from the Bll(p,y)cl2
reaction, it was not possible to observe the 16.6 Mev
line shape below 14 Mev. Above this enérgy there is
no measurable difference in the two spectra and assum-
ing the 17.6 Mev gamma ray has the same pulse height
distribution, the separation of the two components in
the L17(p,*r)Be8 radiation is shown in figures 2.2 and
2.9.

2.6. The Li’(p,y)Be® Resction at E, = 270 Kev.

One result of the present measurement of the

angular distribution of the Li7(p,~r)Be8

rediation shows
(Chepter IV) that at E, = 270 Kev, the 14.8 Mev gamma
ray is isotropic while the 17.6 Mev component is anis-
otropic. Spectra observed at 0° and 135° at this

energy after correction for the background, absorption _



AU AT
¥ 2
" LIBRARY -

Py e

Unpyerst®t
/’/

—




8

T3INNVHD Y3d SLNNOD

N
(o]
[e]

20 4o 0 80 ‘
CHANNEL  NO.

Fig. 2.10. Li7(p,y)B68 spectra at E, = 270 Kev,
corrected and normalised to the seme
number of monitor counts. The lower
curve showe the difference in the two

distributions.
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in the target backing and normalising the two obser=-
vations to the same number of monitor counts are shown

in figure 2.10. The subtraction of the two pulse height
distributions is included in figure 2.10 and represents
the line shape of the 17.6 Mev gamma ray. This curve
was subtracted from the 0° spectrum to give the line
shape of the 14.8 Mev component (figure 2.10). A
smoother estimate of the 17.6 Mev component was obtained
using a resonance spectrum obtsined from the same target
(figure 2,11). The 17.6 Mev line shape from figure 2.10
was normalised to the resonance spectrum and subtracted
to obtain the approximate height of the 14.8 Mev compon-
ent. The 14.8 Mev pulse height distribution was normal-
ised to this height and subtracted from the resonance
spectrum to give the 17.6 Mev line shape. The method is
cumbersome and involves approximations but a comparison
of the 17.6 line shape with the 20.4 Mev gamme ray just-
ifies the assumption that the two pulse height distrib-

utions are similar.

2.7. Line Shape Below Et = 8,5 Mev.

The pulse height distributions do not indicate
the line shape below 8.5 Mev, In this energy region,
contributions from the Flg(p;«,y)ols reactions are mixed
with low energy gamme rays from scattered radiation.
Many of these events arise from scattering material out-

side the detector and some are due to the escape from
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the detector of a fraction of the incident gemma ray
energy. The sactual line shape'between‘o and 8.5 Mev
depends onAtheAlatter‘and is partly determined by the
dimensions of the collimator. Calculationé of the
pulse height distribution of high energy gamma rays
below EY = 8 Mev show that with no collimation, the

line shape maintains a constént height iﬁ this‘energy
region (Ko 59). For the collimator used in these
investigations, the line shape was assumed to be between
the limits shown in figurs 3.1. The angular distrib-
utions of the gamma rays were obtained without consider-

ing the spectra below E, = 8.5 Mev and the line shape

Y ;
below this energy was only of interest in the calcul~-
ation of the absolute value of the intensity ratio in

Chapter III.

2.8. Conclusion.
The separation of figure 2.9 shows the 14.8

Mev gemma ray line shape does not extend beyond 16.9
Mev and the angular distribution of the 17.6 Mev com=-
ponent W(6)17.6 can be obtained from the part of each
spectrum above this energy. The anguiar distribution
of the unresolved gamme rays W(e)lu.B +17.6 18
calculated by summing each spectrum between 8.5 and
19.5 Mev. W(e)y g can be derived from W(8)y) gi1-. ¢
and W(9)17.6 after msasuring the relative intensity of
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the two components at 6 = 90°. For this reason, the
variation of the ratio was meaéured from Ep = 200 to
1030 Kev with a higher statistical accuracy than could
be attained from the spectra in the angular distrib-

ution measurements.




CHAPTER TII.

Messurement of the Branching Ratio.
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Introduction.

In this work, the branching ratio is defined
as the ratio of the intensity of the ground state trans-
ition to the intensity of the tramsition to the 2.9 Mev
level of BeB. The ratio is known to be a function of
proton energy (Wa 48) but the only detesiled messurement
of the variastion has been made using a 1-1/2 in. diameter
by 1-1/2 in. long NaI(Tl) crystal (Ca 56). Because the
gamma rays were not resolved, it was necessary to assume
the line shape of each component and that the intensity
ratio at the 441 Kev resonance was 1.7 (St 51).

A knowledge of the branching ratio for non-
resonance radiation is of interest because the direct s
wave proton capture mechanism of Wilkinson predicts the
ratio to favour the transition to the first excited
state of Bee(W1 54), for both jj and LS coupling schemes.
It is not known if the ratio varies in the neighbourhood
of the 1030 Kev resonance. Apart from these matters,

the ratio is required to derive the angular distribution
of the 14.8 Mev gemma ray W(e)lu g from W(e)17.6 and

We)y,.8 + 17.6.
2.1. Experimental.

The apparatus used in the measurement of the
branching ratio has been described in Chapter II. The
detector was set at 90° to the proton beam and currents

of 10 - 15 pA were used except in the region of the 4h4l
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Kev resonance where the beam intensity was reduced to
avoid high counting rates. The targets were kept as |
thin as experimentel conditions would allow. Between
L30 and 450 Kev, the deposits were less than 5 Kev thick
and between 450 and 600 Kev were 5 = 10 Kev thick. In
the remaining energy regions, the targets were 20 Kev
thick except for thé points below Ep =‘300 Kev where the
low yield required a 60 Kev target.

The bias and gain of the pulse height analysevr
were fixed during the mesasurements so that the peak
height of the 17.6 Mev gamma ray fell in the same cheannel
of the display. Measurements were made in 5 = 50 Kev
intervals from Ep = 200 to 1030 Kev. The running time
and integrated beam current were noted for each observa-
tion and each spectrum was recorded from the display of
the pulse height analyser. The cosmic ray background
was measured by running the electronics for 1 to 2 hours
with the accelerator switched off.

The pulse height distribution of the 17.6 Mev
gamma ray was obtained by replacing the lithium target
with a target of tritium adsorbed on zirconium. The
target was bombarded with 850 Kev protons and the high
voltage supply to the photomultiplier tube was reduced
until the peak of the 20.3 Mev gamma ray coincided with

the chammel number of the 17.6 Mev gemma ray.
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Figure 3.1 shows typicel spectra obtained in
the measurement normalised to & common peak height at
17.6 Mev. The line shape of the gamma ray from
H3(p,\r)léle)4 is included. The extrapolations to zero
energy in figure 3.1 show the sssumed limite in the line
shape based on the calculations of Kockum and Starfelt
(Ko 59).

2.2, Calculation of the Branching Ratio.

Each spectrum was summed between EY = 8.5 and
19.5 Mev and the cosmic ray background was subtracted.
The assumed pulse height distribution of the 17.6 Mev
component was normalised to fit each spectrum and the
intensity of the 14.8 Mev component was obtained by
subtraction.

The variation of the ratio with proton energy
is shown in the upper curve of figure 3.2. The excita-
tion function in the figure was derived from the ratio
of the number of counts between E . = 8.5 Mev and 19.5
Mev and the number of monitor counts. Four targets of
varying thickness were used in the investigation and the
yields at the 441 Kev resonance were normalised to a
common value. The smooth curve abové E_ = 800 is that

P
measured by Kraus (Kr 54) at & = 90°.

2.3. Absolute Value of the Branching Ratio.

The results of figure 3.2 are those required
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in the separation of the angulér distributions but
further corrections are necessary to estimate the
absolute value of the ratio.

The errors in the absolute value due to the
uncertainty in the line shape below EY = 8;5 Mev have
been calculated assuming the extrapolatibns-of figure
3.1, At the 441 Kev resonance, the ratios are within
3% of the value shown in figure 3.2 while at E, = 770
Kev, the ratios are 0.50 t 0.0l and 0.54 % 0.0l for the
upper and lower limits, compared with 0,58 t 0.01 in
figure 3.2. The broken curve in figure 3.2 shows the
lower limit in the absolute value of the ratio due to
the uncertainty in the line shape. A small correction
was made for the variation of the detector efficiency
(Chapter II, 2.4). The upper limit in the absolute
value of the ratio approximates to the experimental

curve.

3. Discussion.

The points at E = 480 end 500 Kev show higher
values of the ratio than neighbouring points and this
effect is attributed to non-uniformity of the target
deposit where a smell portion may be thick enough to
contribute some resonance radiation with a larger cross

section and a higher value of the ratio. In this case,



TABLE 1.

Measurements of the Li7(P,Y)Be8
branching ratio.

E Target - :

p Thickness Angle b= L1.6 Reference.
150 10-20 Kev 0°,90° 2 % 0.2 ~ (pe 50)
460 150 Kev 0° 2 (Wa 48)
500 Thick 0° 1.7 £ 0.2

35° 1.8 (st 51)
70° 1,72
1150 70 0°7? .66 (wa 48)
1150 250 0°. .62 £ 0,07
35° .58 (st 51)
75° A5 = 0.1
200 Thick 90° .5 = 0.1 (ca 56)

375,600 Thin 90° 1.0 £ 0.2 (ca 56)
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the target was discarded and the measurement was repeated.

The precautions taken to minimise this effect
have been described in Chapter II but there remains a
possibility that the measured vealue of the ratio in the
region of 460 - 650 Kev may be too high. Nevertheless,
the points on the curve are repeatable; and the asymmetry
in tke branching ratio ebout Ep = U441 Kev has been
observed by other investigators (De-49, Ca 56).

The ratio at the 441 Kev resonance is 2.3 t
0.04 and higher than measurements reported by othgr
workers (Teble 3.1). 1In those investigations, thick
targets were used and the inclusion of a small amount of
non-resonant radiation would tend to reduce the relative
intensity of the 17.6 Mev gemma rsay. It is interesting
to refer to the resonance spectrum of figure 2.2 obtained
from a 200 Kev thick target, bombarded with 500 Kev
protons. The intensity ratio obtained from this spectrum
was 1.80 % 0.02.

In the region of the 1030 Kev resonance, the
intensity ratio meintained a ccnstant value at 0.58 t
0.01 (uncorrected) end both gamma rays are resonant.

About Ep = 700 Kev, the radiation is largely
due to the non-resonant background emd the intensity ratio,
0.54 T 0,05, is approximately independent of the angle of

observation (Chapter IV). Integration of the ratio over




Lx does not alter the value and it is consistent with
Wilkinson’s prediction from the direct s wave proton
capture mechanism that the transitions should favour
the 2.9 Mev level of BeS (Wi s54).

In the neighbourhood of the 441 Kev and
1030 Kev resonances, the ratio was found to be a strong
function of the sngle of observation and this matter is

investigated in the chapter which follows.




CHAPTER IV.

The Anguler Diystributions.




1. Introduction.

Theoretical expressions for the differential
cross section of a nuclear reaection are given in the
form:
kgfx' B, P, cos @. (Bl 52, De 57,
k=0 :

Vo 59) where © is the angle between the incident and
emergent particles in the centre of mass system. For
radiative capture processes, the system before collision
cen be defined in terms of the mutual orbital angular
momentum 1 of the target nucleus and the bombarding
particle and the vector sum s (channel spin) of their
intrinsic angulsr momenta I and i respectively. The
outgoing channel for gamma ray emission is expressed in
terms of the multipole order of the gamma ray 1’ and the
spin of the final nncléar state I'. Expressions in
this representation show Bk to be functione of the erergy
of the incident particle, the channel spins, the orbital
angular momenta and the nature of the forces between the
particles (De 57, Go 59).

Experimentelly, the essential part of the
analysis of angular distribution measurements is the
expression of the observations in the centre of mass

system and the calculation by the method of least squares
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of the coefficients Bk of the Legendre polynomials.
There are & number of restrictions limiting the order
k of the polynomials (Ya 48, Bl 52) which are importent
in the analysis and intgrpretation of angular distrib-
utions:

l. As a result of the conservation of parity,
Bk vanishes for odd values of k, provided the reaction
involves an isolated level of the compound nucleus with
unique parity and angular momentum. 0dd powers of cos

© in an angular distribution are due to interference

between odd and even parity interactions.

2. In reactions where the penetration coeff-
icients are such that there is a maximum value 1 or 1’
; for which the widths are significant, k = 21; k = 21’

and k = 2b where b is the total angular momentum of the

system.

In addition, there are a number of well-known
selection rules concerning the emission of gamme radia-
tion which are pertinent to the analysis of the angular
distributions and which are included for completeness:

l. In a radistive transition between initial
and final states of angular momenta J and I respectively,

1l can assume any non-zero integral value given by
¥ - I =1 = |3+ I

2. The probability of emission of & gamme ray
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in a transition J ——> I decreases rapidly as 1
increases, roughly as (3#?)21 (We 51, Bl 52a) where R
is the nuclear radius amd ) is thevwavelength of the
emitted radiation. The multipolarity of the emitted
radiation will generally correspond to the smallest
value of 1 which-is allowed by conservation of angular
momentum and parity.

3. The relative transition probability of

electric radiation is greater than megnetic radiation of

the same multipolarity by a factor which is eapproximately

1/10 (2x McR/h)2
(We 51) where M is the mass of the nucleon. This approx-
imates to h.hAz/B and for Bee, the factor is of the order
of 18, irrespective of the transition energy.
The facts summarised in this introduction are
used in the analysis of the angular distributions in
section 3.1 and a summary of the results is included in

the final sectiomns. First, the measurement of the dis-

tributions is described.

2. Experimental.

Measurements of the energy spectra were made
at 8 to 10 angles of observation, chosen in random order
but at approximately equally spaced interveals of cos ©
between 1 and - 0.71. The- targets were set ‘in a plane

perpendicular to the proton beam but for measurements
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at 90°, the backing was inclined at an angle of 20° to
the beam. Rotation of the target was not considered
desirsble because the resulting increase in target
thickness effectively reduces the beam energy. A
rotation of the target through 20° increases the thick-
ness by 63Q and this variation was considered tolerable
even in the regions where the angular distributions
change rapidly with proton energy. Earlier workers
showed wb)lh.& + 17,6 Veried rapidly between 400 and
550 Kev (De 49) and between 950 and 1100 Kev (XKr 54).
In these energy regions, targets 10 Kev thick were

found to effect the compromise between the need for a thin
target and an adequate yield from the reaction. At the
L4l Kev resonance, targets less than 5 Kev thick were
used and in the remaining energy regions, 20 Kev thick
targets were used except for points below Ep = 300 Kev
where the low yield required targets 4O Kev thick.
Figures 4.1 to 4.4 show typical spectra obtained in the
measurements.

The angular distributions of the unresolved
gamma rays were calculated from the sum of events between
EY = 8.5 and 19.5 Mev, and the spectra were summed
between the channels corresponding to 16.9 and 19.5 Mev-
to derive the angulaer distribution of the 17.6 Mev
component. The totals, after correction for cosmic ray

background, absorption in the target backing, counting
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" to the same number of monitor counts, were expressed

L"90

loss in the pulse height analyser and normalisation

with the angle of observation in the centre of mass
system. |

In the corrections, the following approx-
imations were made:
1. The absorption coefficients for brass at E? =
14.8 and 17.6 Mev (0.032 and 0.034 cmz/@m respectively
(Da 55)) were assumed to be 0.033 cmz/gm and constant
over the (EY + 7/8Ep) Mev range investigated. The use

of this average value gave rise to a maximum error of

0.02°/, in the correction factor for absorption.

2. The transformation of the intensity I(®) and angle
of observation, 6 in the laboratory system to the centre

of mass system,

M)y, =10 _(-vi%e?)
(1+v/c cos ec.m.)
and cos &, . = cos & - v/c

1 -+v/c cos ©
approximate to

I(e) . (1 - 2v/c cos @)
® - 2v/c sin ©

1(e),

and Oc.m.

oM,

if higher powers than

the first in v/c are neglected, v being the velocity of

recoil of Bes. The highest value of v/¢ in this invest-

igation is 0.006 at E, = 1100 Kev. ,
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Experimental points for w(e)lu 8 + 17.6
and W(6)17.6, normalised to unity at cos © = 1 are shown

in figures 4.5 and L4.6.

3.1. Anelysis.
It can be seen from figures 4.5 and 4.6 that

the angular distributions are not symmetrical about 6 =
/o 3 and odd powers of cos © are present indicating
interference between contributions from protons of odd
and even parity. Assuming the current evidence that
both resonances are due to odd parity (p wave ) protons
(Chapter I, 1.3), the interfering radiation must be due
to even parity protons. In this proton energy range,
the penetrability of 1 = 2 protons is of the order of
0.2% of that for 1 = O protons (Ch 48) and the inter-
ference is assumed to be preddminantly s - wave with a
small edmixture of d- wave protons.

The ground state of L17 is 3/2 and electric
dipole (El) radiation can rise from both s and d wave
proton capture in this nucleus. Since El1l radiative
transitions are more probable than magnetic on higher
order e]ectric radiation, the interference is assumed
to be El. For s - wave proton capture, the radiation
would be isotropic and for 4 wave protons, the highest
order term in tlr angular distribution function would

be cos 26.* Interference between radiastion from d wave-
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TABLE 4.1.

Values of the coefficients of the
angular distributions in figures 4.1 and 4.2.

Proton 14.8 + 17.6 Mev. 17.6 Mev. 14.8 Mev.
Energy
(Kev%. A/A,  Ay/AL M/AL Ay/AL AV/AL Ay/A)
1100 0.52  0.35 1.15  Ou.L 0.16  0.32
1070 0.41 0.36 0.90 0.39 0.14 0.34
1050 o.L6  0.36 0.87  0.43 0.23 0.32
1030 0.31  0.26 0.56  0.23 0.17  0.28
786 0.18 0.2 0.20  0.17 0.15  0.22
581 0.33 O.14 o.49 0,10 0s17  0.18
471 0.17  0.08 0.20  0.07 0.12  0.10
ulo 0.056 0.008 0.064 0.015 0.036 =0.002
428 -0.057 =0.029 =0.070 0.004 =0.032 =0.095
396 =0.27 =0.02 -0.41  0.04 -0.09  -0.09

321 ~0.22 0.01 -0.56 0.00 -0.01 0.02
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interaction and the E2 component in the resonent 14.8

Mev gamme ray would introduce a cos 8 term in W(e)lh 8

(Br 60).
The angular distributions would then be of
the form: _
= 2 R P
W(e)y g = A, * A& cos 8+ Ay cos” 6 + Ay cos”® --(5)
— 2 - an e an
and w(e)n.6 = A, + A cos ®+ Ay cos“® (6)

A number of the measurements of W(e)lh 8+17.6

were analysed in the form of equation (5) but the errors
in1A3 were large and no significance could be attributed
to the values.

The solid lines in figures 4.5 and 4.6 show
the results of a least squares fit of the polynomials (6)
to the experimental points. Errors in A1 and A2 have
been estimated from statistical and possible geometricel
errors in the measurement. Corrections of the coeffic-
ients for finite detector geometry were negligible (Ro 53,
Go 59).

The angular distributions of the 14.8 Mev gamma
ray, W(e)lu.S were obtained snalyticelly from the measure-
ments. W(e)17.6 was multiplied by the factor required
to satisfy the condition that at 6 = x/é

W(9)11.6 = =b , the branching
W(e)lh.S + 17.6-_-w © 17.6
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ratio measured at © = x5 (Chapter III) and W(e)17.6
was then subtracted from W(e)lu.B +17.6°

The angular distributions were expressed in
the form A, (1 + a; cos 6 + a, cos® 8). The coefficients
of W(e) for figures 4.5 and 4.6 are summarised in table
4.1 end the derived coefficients of W(e),, o are included.

Figures 4.7 to 4.10 show the variation with
proton energy of a4 and a, for the resolved and unreSOIQ‘
ved gamma rays. The coefficients for W(e)lh.8 have been
derived from the smoothed values of W(e)m.8 + 17,6 80d
\Iil(e)]_?.6 but the variation of a, for the 14.8 Mev gamma
ray is not shown because it is identical with a, in
figure L4.9. This figure also includes measurements of
a, by other workers (De L9, Kr 54). The excitation
function of figure 4.9 is teken from figure 3.2 and
above Ep = 800 Kev the more accurate measurement by
Kraus at & = ﬁ/é (Kr s4) has been used.

In figures 4.7 and L.8, the scatter of the

values of &, between E. = 500 and 600 Kev is wider than

P
experimental errors would allow. Energy straggle in
the target can be serious in this energy region becsause
of the rising cross section of the adjascent resonance
and the rapid change in 8. A comparison of the large
number of spectra obtained in this energy region failed

to reveal asny significent difference in the relative

intensity of the 17.6 Mev gamma rey at a particular 4
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angle of observation. Nevertheless, the values of 8
because of the energy straggle in this region, may be

lower than one would expect from an ideally thin target.

3.2, The Variation of &,.

An inspection of figures 4.9 and 4.10 shows
the values of a, to be the seme for both gamma rays
within the experimental errors. The appearance of 8,
immediately above the 441 Kev resonance suggests that it
is associated with the\non-resonant background.

At the 441 Kev resonance a, is approximately
zero, and neglecting interference effects, the radiation
is isotropic.

At the 1030 Kev resonance, the situation is
not immediately cle ar. If each value of a, is multi-
plied by the value at the corresponding point on the
excitation function, the resulting A2 is seen to rise
steadily through the resonance (figure 4.9)., Mgasure-

ments of A, up to B = 1240 Kev by Kraus (Kr 54) suggest

P
that A2 continues to rise slowly beyond the resonance
and the finite value of A2 cen be attributed to the non-
resonant background. -If this is correct, the resonant

radiation is isotropic.

3.3. [The Variation of a,.
Interference terms in W(e)lu.a + 17.¢ have

been observed by earlier workers (De 49, Kr 54) but
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the separation of the two gamma rays shows the inter-
ference to be stronger for the ground state transition
than for the transition to the 2.9 Mev level of Be8
and this effect appears to account for the difference
in the anguler distribution of the two components.

The magnitude of the interference for each
gamme ray would depend on the relative intensity of the
component at the resonance and in the interfering back-
ground. For the 14.8 Mev gamma ray, the interference‘
would also depend on the undertermined mixing ratio of

M1 +:-E2 at the resonance.




APPENDIX .

Calculation Qf the Coefficients of

the Polynomials W(@) by the Method

of Least Squares.

This wes performed using standard routines K3

and L7 of the computor Silliac in the Besser Com-

puting Laboratory at the University of Sydney. %

Routine K3 fits a set of N weighted 1

experimental points to the best polynomial of the form:
s =n-=-1 g

a_x (n - N)

nof-

P(x) =
8 =0

The criterion of excellence for the polynomial

is that the sum of the squares of the deviations,

M =§’Iéi [F(xi) - f (xi)jz . oay(x;)

where the f(xi) are the given experimental data, shall be
e minimum with respect to arbitrary variastions of the co-
efficients 8.

The condition that M is & minimum is equivalent
to a set of n simultaneous linear equations for the co-
efficients ag. The programme produces the equations in
a nx(n+l) matrix form which are used in the automatic

solution of linear equations by routine L7.

In the programme used, the experimental points were

given equal weight.



CHAPTER V.
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Introduction.

This chapter extends the discussion of the
experimental results and includes a comparison with the
results of other workers. It is convenient to discuss
separately the resonances, the nop-resonant'background
and the observed interferénce between the two. The
chepter ends with summary of the conclusions from the
experiment and a brief discussion of further investigations

which are suggested by the experimental results.

1. The 441 snd 1030 Kev Resonances.

In this section the resonances are discussed
ignoring the cos © term in the angular distributions
which is due to the interference of radistion of .

opposite parity to the resonance radiation.

1.1. The 441 Kev Resonance.

The approximate isotropy of the radiation from
the 441 Kev resonance first led to the conclusion that

the 17.64 Mev level of Be8

was formed by s wave
(1=0) protons (De 49). This was reconsidered (De 50,
De 54) in the light of the anslysis of the elastic
scattering of protons by Li7 at this resonance.

(Co 49, Ch 53) which attributed the resonsnce to D
wave protons. Capture of 1 = 1 pretoné by L17(J=3/§f)

8

to the J = l+ level of Be~ can proceed through channel

spins 1 and 2; the contributions of both channels
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overlap incoherently and cannot interfere with each
other., The angular distribution of the resonance

radiation is of the form (De 50)

W(e)y, o =1+ cos’e %?%i%% -===(5.1)
and

2,(5B=1) (4+45p sin g + 98°)  ==--=(5.2)
260R+268 + 128 sin @(1-5R)+3B2(35R+41)

1l + cos

i

W(e)lu.a

where R is the ratio of the contribution from channel

spin 1 to chamnel spin 2, B is the mixing ratio of E2
and Ml radiation and ¢ is the phase difference of the
Ml and E2 multipoles.

For R = 1/5, the angular distributions of the
17.6 and 14.8 Mev components are isotropic, irrespective
of the relative strengths of M1 and E2 radistion in the
14.8 Mev gamma ray.

The engular distributions of the radiation at
the 441 Kev resonence are, by the present measurements:

1+ .064 ¥ .0l cos e +0.015% .02 cos’e

W(9)17;6

W(e)y, g =1+ 0.036 t .02 cos ® = 0.002 ¥ .03 cos’e.

The values of a2 are approximately zero and
consistent with a channel spin ratio of 1/5.

Neuvert and Retz=-Schmidt (Ne 58) have observed
a small cos’® term (a, = 0.03) in the angular distrib-
utions of the two components corresponding to a chamel

spin ratio of l/h. The scatter of points in the
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forward direction throws doubt on their conclusion
although the value is within the experimental error of
the present work. Devons and Hine (De 49) found

&, = o at this resonance for the unresolved gamma reays.

12. The 1030 Kev Resonance.

At the 1030 Kev resonance, it is difficult to
measure the angular distribution of the resonance radia-
tion in the presence of the non-resonant background
which is dominent and certainly includes an 8, term.

If one assumes that the non-resonant background has a

value of a, = 0.24 at E_ = 1030 Kev, it is only possible

b
to say that within the experiment al errors, the angular
distribution of the resonant 17.6 Mev gamma ray is
between 1 + .33 cosze and 1 = 0,06 00829 . Since the
resonance is believed to be p - wave (nLi 55) equations
5.1. and 5.2, are again appliceble and the channel spin
ratio is between R = 0.l and 1.

For a value of R other than %6 » 8, is not
necessarily the ssme for the two gamma rays (Eq.5.2)
but since B and ¢ are not known, no use can be made of
these values to limit the errors in the ratio. The
experimental results are not conclusive but the Li7(p,p)
me asurements at this resonance require a channel spin
ratio of about %% (i 55) and the present measurements

of the gamme radiation are not inconsistent with this -

ratio.




58.
2. The Non-Resonant Background.

The background radiation above the U441 Kev
resonance was observed by Bonner and Evans who showed
that it could not be explained in terms of the increased
barrier penetrability of the resonent protons (Bo 48).
No neighbouring resonances have been found that are
strong enough to account for the cross section of the
reaction between the resonances.

Wilkinson’s theory of direct s=-wave proton
capture (Wi 5h) is ettractive because it can account

for the background up to E_ = 1 Mev, it predicts that

8

P
in the non-resonent regions, the 2.9 Mev level of Be

is favoured in the capture process and the radiation
(E1) has the correct parity to interfere with the L4l
and 1030 Kev resonances. The theory would also require
the background rediation to be isotropic but this is not
in agreement with the experimental results. In the
energy region investigated, s-wave proton ceapture is
dominant but small contributions from 1 = 1 or 1 = 2
protons, while not contributing significantly to the
total cross section could introduce a c0826 term in the
angular distributions. The penetrability of 1 = 2

and 1 = 1 protons is low in thi s region but large 8,
terms cen arise from s-wave and d-wave interference

in the background while s-wave anmd p=-wave interference

e

would introduce terme in cos € only. In figures 4.9
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and L4.10, a, terms appear at about Ep = 460 Kev and
this corresponde to the energy where the d-wave proton
penetrability curve for Li7 begins to rise (Ch 48).
It is concluded that the non-resonant background includes
both s ani d-wave proton capture radiastion which is
assumed to be electric dipole in character. Contri-
butioné from 1 = 1 protons in the background‘may be
present but would be limited by the longer mean life
time of Ml ard E2 radiation, |
The a8, term is then essentially an interference

term from 8 and d- wave protons in the background; the
variation.of a, depends on the relative strength of the
two components., According to Wilkinson, the direct s=
wave proton capture cross section drops slowly beyond
Ep = 1 Mev and one would expect 8, to show this effect.
This has not been investigated quantitatively but the

plateau in A, in figure 4.9, which lies beyond the
present me asurements, may be due to the change in the

relative intensity of the s and d-wave proton contri-

butions.

3. Interference.
Interference in the neighbourhood of the uhl
Kev resonance was first observed by Devons and Hine

(De 49) by measuring the intensity of the unresolved
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gamma rays at 15° and 145°, Their experimental
results are shown in figure 5.1 and this is to be
compared with figure 4.7.

The two curves show the rapid change of the
phase angle (&) between the resonant radiation and the
non~resonant radiatioh of odd p&rity. The interfer-
ence term is zero (and 6 = x/,) at E, = L3k I 3 Kev in
the present work and 433 ¥ 2 Kev in figure 5.1.

The results dissgree in the position and value

of the meximum anisotropies, I, of W(e)m 8+ 17.6

In the present work, these occur at E_ = 560 (I = 1.8)

P
end (380 Kev (I = 0.6) and in figure 5.1, they are at
E, = 575 (I =}2) and 350 (I = 0.55). The maxima of
figure 5.1 ere between those of W(e),, . and
W(e)lu.B +17.6 in the present work. It is possible
that the geiger counter detector system used by Devons
and Hine was more sensitive to the 17.6 Mev gamma ray
and this is suggested by the value of the intensity
ratio at the 441 Kev resonance which is twice as large
as the present measurement.

On the assumption that the 441l Kev resonance
was due to s-wave proton cepture, Devons and Hine
(De L49) were able to attribute the interference to a
brosd, even parity level of Be® associasted with Li7(p,d)q

reaction, which is resonant at 3 Mev, and to fit their
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experimental curve to a theory based on the overlap
of these two levels.

With the more recent evidence that the resonan-
ces are p-wave (pe 50, De 54) there is no known over-
lapping odd~parity level of Be8 which can give rise to
the interference, but Wilkinson has suggested the
interference could be due to odd-parity; direct s or
d-wave proton capture.

A theoretical analysis of interference between

the levels of B68

end a direct proton capture mechanism
without a well-defined intermediate stéte is the subject
of investigation by other workers (Br 60) and is limited,
at the moment, to the simpler case of the ground state
transition in the region of the 441 Kev resonance.

The interfering radiation is assumed to be electric
dipole from direct s-wave proton capture., The inter-
pretation of the interference with the 14,8 Mev gamma
ray is complicated by the undetérmined mixing ratio  of
M1 and E2 rediation at the resonance.

At the 1030 Kev resonance, both gamma rays show
interference effects and this provides additional
evidence that they are both resonant at this proton
encrgy. Both s and d-wave proton cepture in the back-
ground contribute to the interference with the p-wave

resonance. It is also possible that there is a p-wave

component in the background giving rise to cos & terms’
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in the background radiation itself. The theoretical
analysis of the mechanisms which give rise to the
observed variation of the coefficient of cos 6 at this
resonance would be difficult, but an extension of the
measurements to higher proton energies may assist ﬂné

interpretation.

L. Conclusions.

In the light of the evidence that the hhl and
1030 Kev resonances are p-wave, we may summarise the
conclusions from the present investigation of the

L17(p,Y)Be8 reaction.

l. The two gamme rays from the L4l Kev resonance are
isotropic and consistent with the resonance being
p-wave with channel spins 1 and 2 in the ratio of
1/5.

2. Both gamma rays are resonant at the 1030 Kev
resonance. The angular distributions of the
resonance radiation have not been measured
accurately and they do not leed to any definite
conclusions on the mechanism of the 1030 Kev
resonance. The results are not inconsistent
with the resonance being p-wave (J = 17) with

channel spins 1 and 2 in the ratio of 1/5.
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3. The non-resonant background between the 441 and
1030 Kev resonances includes both s and d-wave
proton capture radistion. Interference between
the two gives rise to significant &, terms in the
angulér distributions. The value of_a2 is

approximately the same for both gamma reays.

L. The separation of the two gamma rays corresponding
to transitions to the ground state and first
excited state of Be8 has shown their respective
angular distributions to differ mearkedly in the
ne ighbourhood of the 441 and 1030 Kev resonences
as a result of the interference between the
resonant, even parity states and proton inter-

actions of opposite parity.

4.1, Euziggz_ﬂgék-

It is unfortunate that the present measurements
could not be extermded to higher proton energies; the
information on the 1030 Kev resonance is incomplete and
a more precise measurement of a, up to Ep = 1.5 Mev
would be useful in the interpretation of the resonance
and the non-resonant background.

The investigation of the 2.1 Mev resonance in

the Li7(p,Y)Be8

reaction has been limited to the measure-
ment of excitation functions of the unresolved gamma rays

at 0° and 90° (Pr 54, Ne 57). The latter workers also,
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measured the intensity ratio of the components at 120°
to the proton beam amd found only the 14.8 Mev component
to be resonant. If, as has been shown at the 1030 Kev
resonanée, the intensity ratio is a strong function of
the angle of observation, their conclusion may be wrong.
An angular distribution measurement at this energy would
be of interest.

Finally, there is clearly a need for a (y-«)
angular correlation measurement of the 14.8 Mev gamma
at the 441 Kev resonance in order to determins the
mixing ratio of Ml and E2 radiation in thi s component.
A knowledge of this ratio is required to explain the
marked difference in the interference term in the 17.6

Mev anmd 14.8 Mev components.




PART B.

CHAPTER VI.

Studies in Photodisintegration.




e

65.

Introduction.

The investigations presented in this section
involve the epplication of techniques developed in this
laboratory by Mann; Ophel and Wright (Ma 57, Op 58) for
the measurement of photo-proton spectra in thin inorgan-
ic scintillators which serve as both target and detector.
Using monochromatic gamma radiation from the Li7(p,Y)B88
reaction, photo-protons have been resolved with a resol~-
ution as high as 59@ and it has been possible to study

the photodisintegration of the elements in the common

inorgenic scintillators: Na23(y,p)N622 (op 58);

k29 (y,p) 8% (op 59); 823 (y,p)xe*32 ana 11%7(y,p)Tet20
(wr 58). The me asured cross sections and the energy
distribution of the photo-protons can be compared with
the predictions of the statistical theory to test the
significance of the two possible reaction mechanisms:

compound nucleus and direct proton emission.

2. Technigues in Photodisintegration Studies.
It is convenient to discuss briefly the methods
used by other workers in this type of investigation so

that the present method can be compared with them.

2.1. Residual Activation.

The measurenent of photonuclear reaction cross

sections by irradiating elements with gemma rays and
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measuring the residuasl activation has been a widely-
used technique in photodisintegration studies. Deteails
of the investigation are within the.scope of a review
article by Stranch (St 53). The method does not allow
the investigation of particle spectra, but measurement
of excitation functions, using betatrons snd electron
synchrotrons, have established the general features of
the giant resonance in photonuclear reactionsA(Mo 53)
end it is often possible to compare the cross-sections
of (yv,n), (y,p), (y,2n) and (y,3n) reactions in one
target to distinguish between compound nucleus and
direct emission processes. (Ca 57, Hi 47). Since many
(v,p) resctions lead to stable products, the method is
limited in its epplication, and diréet observation of
reaction products is necessary to extend the field of

me asurement.

2,2, Charged Particle Spectroscopy.

The spectroscopy of photo-nuclear reactions has
been limited to charged particle emission in (y,p),(y,d)
and (y,«) reactions. The yield from an irradiated
target has been observed by an array of photographic
plates surrounding the target (To 51) or by scintillation
counters (Lo 59) and angulaer distributions have been
measured in this manner, For an adequate yield, ths

| measurements require an intense collimated gamma ray /
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beam and this type of investigation has been limited
to betatron and synchrotron sources where the details
of the energy spectira are smeared by the continuous
energy spread of the bremsstrahlung.

More precise measurements of the energy spectra
have been made by investigating photo nﬁclear reactions
in the detector-medium. For discussion, these may be
divided into four groups:

a. Nuclear Emulsions.

The use of nucle er emulsions in the investi-
gation of photodisintegration has been reviewed
by Titterton (Ti 55). Messurements have been
made by irradiating emulsions loeded with a
number of light elements. In general the spectra
arebmore easily 1ntérpreted when monochromatic
gamma ray sources from proton capture in light
nuclei have been used. Where emulsions have
been irradiasted with bremsstrahlung, it is some=-
times possible to calculate from the measurement
of the treacks in each event in the emulsion,
the energy of the incident gamma ray. An
excitation function cen be derived from the energy
distribution of gamma rays in the bremsstreahlung.
Resonant absorption pesks have been found in this
memner in G1%(y,3«) and 0%®(y,u«), (Go 53),
117 (y,t)He* (Ti 53) and B O(y,a)2« (Mu 52).
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Energy spectra of 5 = 20% resolution have
been obtained by irrediating nuclear emulsions
with monochromatic gamma rays from the Li7(p,~{)Be8
and Flg(p; Y,q)ols reactions. (Na 52a, Wa 53) and
it is possible to measure angular distributions of
the reaction products in the emulsion. The tech=-
nique has extended the field of measurement
considerably but the accumuletion of deta is
tedious and other msthods have been sought to

eliminate the visual measurement of tracks esnd to

improve the overall statistical accuracy.

Cloud Chambers.

Cloud chambers have been filled with helium
(Ga 51) and nitrogen (Wr 57) to study the Heu('r,p)H3
and the (y,p), (y,n) and (y,«) reactiomns in s
using bremsstrahlung. The H2(Y,p)n reaction has
been investigated using the 6.1 Mev gamma rays
from Fl9(b;r,o<)016. (Ph 50). The density of the
detector medium is low and for a reasonable
statistical accuracy very long running times are
required with the most intense gamma ray beams

that are available.

Proportional Counters.

- Proportional counters filled to a few atmos~-

pheres of pressure with a number of suitable
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gases have been irradisted with monochromatic
gamma rays, gererally from the Li7(p,Y)Be8
reaction, and the photodisintegration of the
counter gas has been studied as in Hz(Y,p)n

(Ba 52); G 2(y,3«), (ca 55)5 N*(y,p)c*d,
Nlu(v,d)Blo, Nezo(Y.d)OlE and Nezo(Y:P)Flg:

(Ha 60); APO(Y,p)0139, (Wi 51). Discrete
particle groups have been resolved in the
reactions, with the exception of fhe first two,
where levels of the residual nucleus are not
involved, and transitions to levels in the
residual nucleus have been identified. The
method is limited by the number of suiteble
counter gases available; the resolution of the
counters (10 - 20%, ) and the long decay time of
the pulse output from the counter which limits

the counting rate.

2.3, Summary.

Most of the information availsble in a systematic
study of photodisintegretion has come from experiment s
using the activation technique which only allows the
measurement of cross sections end excitation functions.
A knowledge of the erergy and angular distributions of
reaction products is needed for an exact interpretation

of the reaction mechenism. - These parameters must be ,
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determined using monochrometic gamma ray sources and
detectors with good energy resolution. To date, few

me asurements of this type have been made which allow

a detaliled comparison with theory, the notable exception

being the photodisintegration of the deuteron.

2.4, The Present Method.

The use of inorganic scintillators as both
target and detector is an extension of methods discussed
in sections 2.2 a, b and ¢ but there are a number of

advanteges in this method nanmelys

1. The density of the target material is higher
than that used in proportional counters and
nuclear emulsions. The inorganic scintillators

do not require elaborate preparation.

2. The smell size of the detector and mounting
allows it to be placed close to weak mono-

chromatic gammsa ray sources.

3. By a suitable choice of crystel dimensions,
the detector can be made relatively insensitive

to the gamma ray flux traversing it.

L. The fast decay times of inorganic scintillators
allow fast counting rates without pile=-up of small

pulses from electron-pairs traversing dhe crystal.
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The energy resolution of inorganic scintillators
is at least a factor of two better than that of pro-
portional counters and equal to or better than that

attained with nuclear emulsions.

Against these advantages, two disadvantages of inorganic

scintillator target-detectors can be stated:

1.

The target-detector system is not readily used in
the measurement of angular distributions of the

reaction products.

Inorganic scintillators include at least two isotopes
and the particle spectra cannot always be interpreted
unamb iguously. In the case of the common scintillators
NaI(T1), KI(T1) end CsI(Tl), apart from the low percent-
age of thallium activator, only two isotopes are present
(with the exceptién of potassium which is in any case
93% k>2).  The low cross section of the 1127(Y,p)T6126
reaction and the fact that this reaction is common to
the three scintillators allows a separation of the
reaction products from 1127(Y,p) end Nazj(y,p),

k% (y,p) (0p 58) or ce™3(y,p) (Wr 58).

2.5, Presentation of Material.

The remainder of this chapter is devoted to a

description of experimental techniques used in the study

of the Na23(y,p)N622 and Br79’81(y,p)8e78’80 reactions’in
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NeI(Tl) and Cs Br(Tl) scintillators. The techniques
used in these experiments have been described by Ophel
and Wright (Op 58) and for this reason are only pre-
sented briefly. The experimental results of the

present measurements are reported in Chepter VII,

3.1, The Counter Asgembly.

Thin crystals of inorganic scintillators were

irradiated with gemma rays from the Li7(p,y)B38

reaction
at the 4410 Kev resonance. The apparatus used ié shéwn
in figure 6.1. | The thin crystal, mounted on a 1/8 in.
perspex disc is optically sealed to the E.M.I. photo-
multiplier tube, type 6097 F. The crystal is surrounded
with polythene sufficiently thick to stop external photo-
protons from reaching the target-detector.

The front polythene cover is in the form of a
movable shutter which can be moved between runs to admit
elpha particles from a thin ThC + Th¢! source mounted
behind the shutter, This 1s necessary to maintain a
check of the gain of the system during long periods of

irradiation.

3.2, Electronics.

Pulses from the cathode follower built into the
photomultiplier base were amplified by & linear amplifier
and fed to a Hutchinson-Scarrott type multichannel pulse

height anslyser. The analyser was found not to be ’
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linear for pulses of rise time shorter than 1lu sec.
and for this reason, a simple pulse integrating circuit
was included in the cathode follower to increase the

rise time of the pulses to 2u sec.

3.3. Gain Varistion.

An inhereht fault in photomultiplier tubes is
that the gain of the detector varies when it is under a
fast counting rate (Be 55, Ev 54). The explanation of
this behaviour involves surface effects on the dynodes
of the photomultiplier. It has been found in this work
that the drift is more noticeable in a new tube and that
the stability of the detector improves with continual
use. Variations of up to 30% in gain were observed
in the first hours of running but after fairly constant
use, this variation was normally of the order of : 2%,
every half hour.

In these experiments, where long running times
are involved, a drift of 2%, in gein in half an hour can
affect the resolution of the experiment, and for this
reason, & thin ThC + ThC‘ source giving alpha papticles
of 8.8 Mev and 6.0 Mev was incorporated in the front of
the detector and covered with a 0.1l in. thick polythene
shutter when not in use. The spectrum from the kick-
sorter was recorded every half hour and the shutter was

removed to admit the alpha particles. By setting the
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gain so that the peak of the 8.8 Mev alpha spectrum
fell between two adjacent channels of the kicksorter,
it was possible to observe a gain shift as small as
2 1/2%, end the bias to the photomultiplier dynodes

was adjusted to compensate for the drift.

L.1, Crystal Preperation.

The crystals were cut to their approximate
size (generally 14 in. x 1/ in. x 0.150 in.) with a
fine jeweller’s saw. A fine weave cotton cloth was
stretched over a flat glass plate and one side of the
crystal was polished by wetting the cloth with a 1$Q_
solution of glycerol in distilled water and rubbing
the crystal face on the wet surface. The polished
crystal was dried with absorbent paper and cemented to
a standard 1/8 in. thick perspex disc maéhined to the
shape of the window of the photomultiplier. The
cement used was Araldite type 101. It forme a trans-
parent film under the crystal with good optical contact
between the two surfaces. By carefully pressing the
crystal to push out small air bubbles, it is possible
to form an Araldite film 0.0005 in. thick.

After the cement had set, the perspex disc
was mounted in a brass holder with a variable recess
which was adjusted with a micrometer depth gauge to

about 0.003 in. greater than the required crystal depth.

P
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The crystal was rubbed down on the wet rubbing plate
until the brass holder fouled on the plate. This
ensured that the rubbing produced a crystal with
uniform depth. The last few thousandths of an inch
were removed by rubbing with the disc held in the hand.
It was possible to prepare a crystal of the specified
thickness to within 0.0005 in.

In the case of sodium iodide which is hygro-
scopic, the crystal preparation was carried out in a
dry box, acetone being used instead of water for the
final polish. Before removing the crystal from a dry
box, it was covered with & thin smear of vaseline armd
the whole was covered with & 1.5 mg./bm? aluminium foil
which was pressed down firmly over the crystal. This
was sufficient to protect the crystal in normal atmo-
spheric conditions and it remained in good condition
for up to. three weeks when the cemented surface be-
comes cloudy because of some reaction between the
Araldite and the sodium iodide. Presumably this
reaction is due to & small water content in the cement.

It was not necessary to cover crystals which
are not hygroscopic and it is questionable if the
aluminium reflector improved the resolution of the

system significantly.
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Apart from the convenience of mounting the
crystal on a disc which can be easily sealed to the
phototube with Dow~Corning silicone fluid, the perspex
disc serves as & short light pipe and alleviates the
inherent non-uniformity of the photocathode by per-
mitting the light from each flash to fall more nearly

on the whole cathode sur face.

4.2, Response of CsBr(Tl) to Protons, Alpha Particles

and Electrons.

The relative response of CsBr(Tl) to protons,

elpha particles and electrons was measured in the target
chamber shown in figure 6.2.

Protons from ths Blo(d,p)B11 reaction were
observed at 90° to the beem by & % in. by iﬁ in. by
0.1 in. CsBr(Tl) scintillstion counter. A l.5mg./em.2
aluminium window served as & light seel in front of the
photomultiplier and 12,7 mg./;m.z and 34.8 mé./;m.z
aluminium foils were mounted on the moveble foil rack
shown in the figwe. It was possible to measure through
the foils the response of the detector to proton groups
between 3 and 9 Mev. |

The ThC + 'I’hC1 alpha source mounted on the foil
rack was used to monitor the gain during the measurements

and the « spectrum was used to measure the response

of CsBr(Tl) to alpha particles.
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The output from the photomultiplier was
emplified and fed to a2 100-channel pulse height analyser.
A thin target of natural boric oxide was bombarded with

- 600 Kev deuterons and proton spectra were measured

through the 1.5 mg./;m‘g ,» 4.2 mg./;mhz and 36.3
mg./gm'z foils.
Immediately after the deuteron bomberdment,

137, Zn.65 and Na22 were placed

2u Curie sources of Cs
adjacent to the crystal but outside the target chamber.
The spectra were recorded with the gain of the pulse
height analyser set to the X10 scale.

Figure 6.3 shows typical spectra obtained in
the comparison. No gamma ray line was resolved but the

end-point of the 08137

spectrum is due to 660 Kev electrons
being completely stopped in the crystal.
The pulse height of the «,p and e groups were

me asured from a voltage cslibration of the analyser and
are plotted against particle group energy in figure 6.4%,
The two extra points on the « response curve were obtained
by removing the 1.5 mgqém_z aluminium window.

" In figure 6.3, the energy resolution of CsBr(Tl)

is of the order of 6 - 8% which is slightly worse than

T It must be noted that scintillation counter pulse
shepes for «, p and e differ (St 585 Ow 59) and the
relative response depends on the integrating circuits

used in the electronics.
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the L - 5% resolution of NaI(T1) crystels (Op 58).

4.3 Renge of Protons in CsBr(Tl).

Approximate range-energy curves for protons in
caesium and bromine were obtained from & plot of proton
range against atomic number for a number of proton
energies up to 12 Mev taken from the deta of Aron et al.
(Ar 51) for aluminium, copper, silver and lesd.

These were used to estimate the proton range=
energy curve (figure 6.5) for caesium. bromide by the

Bragg-Kleeman empirical rule

R
-——qéi——- = constant,
< A

where R 1is the rarge of a proton of given energy in a
material of density/’ and atomic weight A. By this rule,
the atomic weight of CsBr is written as

JSE = S, LV gy v (Ev 55).

L.4  Correction for Lposs of Protons from the Detector.

For isotropic, monoenergetic particles of range
R in a layer of infinite extent and thickness 2d, the
fraction f, of particles completely stopped in the
layer is given by:

£ = (1-_L§_.) for R < 24
p
f = -— for R > 24 (ar 48).
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5 The Gamma Ray Source.

Both resonance and non-resonance radiation
from the Li7(p,y)Be8 reaction was used as a gamma ray
source. Thick targets were prepared by the evaporation
of natural lithium metal onto standard copper backings
0.040 in. thick. The targets were transferred from the
evaporator to the target assembly in less than one minute
without any apparent deterioration of the deposit. For
resonance radiation, targets 200 Kev thick were bombarded
with 500 Kev protons with currents ﬁp to 150pA. When
non-resonance radiatién was used, the targets were
limited to a 150 Kev thickness and the proton energy was
850 Kev., Under thése conditions, the intensity ratio

of the 14.8 and 17.6 Mev components of the radiation was

I.iﬁg% = 1.8 at B, = 500 Kev and approximately 0.6 at
I .

Ep = 850 Kev in the forward direction (Chapter III).

The resonance radiation was assumed to be isotropic.

5.1 Gamma Ray Monitor.

Three thick-walled Barnes-type (Ba 52) geiger
counters shown in figure 6.6 were first used to monitor
the gemma ray beam. These have a sensitivity of 2.66
counts/'qantum/cm2 for 17.6 Mev gamma rays and 2.1 counts
/'g_antum/cm2 for 14,8 Mev Gamma rays (Ba‘52). The

counters were found to have a limited useful 1life which
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was believed to be caused by outgassing of the brass
walls. They were replaced by commerciasl glass-
walled geigers with a normal argon=-alcohol filling and
mounted in brass cylinders with the dimensions of the
Barnes geigers. The sensitivity of the two types wés 
compared and found to be identical (wr 58).

The pulse output from the geiger monitors was
counted on Harwell-type 1008 scalers with a dead time of
200u sec. Three monitors were placed at cohvenient
positions 1.5 metres from the target and at this distance,
the counting rate was low enough to limit counting losses
to 1°4.

6. rradiation of the Scintillators.

This section includes & short discussion of
the me asurement and interpretation of the spectra observed
in the irradiastion of the scintiilators by gamma rays.
6.1. Electron Background.

The proton and electron response curves for
GsBr(Ti) are similar, and in order to detect protons in
the presence of the high erergy gamma ray flux, the
crystal dimensions must be too small for high ernergy
electrons to lose much of their energy in the scintillator,
but large enough to stop & 12 Mev proton. Since electron
pairs are projected in the forward direction, the height

of the electron pulses would be primarily a function of
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the crystal depth, but larger pulses would arise from
electrons scattered along the crystal or by pile-up
of a number of small pulses.

Figure 6.7 shows spectra from a 14‘ in. x l/u in.
CsBr(Tl1l) crystal irradiated with resonance radiation from
L17(p,y)Bee. The crystal depth was reduced in stages
from 0.060 in . to 0.040 in. and 0.030 in, and the gain
of the system was not altered during the comparison.
The pulse height of the electron edge extends to & proton
energy of about 12 Mev for the 0.060 in. crystal, and
with the reduction of the depth, the proton spectrum
emerges from the electron background. In précticé it
was found that & %, in. x 3 in. x 0.025 in. CsBr(T1)
crystal allowed the me asurement of the proton spectrum
beyond 6 Mev. This is in contrast with the alkali
iodides where the workers were able to measure the proton
spectrum in a crystal of the same dimensions from 3 Mev

upwards. (Op 58, 59).

6.2, Pile Up.

Because of the high counting rate in the electron
background during irrsadiation, addition pulses can occur
in the scintillation counter output but the effect was
considered negligible for the following reasons:

1. The shape of the electron background was found to

be independent of the intensity of the gamma ray flux,
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2. TNo difference in the shape of the ThC + ThC*

alpha
particle spectrum was observed with the gamma ray

beam on or off.

6.3, Competitive Reactions.

The scintillator was surrounded with a polythehe
envelope thick enough to stop 15 Mev protons. The only
gource of competitive reeactions outside the crystal was
the polythene, Araldite, Perspex and the thin aluminium
foil used to protect hygroscopic crystals. The thres-:
hold for Clz(y,p) is .15.95 Mev and 1.7 Mev photo=-protons
from this reaction would appear in the electron back-
ground. Phéto-protons from oxygen in the perspex and
the aluminium foil were unavoideble but their contrib-
utions were assumed to be negligible.

Competitive reactions such as (Y,d) and (Y,d)
in the crystal are detected, but since their cross
sections are generally of an order of magnitude less

than (y,p) reactions, the yield is relatively small.

6.4, Epergy Calibration.
The photo=-proton spectra were calibrated by

comparison with the proton groups from the Blo(d.P)Bll,
reaction using the same crystal in both experiments and
maintaining the same gain setting of the electronics.

The apparatus used is shown in figuwe 6.8.
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Essentially, the detector assembly is the same as in
figure 6;1 but it wes placed in a vacuum and covered
with a brass  hat” containing & thin aluminium window
to admit external protons from the boron target when
the polythene shutter is open. The protons were
detected at 0° through e 1.5 mg./em? Al target backing
and a series of sluminium foils could be set between the
target and scintillator to provide lower energy cali-
bration points.

After detecting the (d,p) reaction, a thick
lithium target was moved into position and bombarded
with 500 Kev protons to obtain a (y,p) spectrum from
the crystal. The ThC + ThCl alpha source which was
used to monitor the gain shift during the experiment
was mounted on the back of the polythene shutter which
could be moved into three positions: for a geain check,
to admit external protons to the detector, and to cover

the crystel during the (y,p) run.




CHAPTER VII.

(y,p) Resctions in NaI(Tl) and CsBr(Ti).
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Introduction.

The measurement of (y,p) reactiohs in NaI(T1)
and CsBr(Tl) inorganic scintillators are described in
this chapter. The epparstus, gemme ray source and
experimental nme thod are common to both investigations

and have been described in chapter VI.

1. The Eg?3(y.p) Reaction at_14.8 end 17.6 Mev.

An investigation of this reaction in NaI(T1)
ecrystals was firast reported by Ophel and Wright (Op 58)
who used Li7(p,y)Be8 rediation as a gamma ray source.

The radiation includes two components of energy 17.6

and 14.8 Mev (2 Mev broad) whose intensity ratio is

known to vary with proton energy (Wa 48). 1In the
energy region where proton groups from the 14.8 Mev
component are possible, the (Y,p) groupse due to the
14.8 and 17.6 Mev components have been identified from
a comparison of photo-proton spectra obtained with
resonance and non-resonance radiation.

Figure 7.1 shows proton spectra measured by
Ophel and Wright from a %ﬁ in. x %ﬂ in. x 0,018 in.
NaI(Tl) crystal using resonance and non-resonance
radiation. The gain of the detector and pulse height
analyser were kept constant in the experiment and the
two spectra have been normelised to the same number of

monitor counts.
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These workers were sble to attribute the

proton groups at 3.2, 4.1, 5.2, 7.2 and 8.4 Mev to
transitions through the 5.4, 4.4, 3.3, 1.3 and O Mev

22

levels of Ne for the 17.6 Mev component for the

following ressons:

1.

2.

Being a sharp gamma line, the 17.6 Mev component
will give a corresponding increase in the erergy
of the proton groups for non-resonance radiation.
On the other hand, the 14.8 Mev component is
approximately 2 Mev broad (Wa 48) anmd if it
produces sharp proton groups at all, they must
arise‘from selective absorption of a narrow

energy range of the broad component. The increase
in the energy of the broad component for non-
resonance radiation will not therefore give rise

to an increase in proton energy.

The intensity ratios of the two components differ
in resonance and non-resonance radiation. If a
regonance and non-resonance spectrum are compared
after normalising the two to the same number of
geiger counts, the intensity of the pmbton groups
due to the 17.6 Mev component should be reduced by
a factor of 1.6 in the non-resonance spectrum, if
dne allows for the different response of the

monitor to the two gamma rays.
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In comparing the two spectra of figure 7.1,
Wright end Ophel concluded that the number of counts
‘in the groups at 4.2 and 3 Mev was reduced in the non-
resonance spectrum, but the peaks were lifted-by an
increase in an underlying broad group centred at about
L Mev, corresponding to the transition through the 1.3
Mev level of Ne22 for 14.8 Mev radiation.

The investigation reported in the following
section was performed to re=-examine the latter

conclusion.

1.1. A Compearison of the Na23(v.9m622 Spectra . with

Resonance and Non-Resonance Radiation from
117 (p.r)Bed.

A %ﬁ in., x %ﬁ in. x 0,025 in. NaI(Tl) crystal
was prepsred and mounted in the manner described in
chapter VI and covered with a thin layer of vaseline and
& 1.5 mg./,. 2 eluminium foil to protect the crystal
from water vapour. The experimental arrangement is
shown in figure 6.1.

A 150 Kev thick lithium target was bombarded
with 500 and 850 Kev protons with beam currents up to
120 pA. The gamma ray flux was monitored by geiger
counters placed at 0°, 80° and 130° to the proton beam.
The gain of the detector was kept constant during the

resonance and non-resonance runs and was monitored by
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1

the ThC + ThC™ « source at half-hourly intervals after

recording the proton spectrum.

1.2, Results. |

Figure 7.2 shows the spectra obtained in the
two irradiations normelised to the seme number of 0°.
monitor counts. The energy scale is based on the
calibration of Ophel and Wright (Op 58). The 8.4 Mev
proton group was not of interest in this comparison and
was not recorded. |

The number of counts in each group of the
resonance spectrum is greater than the non-resonance
spectrum by a factor of &out l.4 and the energy shift
of the four proton groups leads to the conclusion that
they are due to the 17.6 Mev component. There is no
evidence for the broad group at about 4 Mev which can
be attributed to the 14.8 Mev component and this disagrees
with the conclusion of Ophel and Wright (figure 7.1).
The non-resonance measurenents were repeated but no
evidence for contributions from the lower energy gamma
ray could be found in the spectra. The present results
have been discussed with Ophel and Wright who accept this
evidence but it is difficult to account for the cause
of such a marked disagreement in the measurements at 4

Mev.
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2. (x.,p) Reactions in CsBr(Tl).

The measurement of (y,p) reactions in this
scintillator is complicated by the presence of three

133, Br (7 (50.5% abundance in natural

isotopes: Cs
bromine) end Brol (49.5°% ebundance). The (y,D)
reactions in CsI(Tl) have been measured by Wright

(Wr 58) of these laboratories and it has been possible
to separate the (y,p) spectra for Csld apa 1127 by
comperison with the me ssurements in KI(T1) end NaI(T1)
(0op, 58,59). It is thus possible to separate the

132

CslBB(Y,p)Xe contribution in the photo-disintegration

of CsBr(Tl).

2.1. Experimental.
The preparation of the phosphor and the exp-

erimental procedure followed in the photodisintegration -
measurement s have already been described in earlier
sections. It was at once apparent in the lrradiation
of CsBr(Tl) that the electron response of CsBr(Tl)
relative to the proton response was higher then for the
iodides (Cpepter VI, 6.1). TFor a %ﬁ in. x %ﬁ in. x
0.030 in. crystal, the electron background was found to
extend to a proton energy of 6 Mev and the position of
the electron backgfound was found to be relatively
insensitive to crystal dimensions less than %ﬁ in. x %ﬁ

in. x 0,020 in. These investigations were limited to
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the measurement of photo-protons of energy greater than

6 Mev.

2. 2. Results.

Some fifteen separate runs were made ir-
radiating CsBr(Tl) with resonence radiation. %ﬁin, x
%ﬁ in. crystals of thickness between 0.015 in. and
0.040 in. were used and the feature of all the spectra
was the existénce of a broad maximum sbout a proton
energy of 7.6 Mev. Figure 7.3, 7.4 anmd 7.5 show
typical spectre which are the sum of a number of pulse
height distributions recorded at half-hourly intervals
before each check on gain variations.

The spectra are all that one might expect from
a target containing three isotopes and a detector with
a resolution of 6 - 8 %. The broad peak sbout 7.6
Mev appears to include at least two proton groups but
it has been impossible to resolve them with any con-
vincing results. The only group which was resolved

consistently was that between 9 and 10 Mev.

2.3, Energy Calibration.
An energy calibration of the (Y,P) spectrum

was obtained by comparing it with the proton spectrum

10(d

of the B ,P) reaction in the manner described in

chapter VI, section 6.4.
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Two calibrations fixed the position of the
maximum in the broad group at 7.6 t 0.3 Mev and the

energy. of the group about 9.5 Mev at 9.6 t 0.1 Mev.

2.4. The 0s™23(y,p)xe>2spectrum.

Crystals of CsI(Tl) and CsBr(Tl) of the same
dimensions (%ﬁ in. x %ﬁin. x 0.025 in.) were prepared
and irraediated with lithium gemma rays in the target-
detector essembly of figure 6.1. The geain of the
detector system for the two measurements was adjusted
so that the energy calibration of the display on the
pulse height analyser allowed a direct comparison of
the spectra. They are shown in figure 7.3 after
normalisation to the same number of counts on the three
Barnes-type geiger counters used to monitor the gamma
ray flux. Photo-protons from the 1127(1,p) reaction
have been measured by other workers (Wr 58) and these
proton groups have been subtracted from the csI(T1)
{¥,p) spectrum of figure 7.3. The number of cgldd
nuclei per unit volume is approximately the s2me in
CsBr and CsI and the 03133(Y,p) contribution to the
CcsBr(Tl) (y,p) spectrum approximates to the broken
curve of figure 7.3. The energies of these proton
groups have been given &s 7.3, 8.16, 9.15, 10.68 and
11.5 Mev (Wr 58).




TABLE

ol

Possible Proton Groups in CsBr(y,p)

Spectrum for EY = 17.6 Mev.

R vl

7.3 Xe132 (wr 58.)

8.16 xel32 (Wr 58.)

9.15  xeld? (Wr 58.)

9.59 se80 0.65 (Te 56.)

9.88  ge'S 0.615 (Te 56, St 58
10. 2l 5e80 0 (Wa 53.)
10.59 se /8 1.32 (st 58.)
10.68 xe132 (wr 58.)

11.2 se /8 0 (Wa 53.)
11.5 xe132 0 (Wr 58.)
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A sumary of the levels of Se’C and Se80 which
have been identified in the coulomb excitation of Se78
and 550 (Te 56) snd the @ decay of As'® (St 58) is
included in teble 7.1. The proton groups which may
arise in (y,p) reactions at 17.6 Mev in Br/2?81 sre

tabulated with the proton groups observed in 03133(y,p)

132

Xe by Wright.

For the 17.6 Mev gamma ray, protons correspond-
ing to transitions to the ground statgs of Seao, Se78

end Xel32 are expected at 10.24, 11.2 and 11.5 Mev

respectively (St 58, Wa 53, Wr 58).  Although the

group at 10.24 Mev is probably present, it has not been
resolved. It is fairly clear that the broad group o
between 11.2 and 11.7 Mev corresponds to transitions to ‘

the ground states of 3678 and C8133'

Energy=-wise, it is not possible to attribute
the proton group at 9.6 Mev to the 14.8 Mev component
and it hes not been observed in_the C§133(Y,p) spectrum.
It is concluded that this group is due to the.BrSl(Y,p)

80

Se reaction at EY = 17.6 Mev which can proceed by way

of the 0.65 Mev level of Seeo.

The small number of events above 12 Mev may be
due to (y,x) reactions in the scintillator. The proton
end elpha response curves of figure 6.4 suggest that

the response of a 12 Mev « is greater than a 12 Mev
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proton and « particles of this energy have been

observed in the Br(y,q) reaction at 17.6 Mev (Na 52a).

2.6. AgBr(y,p) Reactions in Nuclear Emulsions.

Figure 7.6 shows a proton spectrum from the
irradiation of a nuclear emulsion by lithium gamma rays
reported by Waffler (Wa 53). The corrections for the
Ols(y,p) and Nlu(y,p) reactions in the emulsion are
shown but the spectrum also includes contributions from

the (y,p) resctions in Br79, Y

, Ag107 and Ag109.

The interpretation is more complicated than the present
measurements but the spectra have the same genersal
features - a broad group aboﬁt 7.5 Mev and a group which
is partly resolved at 9.6 Mev, It would appear that
the resolution of the spectrum from CsBr(Tl) is better

but not precise enough to sort out the contributions

from the three isotopes.

2.7, Cross Section Measurement..

The measurement of the cross section of the
CsBr(Y,p) reactions was based on the cross section
(2.5 T 0.1 m.b.) of the trensition to the 1.3 Mev level

of Ne2? in Na23(y,p) Ne 22

at 17.6 Mev reported by
Wright and Ophel (Op 58).

This wes done by irraediating %ﬂ in. x }ﬁ in.
X 0.025 in. crystals of NaI(Tl) and CsBr(Tl) in the

detector assembly of figure 6.1. By using érystals
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of the same dimensions, it was possible to use the same
geometry in both irradiations and avoid corrections for
the dimensions of the gamma ray source which was defined
by e 3/16 in.diameter beam stop immediately in front of
the lithium target. The gamma ray beam was monitored
by three thick-walled geiger counters l.5m. . from the
target at 60°, 120° and 150°, and the two spectra were
normaelised to the same number of monitorﬁcounts.

The.shape'of the energy distribution of the
electron background was taken from figure 6.7 and it weas
assumed as in figure 7.3 that the electron background in
e 1/M4in. x 1/4in. x 0.025 in. crystal does not extend
beyond a proton energy of 6.5 Mev. It was élso assumed
that the photo-proton yield ebove this energy was due to
the 17.6 Mev component .

The CsBr(y,p) spectrum was corrected for loss
assuming isotropic angular distributions and the range-‘
energy relations of figure 6.5. In a similar manner,
the NaI(Tl) spectrum wes corrected using the data of
Ophel (Wr 58).

After correcting for the molecular density of
the two crystals and the 3.0 m.b. cross section for the
Csljs(y,p) reaction in this energy range (Wr 58), the
cross section for the emission of photo=-protons from
Br79’81 of energy greater than 6.5 Mev was found to be

3.3 T 0.5 m.pb.
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2.8. Discussion.

The investigation of the photodisintegration of
CsBr(Tl) using separated isotopes of bromine in the
crystal would simplify the interpretation of the energy
distributions considerably but attempts to obtain this
type of scintillatdr have not been successful. The

general features of the proton distribution in Br79’8l

(Y:P) are of some significance.

The Proton Eveporation Spectrum.

The energy distribution of photo-protons

evaporated from a compound nucleus has been calculated
for silver and bromine by Waffler (Wa 53) and ere in-
cluded in figure 7.6. A leve::ll.. density w« exp.(am)l/2
and & nuclear radius R = r, Aé have been used .

The evaporation spectrum is not significantly
different for silver or bromine and we may compare these
calculations with figure 7.3 to discuss the Br79’81(7,p)
spectrun. It is epparent in this reaction that the
evaporation spectrum cannot account for all of the yield
of protons above 8 Mev and it is concluded that both

compound nucleus and direct photodisintegration are

1 In figure 7.6, the values r, = 1.3.10_130m. and

r, = 1.5. 10 Jem. have been used with a = A%?(wl)

Y
and a = 1,6 (A-40) 2} (Wz)-
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present. This has been observed in other medium
elements (Hi 47, Di 50, By 51) at this gamma ray energy
where compound nucleus formation has been the principal

mechanism with some admixture of direct transitions.

3. PFurther Work.

It appears that a gereral extension of the use
of inorgeanic scintillators as target detectors in photo-
disintegration studies would be limited by the energy
resolution of the particular scintillator and the number
of isotopes in the crystal. The most spectacular results
in this method have involved the good scintillatdfs:
NaI(T1), KI(Tl), LiI(Eu) and CsI(T1).

The recent development of techniques for
selecting monochromaetic geamma radiation from electron
lineer accelerators (Tz 57) would allow the use of these
scintilletors in the measurement over a wide energy range
of excitation functions of the particle groups observed.

A method has recently been devised for dis-
criminating between alpha, proton and electron pulses
in organic and inorgenic scintillators (Ow 59) and this
may overcome the problem of the electron background,
allowing the use of larger scintillators with wesker
monochromatic gamma rey sources such as Flg(p;q,y),

B (p,v)ct2 and B3 (p,y)He*. It would slso be possible

to measure (Y,«) reactions by this method and to measure
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photo=-protons from thin foils placed over larger
scintillators. Organic scintillators would be more
attractive detectors because of the high threshold for

the Clz(y,p) reaction.
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CHAPTER VITII.

A Preliminary Investigation of the

N921(d,p)N322 Reaction.
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Introduction.

Particle -induced reactions (apart from strip-
ping reactions), like photonuclear reactions, might be
expected to proceed either by a compound nucleus or a
direct process. It would be of interest to compare
the (y,p) reactions measured in thin; inorgenic scin-
tillators with a series of particle-induced reactions
which lead to proton trénsitions in the same residual
nucleus, especially where the same excitation energy is
involved in the feactions.. For example, the

Na?3 (y,p)Ne’? reaction could be compared with the

Ne?1(a,p)Ne2?

reaction at E; = 760 Kev and the
Flg(d,p)Ne22 reaction at E, = 8.4 Mev.

For a detailed comparison of the several reactions
leading to proton transitions to the same residusl nucleus,
one would require & knowledge of the energy spectra and
the angular distribution of each transition.

Many of the possible reactions are beyond the
energy range of the accelerating machines ét present
available in this laboratory but the following chepter
describes an attempt to study the Nézl(d,p) reaction at

760 Kev. Earlier workers 1 have only observed proton

transitions to the ground and first excited states of

1 Ambrosen,J. and Bisgaard, K.M., Nature 165, 888

Zucker,A and Watson, W.W. Phys. Rev. 78, 1li.
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N322 and no aengular distributions have been measured.
The present investigation was attempted to see if one
can identify in addition transitions by way of the

22 reported by Ophel amd Wright (Op 58) at:

levels of Ng
23 22 .

5.4, 4.4 and 3.3 Mev in the Na“’(y,p)Ne reaction and

to measure the angular distribution of each transition.

2. Preliminaery Investigation.

1yu gm./;m‘z targets of NQZl absorbed in
0.0005 in. silver backing supplied by the electro-magnetic
separator group at Harwell were mounted in the 90° target
chamber shown in figure 6.2 and were bombarded with 760
Kev deuterons. As gas adsorbed on the silver backing
leaves the target ét temperatures sbove 200°C, the beam
current was limited to 2uA and the target was water-
cooled, The proton yield was observed with a 3/L in.
x %, in. x 0.060 in. CsI(T1) scintillation counter
mounted on an E.M I, photomultiplier type 6099F. A
series of aluminium stopping foils mounted on the foil
rack was used to assist in the identification of the
proton groups in the spectrum and an erergy celibration
of the detector was made by observing the Blo(d,p)Bll
reaction in the manner described in chapter VI, section
L.2.

21

Proton groups from the Ne taerget were observed

at energies of 8.5, 6.5 end 3.2 Mev, corresponding to




99.

(d,p) reactions in Nlu, o3 ana w2 respectively, but

there was no e vidence for proton groups from the Nezl
A(d,p)NEZQ reaction. It was concluded that the deposit

was too low to observe thisvreaction in competition with
the contaminants in the target.

2.1, Target Prepesretion.

Attention was then given to the estimation of

the minimum target thickness required to measure the

2

Ne21(d,p)N62 reaction at this bombarding energy and to

see what 1limits could be placed on the carbon and nitrogen
contamination of the target surface. The investigation
was carried out using natursl neon gas, which is 90.9%

20, assuming the Ne21(d,p) cross section to be com-

20(d

Ne
pareble with that of Ne sD)e

To reduce the contaminants in the 0.005 in.
thick silver backing used in the deposition, it was
polished with fire abrasive paste and outgassed by
heating it to & dull red heat in vecuo for a few minutes.
The clean foll was mounted on & water-cooled probe in
the 1.2 Mev accelerator immediately above the 90° anelysing
magnet. Natural neon gas was fed to the ion source and
the foil was bombarded with 100pA. of neon ions at 300 Kev
for two hours. In this time, the target thickness would

have been 10 mg./ém o if all the ions were absorbed on

the silver - which is not the case since the surface
7
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t

eventually becomes saturated with ions. During the
depoegition, hot water was circulated through the probe
in order to limit the deposition of carbon on the foil
end to keep the temper ature of the silver backing below
200°C.

A second target of Nezo

adsorbed in silver was
obtained from Harwell. This was deposited in an
electromagnetic separator with an ion erergy of 30Kev
and it was believed to be ssturated with a deposit of
10p gm./;m.z NBQO.

The two targets were bombarded with 760Kev
deuterons in the 90° target chamber and the spectra are
compared in figure 8.1 after normalising to the same
number of current integrator counts.

The pesk at 4.5 Mev in both spectra corres-

2O(d 21

ponds to proton trensitions in the Ne ,D)Ne“" reaction

to the first excited state of Ne2» at 0.35 Mev. (A 59).
Ground state transitions were not resolved. The proton
groups at 4.5 Mev are in the ratio of 10:1 and it was
estimated that the deposit on the target prepared in this

laboratory was 100 u gm./'cm 2 and the target was saturated.

1

Koch, J. Electromegnetic Isotope Separators !

North=-Holland, Amsterdam, 1958.
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It appears that the higher ion energy used in this
deposition allows a deeper penetration of the silver
backing and consequently, thicker targets can be prepared.

The carbon and nitrogen contaminstion of the
backing material prepared in this laboratory is not
significantly different from the commercial target.

It eppears that the minimum target thickness
required to investigate tle szl(é,p)Nezz reaction would
be of the order of 10 u gm./ém.g N621. Thicker Ne 2L
targets could be prépared in this laboratory but because
of the low abundance of this isotope (0.28%), enrich-
ment of natural neon by thermal diffusion is a lengthy
process enl supplies of the emriched gas are rere.

2.2, Further Investigation. |

Nte targets deposited on 0, 0005 in. silver
backing were obtained from the Laboratory of Mass Spectro-
graphy in Amsterdam. They were prepared in an E.-M.
gseparator with an ion energy of 20 Kev and were believed
to saturate at 10 p gm./em_z. Because of the presence of

Ne2CH ions which are deposited with Ng-»

, the targets
were estimated to be 35% Ne 2t (P.K. Rol, private comm-
unicafion).

Figure 8.2 shows the proton spectrum from the
bombardment of this target with 760 Kev deuterons. The

spectrum was obtained using the 90° target chamber shown
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Spectra observed through a 13 mg./cm.g
aluminium foil from the deuteron bomb-
bardment of & neon target prepared in
the Amsterdam E.M. separator (approx.
10 p.gm./cm.g Ne20 + 35% Ne“l). The
lower spectrum was obtained by bomb-

barding the reverse side of the target.
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in figure 6.2 with a 13 mg./em.g aluminium foil between
the target and detector. The lower spectrum was obtained
by bombarding the reverse side of the target and the
energy scale is from a comparison with the Blo(d,p)B11
reaction in the manner described in chapter VI, section
L.2,

The groups &t 7.8, 5.6 and 1.7 Mev which are
common to both spectra correspond to (d,p) reactions in

U 13

N, C and H2. The groups about 4 Mev are believed

to be due to transitions to the ground arnd first excited

20(& 21

states of Ne21 in the Ne ,P)Ne“" reaction.and the

group at 6.6 Mev corresponds to transitions to the first

2
excited state of Ne 2-1n the NeZl(d,P)N622 reaction.
Clearly a thicker Ne21 target is required before
22

transitions to the levels of Ne““ at 5.4, L.4, 3.3 and O
Mev can be identified in the presence of so many compet-

itive reactions.
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