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INTRODUCTION
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CHAPTER 1

The purpose of these introductory pages is to 
give a somewhat cursory indication of the material 
contained in the following chapters. These are, for the 
most part, self-contained, and it is felt that a detailed 
background discussion at this point would be superfluous#

Section 1. ARRANGEMENT OP MATERIAL.

The work reported in this dissertation falls into
the following two distinct segments. (l) A study of
charged particle reactions induced by fast neutron
bombardment of Silicon semiconductor detectors; and (2)
A partial investigation of the reaction mechanisms involved

2 8in the formation of the compound nuclear system Si at 
high excitation, and its decay by alpha-particle emission. 
The compound system was assembled both by proton bombardment 
of Al^, and by 0 ^  bombardment of C^.

Part (1) is encompassed entirely in Chapter II,
and Part (2) in the remaining chapters, whose contents are
distributed as follows. Chapter III contains the
experimental details concerning the measurements performed 

27 24on the A1 (p,°^)Mg reaction, along with all results and 
a rather qualitative discussion. Chapter IV contains
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experimental details pertaining to the study of the 
qI^(q!6, ot)Mg2  ̂ reaction, and Chapter V gives the 
procedure used in reducing and analyzing the large body 
of data acquired, along with a qualitative and somewhat 
tentative discussion of the results so far obtained.
Since experimental techniques applied in both the 
Al27(p,oC)Mg24 and C^2( 0*^, )Mg2  ̂were similar, there is
necessarily some repetition in the material of Chapters III 
and IV; this has been held to a minimum by cross-referencing, 
where possible. Chapter VI contains a quantitative analysis 
of the A1 f(p, c4)Mg data from the point of view of recent 
interesting extensions to Statistical Model theory, along 
with a detailed introduction to these features. It might 
be reasonably argued that this material should have been 
placed immediately following Chapter III. However, it was 
considered more appropriate to present all data from both 
the A l ‘+p and C +0 reactions before taking up possible 
theoretical interpretations; moreover the statistical model 
extensions are also of interest in connection with the
ip -] c.C +0 data, although no analysis of the type applied to

27the A1 ‘+p data has been undertaken.

Section 2. PART (1). NEUTRON IRRADIATION OP SOLID STATEDETECTORS.
During the period in which the study of Chapter II 

was carried out, the Silicon solid state detector was just
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coming into general use in charged particle spectroscopy 
as a replacement for gas ionization and proportional 
counters. The response to fast neutron bombardment was 
of instrumental interest since: (a) it was important to 
know the spectral background level which might be induced 
in detectors observing charged reaction products emitted 
in competition with neutrons; and (b) considerable attention 
was currently being focussed on the possibility of utilizing 
the Silicon detectors (via suitable conversion reactions) as 
neutron spectrometers, and it was necessary in this connection 
to know how much interference could be expected from direct 
neutron reactions with the detector material itself.

In addition to the foregoing, the work of Chapter II
demonstrates a simple and straightforward method for

28 29measuring the Si and Si ~ (n,p) and (n, oO cross sections. 
The particular advantages are that integrated (over angle) 
cross sections are obtained automatically and that due to the 
high intrinsic detector resolution, many states in the final 
nuclei can be resolved. The relatively finite size of the 
detectors available to us introduced difficulties connected 
with wall effects. The required corrections involve what 
are essentially line shape problems and have been considered
in some detail
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In the experimental work of Chapters III and IV, 
Silicon solid state detectors were employed throughout; 
however, for the charged particle reactions observed, the 
secondary effects in the detectors due to competing neutrons 
were always negligible and were ignored.

Section 3. PART (2). REACTION MECHANISMS IN Si28
COMPOUND SYSTEM

3*1. The Al^(p, oQMg2  ̂Reaction.
28The Si compound system was first examined via the

5 AA1 '(p, oC)Mg reaction, largely for reasons of experimental 
convenience. During the course of this work it became clear 
that the strong energy dependence of the measured differential 
cross sections at high compound excitations, might provide an 
opportunity for testing the developing theory of statistical 
fluctuations.

The Statistical Model of nuclear reactions had 
formerly considered only average nuclear properties, in 
analogy with thermodynamical averages; in.particular, its 
parameters were extracted only from average, slowly varying, 
experimental cross sections, mainly obtained with cyclotrons 
and other poor resolution high energy accelerators. However, 
with the introduction of few-kev resolution (via Tandem van 
de Graaff accelerators) at the high compound excitations 
(15-30 Mev) where the Statistical Model description had been
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most valid, it became evident that strong cross section 
fluctuations (width = a few kev to a few tens of kev) 
were a prominent reaction feature. The theoretical 
extensions to the Statistical Model (Chapter VI), which 
were put forward to treat these phenomena, showed that 
considerable nuclear information could, in principle, be 
extracted from a systematic examination of their widths, 
amplitudes and correlations, as a function of compound 
nucleus and reaction channel - that, in fact, the cross 
section fluctuations could be used as a powerful tool in 
trie analysis of nuclear reaction mechanisms.

On the tentative premise, based on qualitative
27 24considerations given in Chapter III, that the A1 '(p,^)Mg 

results could be interpreted via a compound nucleus reaction 
mechanism and that the Statistical Model should therefore 
apply, these data were analyzed by the cross-section 
fluctuation expressions of Chapter VI. Although it was 
possible to draw some reasonably definite conclusions from 
the results of this analysis, it is stressed that the whole 
treatment should be considered chiefly as a probe into the 
possible limitations of the method. In particular it should 
be noted that very few analyses of a similar type have yet 
been performed, so that comparison material is almost 
non-existent; and in addition there is yet practically no
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information on the purely operational criteria, such as 
how much data is required for meaningful analysis, how does 
the density of experimental points in a given energy range 
affect the results, .and so on.

3.2. The C12(016, QpMg24 Reaction.

In the C^(0^, ot)Mg^ reaction, the compound
system formation conditions are considerably different from

27those for the A1 +p reaction, due to the high Coulomb
12 16barrier in the C +0 entrance channel and the large amounts 

of orbital angular momentum which can be introduced.

It was initially hoped that it would prove possible 
12 16to use the C "+0 reaction to cover the same excitation

energy range in Si as that covered in the Al^'+p reaction,
or at least to obtain a reasonable overlap of excitation
ranges, in order to make direct comparisons between cross
sections and cross section energy dependence for the two

28methods of assembling the Si compound system. However, 
due to the rapidly decreasing C12( , o<)Mg2  ̂yield at Si*-̂  
excitations just a few Mev above the highest excitation 
attained in the Al2^(p, oOlvIg^ reaction (at top of Tandem 
range), this was not experimentally feasible.

The C12(01q, oC)Mg24 experimental work was approached 
with two reaction mechanism possibilities in mind. At
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energies near the Coulomb barrier, it was thought that
a "quasi-molecular” mechanism (similar to that recently

12 12observed in the C " + C system by the Chalk River 
Tandem group) might be important. At higher energies the 
C (0 ,oC)Mg cross sections were expected to be explainable
in terms of Statistical Model fluctuations, in analogy with

27 24 28those seen in the A1 (p,°OMg reaction at lower Si
excitations. Since the analysis of results is at present
incomplete, it has not been possible to give much more than
a qualitative assessment (in Chapter V) of the degree to
which the C"^(0^, oC)Mg^ data favour either of these reaction1
mechanisms.
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NEUTRON INDUCED CHARGED PARTICLE REACTIONS
IN A SILICON SEMI-CONDUCTOR DETECTOR
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CHAPTER II

Section 1. INTRODUCTION *

The following work consists of a study of the 
interaction of 14 Mev neutrons with Silicon semiconductor 
detectors, embracing particularly the reactions 
Si28(n,Ot )Mg?' , Si28(n,p)Al28, and Si29(a, oC)Mg2''’. The
experiment was undertaken during the period November, I960

_ *August, 1961 in collaboration with W. M. Deuchars.

Studies of (n,oC) and (n,p) reactions reported 
before 1961 are principally concerned with total cross 
section measurements, and generally employed activation 
techniques (Pa53> Ke59> Ma56)* In certain cases scinti­
llating crystals served both as target and detector 
(Sm60, Mo59, G-a59)* but individual charged particle groups
r

are not resolved in the spectra obtained*

The recent development of Silicon semiconductor 
nuclear particle detectors has provided a convenient 
method for the study of partial cross sections for indi­
vidual groups of charged particles emitted from neutron

Selby Fellow on leave from A.W*R.E., Aldermaston.



induced reactions in the Silicon isotopes. The 
properties which make such devices particularly 
suitable for this work are the following

9

a) Target and detector are identical, so that 
energy loss variation due to target thickness 
is unimportant.

b) Low concentration of target impurities
/ 9 \(of order one part in 10";.

c) High intrinsic detector resolution.

d) The possibility of using the variable 
sensitive thickness property to partially 
discriminate between different species of 
emitted charged particles.
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Section 2, NEUTRON INDUCED CHARGED PARTICLE REACTIONS
IN SILICON.

Q ÜNatural Silicon is composed of 92.2$ Si' ,
4*7$ Si'1"', and 3*1$ Si*", The Q-values for the neutron 
induced charged particle emitting reactions in these 
isotopes are given in Table 2*1* The listed values are 
taken from the least squares adjustment of Wapstra, et al. 
(Wa60), Where table positions have been replaced by a 
dashed line, the corresponding reaction is not energe­
tically possible at 14 Mev incident neutron energy.

TABLE 2*1
NEUTRON INDUCED REACTIONS IN SILICON.

Re- S:~28“~L S:l29 Si_3°
action
Type Q(Mev)

Final
Nucleus Q(Mev)

Final
Nucleus Q(Mev)

Final
Nucleus

(n,p) -3*856 Al28 -2.980 Al29 -6.510 Al30
(n,«0 -2.655 Mg25 -0.036 Mg^ -4.213 Mg27
(n,d) -9.356 Al27 -10.109 Al28 -11.370 Al29
(n,HeJ) -12.135 Mg26 - - - Mg27 -------- Mg28
(n,np) -11,580 Al27 -12.334 Al28 -13*590 Al29
(n,2p) -13.416 Mg27 -13.389 Mg28 - — — Mg29
(n,T) — Al2b -11.576 Al27 — Al28

The implications of Table 2.1 are considered in
several of the following sections. No discussion, there­
fore, is offered at this point.
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Section 3* EXPERIMENTAL APPARATUS AND PROCEDURE.

The experimental equipment in final form is 
shown in Pig. 2.1, and consists of two distinct 
components: a target chamber for producing a high flux 
of 14 Mev neutrons, and a separate enclosure containing 
the irradiated semiconductor detector. The main features 
are labelled in the accompanying figure caption.

3.1. The Neutron Source.
The neutron flux was supplied by the reaction

T(d,n)He^, A thin T-Zr target deposited on a thick copper 
*backing was bombarded by a beam of 500 kev deuterons 

produced in the A.N.U. 1.2 Mev Cockroft - Walton accelerator. 
An inspection of the T(d,n)He^ kinematics at this deuteron 
energy shows that the smallest neutron energy variation with 
laboratory emission angle occurs at 98° (lab.). The 
target-detector assembly was therefore generally placed at 
this angle during irradiations.

The energy of the emitted neutrons at 98 5, for 
500 kev deuterons is 14.03 - 0.05 kev; most of the charged 
particle spectra in the present work were obtained at this 
energy.

ftSupplied by Isotopes Division, A.E.R.E., Harwell.



Fig* 2.1 Experimental apparatus for the study of neutron-

induced charged particle reactions in a Silicon 

semiconductor detector.

Numbered details are i

1* T-Zr target on Cu backing (neutron source) 

2* Retractable plate to intercept a-source 

particles

3* Silicon surface barrier detector

4. T!iC,-T||CM a-particle source

5. Insulating detector mounting stud
a6. Brace to support He monitor

7. Csl crystal

8. Photomultiplier

9. Ta collimating disc

10* A1 light-reflecting layer 

11. Beam collimating assembly.
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Since one of the chief experimental requirements 
was good energy resolution, it was essential to minimize 
energy degradation of the direct neutron flux due to 
excess mass surrounding the T-Zr target; for this purpose 
the target chamber was constructed from 0*015” thick 
telescopic tubing. The background flux of neutrons (having 
a wide distribution of energies) due to unfocussed beam 
striking accelerator surfaces, such as magnet boxes, 
collimators, etc. was reduced by paraffin shielding.
Similar background caused by single and double scattering 
of the primary source neutrons, was held to a minimum by 
extending the accelerator beam line so that the neutron 
source could be placed well clear of large local mass 
concentrations.

The deuteron beam was collimated on to the target
1 ”by two *020” thick Ta discs containing g diam. holes.

The collimator unit was insulated from the target chamber 
and from the beam tube, so that beam current could be 
measured at both collimator and target. This permitted 
best focus conditions to be precisely established. Target 
currents were typically 20 - 50 pA of deuterons; these were 
fed to a current integrator, which served only to provide a 
rough check on the He^ monitor (described in Section 3*2).
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The copper-hacked T-Zr target was mounted at 45° 
to the incident beam on a retractable section of 
telescopic tubing. Target heating was prevented by forced 
air cooling of this section, as shown in Fig 2,1.

3*2. The Neutron Flux. Monitor.
Neutron flux intensity was measured by monitoring

the recoil alpha particle counting rate at a laboratory
angle of 45 , and normalizing to the differential cross
section data of Fowler and Brolley (Fo56), This is a
standard technique and will not be discussed in detail.

4.The He' recoils were detected by a collimated Csl crystal-
■*photomultiplier assembly , Photomultiplier pulses were 

transmitted by cathode follower to a linear amplifier whose 
output was recorded by a single scaler.

3*3» The Detector Chamber.
The chamber in which the semiconductor detector was 

mounted during neutron irradiation consisted of a thin- 
walled brass cylinder, containing provision for a cali­
brating alpha particle source (on the rear face), and a 
retractable Ta shutter. This was inserted between detector

Generously supplied by R. N. Glover of this laboratory.
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and s o u r c e  when a c t u a l  n e u t r o n - i n d u c e d  c h a rg e d  p a r t i c l e  

s p e c t r a  were b e i n g  a c c u m u la t e d .

A s i n g l e  S i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  was 

mounted and i n s u l a t e d  from t h e  chamber on a p e r s p e x  ro d  

f i x e d  t o  t h e  r em o v ab le  chamber l i d .  U n s h ie l d e d  l e a d s  

c o n n e c te d  t o  f r o n t  and r e a r  d e t e c t o r  c o n t a c t s  and p a s s e d  

t h r o u g h  Kovar vacuum s e a l s  t o  BNC s o c k e t s  w i t h i n  a  s h i e l d i n g  

cap a t t a c h e d  t o  t h e  l i d ,  a s  shown. The d e t e c t o r  mount was 

a c c u r a t e l y  p o s i t i o n e d  on t h e  chamber c e n t e r l i n e ,  which  was 

i n  t u r n  a c c u r a t e l y  s e t  a t  98° w i t h  r e s p e c t  t o  t h e  d e u t e r o n  

beam, and aimed a t  t h e  T -Zr  t a r g e t  c e n t r e .

_  , c

The chamber was m a i n t a i n e d  a t  a p r e s s u r e  o f  10 

mm Hg and l i q u i d  a i r  t r a p p e d  by an a d j u s t a b l e  t u b i n g  

a r r a n g e m e n t  c o n n e c te d  t o  a p o r t a b l e  pumping b e n c h .

S e p a r a t i o n  o f  t h e  d e t e c t o r  chamber from t h e  T -Z r  t a r g e t  

chamber removed t h e  d e t e c t o r  f rom t h e  e f f e c t s  o f  s c a t t e r e d  

beam and s t r a y  i o n s  p ro d u ced  i n  t h e  t a r g e t  v i c i n i t y .  A 

p r e l i m i n a r y  e x p e r im e n t ,  w i t h  t h e  d e t e c t o r  mounted i n s i d e  

t h e  t r i t i u m  t a r g e t  chamber showed t h a t  t h e s e  r e g i s t e r e d  a 

c o n s i d e r a b l e  b ack g ro u n d  c o u n t i n g  r a t e .

D u r in g  p a r t  o f  t h e  work,  a  Ta cap was p l a c e d  o v e r
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the front face of the detector, in order to intercept 
charged particles produced by neutron induced reactions 
in the chamber walls*

3*4. The Electronics*
The electronics used in this work, in final form, 

are shown in Fig, 2.2.

Pulses could be taken from either the front or 
rear contacts of the detector. However, experiment showed 
that operation with the front surface earthed and pulses 
taken from the rear contact was generally more satisfactory 
than the reverse situation. Positive bias up to 90V was 
applied to the detector through a 10 M A  current-limiting
resistor and suitable filter network. Connection to the

*input of a charge-sensitive preamplifier was made via a 
short shielded cable, to reduce input capacitance to a 
minimum. The preamplifier gain was approximately X 400. 
Output pulses were further amplified by a modified 1430A 
Harwell linear amplifier (containing variable differentiating 
and integrating time constants), and analyzed by a 400 
channel R.I.D.L. pulse height analyser. A highly stable 
Hg-relay pulser, with output attenuator linear to 0.1$, 
was used in checking the resolution, linearity, and stability 
of the system.

*Design similar to that of Fairstein (Fa60).



Fig. 2.2 Electronics for Silicon detector and He4 monitor

Details are supplied in the text
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The charge sensitive preamplifier, and 400 

channel analyzer were not initially available, so that 
during early stages of the work, equipment with considerably 
inferior linearity and resolution was used,

Resolution, stability, and linearity of the complete 
detection system is considered in Section 3,7 .

3,5, The Surface Barrier Detectors.
Several different Silicon surface barrier detectors 

were used in this work. Two were supplied by A.W.R.E., 
Aldermaston, and the remainder were fabricated in this 
laboratory, from material of 400.fl.-cm and 800-A- -cm 
restivity. The properties and theory of operation of 
diffused junction and surface barrier solid state detectors 
are well known, and have been adequately reviewed by a 
number of authors (Da60a,Ma62, Br62, Gri62, Ei63)* Only those 
points bearing directly on the present work are discussed 
here.

The detectors fabricated in this laboratory were 
manufactured by a method similar to that described by 
Deamaley (De61a). This involves the careful preparation 
of mirror-smooth surfaces on 1 mm thick Silicon wafers, 
by abrasive plus acid etch treatment. Following this, the
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crystals are rinsed in de-ionized water, and exposed 
to air at STP for several days. This permits the growth 
of a thin oxide surface layer, containing a high density 
of p-impurity sites, and the resultant formation of the 
required p-n junction. An Au film is vacuum deposited on 
the oxidized surface, and serves to define the active 
area of the detector.

3.6 Detector Performance.
Detectors were normally operated at 40-50 V reverse 

bias, which produced estimated depletion layer thicknesses 
of approximately 70 microns and 120 microns for the 400,0.-cm, 
and 800/1 -cm material respectively. The values were obtained 
from the relationship given by Blankenship (B160), and 
include a correction due to finite charge carrier collection 
time.

Detector performance was tested by observation of 
the spectrum of alpha particles emitted by a mixed 
ThC'-ThC” source. This source produces two strong groups 
of well known energy (Ev 55) at 8.78 Mev and 6.05 Mev 
(doublet), which provide a measure of the detector resolution 
and a partial check on the linearity of the entire system,

A typical source spectrum obtained with an 800fl -cm
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detector, and the electronics of Fig, 2.2 is shown, 
in Fig. 2.3« A pulser line is included to indicate 
the resolution broadening due to electronics alone.

Detector lifetimes varied from a few days to 
several months. Causes of deterioration were thought to 
be connected chiefly with contamination of the surface 
layer by organic vapours. Similar effects have been 
reported by several workers (Da6Qa)t. It was occasionally 
possible to restore satisfactory performance by exposing 
the detector surface to a jet of deionized water, and 
permitting the oxide layer to re-form.

3*7. Detection System Resolution.
A considerable effort was expended in improving 

the energy resolution of the detection system. The chief 
sources of line broadening are:-

(a) intrinsic detector noise, generated by 
fluctuations in reverse junction current, 
and surface leakage;

(b) electronic noise, mostly contributed by 
the preamplifier first stage;

and
(c) amplifier gain variations.



Fig* 2*3 Spectrum of alpha-particles emitted from 
TftC,-THCM source

This spectrum shows the typical resolution 
attained by the Si detector and electronics; 
an Hg-pulser line is included to indicate the 
resolution spread due to electronics alone«
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Electronic noise was reduced by replacement of 
the original voltage sensitive preamplifier with charge 
sensitive circuitory feeding a standard 1430A Harwell 
amplifier, and finally by the Fairstein charge sensitive 
preamplifier mentioned in section 3»4. The input valve 
of this preamplifier was carefully selected for maximum 
S/N ratio, and the entire preamplifier cushioned to 
minimize the effects of microphonics*

The theory of noise and resolution, and prin­
ciples of operation of charge-sensitive preamplifiers 
have been adequately discussed by several authors,
(Ga60, Gi53j Fa60) and will not be detailed here.

Long term gain variation in the Harwell amplifiers 
was quite serious. This was measured by observing the 
peak position of amplified pulses fed from an Hg pulser, 
(stable to 0.1$), and analyzed in a 400 channel PHA.
Luring an observation period of 3 hours, an overall gain 
shift of 3*5$ was obtained. Since some of the detector 
irradiation periods were of 10-12 hours duration, it was 
necessary to compensate the gain instabiliby by including 
a fine gain adjustment in the 1430A amplifier . Luring 
actual runs, gain was monitored in the above fashion and 
adjusted at fifteen minute intervals. With this procedure,
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the pulser peak could be kept to within 1 0.5 channels 
(in 400) of its initial position. This assured a total 
system gain stability of 0.15$*

Most of the detectors used in this work gave 
resolutions between 1.0 and 1.5$ (for the ThC’-ThC"
8,78 Mev line) when connected with the final version of 
the electronics. It was occasionally possible to obtain 
<  0.7$ overall resolution.

Section 4. EXPERIMENTAL RESULTS.

4.1# The Charged Particle Spectra.
During neutron irradiation the detector was placed

at distances from the source ranging from 3*5 - 6 cm. This
furnished an acceptable compromise between the time required
to accumulate statistically meaningful spectra, and neutron
energy variation due to the finite solid angle subtended by
the detector. Neutron flux at the detector was typically 

8 210u neutrons/cm'/sec, and incident energy variation over 
the detector surface was estimated to be 50 Kev.

Several spectra were obtained at 98°, using a 
variety of detectors, depletion layer thicknesses, and 
amplifier time constants. A spectrum obtained with a 
800-fl -cm detector, with a depletion depth of 120 microns
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(maximum attainable) is shown in Fig. 2.4* For 
comparison purposes a spectrum taken with the same 
detector set at 0° to the deuteron beam is shown as 
an inset. This reveals the effects of the considerable 
energy variation with angle of neutrons emitted in the 
forward direction.

po
Since is 92.2$ abundant in natural Silicon,

it is expected that the dominant features of the 
spectrum of Fig. 2.4 can be attributed to neutron induced 
reactions in this isotope.

4.2. The Sif~k (n,oC)Mg^"' Reaction.
On the assumption that the well-resolved peaks 

in the high energy portion of the spectrum could be
o o nrattributed to the Si (n , oc )Mg reaction, we calculated

the expected energy deposited in the depletion layer by
alpha particles populating the first fifteen levels of

25 25Mg'", plus the energy of their respective Mg recoils.
(This is just En + Q for each group). These energies
are indicated by arrows above the spectrum of Fig. 2.4»
and can be seen to correspond closely with the energies

25of the observed groups. The level scheme for Mg' was 
taken from the results of Hinds and Middleton (Hi60a), 
and the experimental energy scale was calibrated with the 
two strong alpha particle groups emitted by a ThC’-ThC"



Fig. 2*4 Charged particle spectra from Silicon surface 
barrier detector exposed to 14.03 Mev neutrons

The main spectrum was obtained with the 
detector at 98° to the deuteron beam, and the 
upper-right inset spectrum was measured with 
the detector at 0° to the beam. The inset 
energy scale is slightly expanded with respect 
to that of the main spectrum; for ease of com- 
parison the Si (n,ct)Mg g.s. peaks have been 
aligned, and dashed arrows are drawn connecting 
corresponding Si (n,a)Mg r groups in the two 
spectra. The top (lab. energy) scale is not 
meaningful for the 0° spectrum.

Further details are given in the text.
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source (See section 3*6)*

Since the detector sums the energies of the
25alpha particles and corresponding Mg recoil nuclei,

the precise agreement between experimentally observed
and calculated group energies indicates that the

25detector response to the heavily ionizing Mg nuclei 
is linear and identical with the response to light 
particles. Blanc, et al. (B162) have noted this point.

Cross section measurements for the reactions
2Rpopulating the low lying levels of Mg are discussed 

in Section 5.

4*3« The Si^(ntp)Al~^ Reaction.
With a Q-value of -3.86 Mev, the maximum labor­

atory energy of emission for protons produced in the 
reaction Si^(n,p)Al^ by 14.03 Mev neutrons is 9.41 Mev. 
A comparison of the maximum detector depletion depth, 
and range-energy values for protons in Silicon (extra­
polated from the data of Whaling (WJß8)), reveals that 
protons of kinetic energy greater than 3*5 Mev will net 
be stopped within this sensitive layer unless they are 
emitted in a direction near the plane of the junction.
If the angular distribution of Si °(nfp)A± protons
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p o p u l a t i n g  t h e  low l y i n g  l e v e l s  o f  A± i s  n e a r l y  

i s o t r o p i c ,  a d e p l e t i o n  d e p t h  o f  s e v e r a l  hun d red  m ic ro n s  

i s  r e q u i r e d  t o  o b s e r v e  t h e  f u l l  e n e rg y  o f  a l a r g e  

f r a c t i o n .  I f ,  on t h e  c o n t r a r y ,  t h e  h i g h e s t  en e rg y  g ro u p s  

h ave  a n g u l a r  d i s t r i b u t i o n s  s t r o n g l y  peaked  a t  a  p a r t i ­

c u l a r  e m is s io n  a n g l e ,  t h e n  some o b s e r v a t i o n a l  a d v a n ta g e  

i s  o b t a i n e d  by c h an g in g  t h e  o r i e n t a t i o n  o f  t h e  d e p l e t i o n  

l a y e r  w i t h  r e s p e c t  t o  t h e  n e u t r o n  d i r e c t i o n .

I n  o r d e r  t o  examine t h e  S i ^ ( n , p ) A l “ ^ more 

c l o s e l y ,  t h e  d e t e c t o r  p l a n e  was r o t a t e d  a bou t  an a x i s
Q

n o rm al  t o  a l i n e  drawn from t h e  n e u t r o n  so u r c e  a t  98 

and p a s s i n g  t h r o u g h  t h e  d e t e c t o r  g e o m e t r i c  c e n t r e .  T h is  

v a r i e d  t h e  n e u t r o n  a n g le  o f  i n c i d e n c e  a t  t h e  d e t e c t o r ,  

b u t  e n su re d  t h a t  t h e  n e u t r o n  en e rg y  s p r e a d  o v e r  t h e  

d e t e c t o r  volume rem a in ed  a minimum. S p e c t r a  were 

o b t a i n e d  a t  s e v e r a l  a n g l e s ,  b u t  a l l  showed no e s s e n t i a l  

d i f f e r e n c e  from t h a t  o f  P i g .  2.4*

We c a l c u l a t e d  t h e  e x p e c te d  en e rg y  d e p o s i t e d  i n
28t h e  d e t e c t o r  by p r o t o n s  and A± r e c o i l s  c o r r e s p o n d i n g

2 8t o  t h e  f i r s t  seven  l e v e l s  i n  Ai ' .  These  a r e  shown by

a r ro w s  below t h e  sp e c t ru m  o f  P i g .  2 . 4 .  The en e rg y  l e v e l
28scheme f o r  A1 was t a k e n  from t h e  r e v i e w  p a p e r  o f  Endt

28
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and Braams (En57)» A distinct shoulder on the low
energy side of the third highest alpha group is
attributed to the ground state Si °(n,p)Al^ reaction,
although its observed energy is slightly less than the
expected value. Inspection of Big. 2,4. reveals no
evidence for proton groups corresponding to individual

2 8excited states of A1 , although the large rise at lower 
energies is almost certainly due to the presence of low 
energy protons for Si (n,p) k lc~ • The level density of 
the final nucleus,in the region corresponding to these 
proton energies, is too high to permit resolution of 
groups corresponding to individual levels. The low 
energy portion of the spectrum is expected to contain, 
in addition, a large contribution due to higher energy 
protons and alpha particles depositing only part of the 
energy in the depletion layer. This point is discussed 
more fully in Section 5*

4.4. The Sic ("(n,d)Al^" Reaction.
In Big. 2.4 it is seen that a well defined peak 

is evident at an energy of 4.65 Mev. With a Q-value of
pQ P'7

“9,36 Mev, the ground state transition for Si“''(n,d)Al" 
corresponds to an energy release of 4.67 Mev in the detector. 
This is sufficiently close to the observed peak to warrant
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nO 07its assignment to the (n,d) reaction. The Si~ (n,d)Al^‘ 
reaction has not been previously observed.

pO
4*5* Other Si"° Reactions.

An inspection of table 2*1 reveals that the
p O 7

Q-values for the Si ~l~(n,He~'), (n,np), (n,2p) and (n,T) 
reactions are all highly negative (*^-11*5 Mev), so that 
energies of corresponding emitted charged particles will 
be ^ 2.5 Mev at the given neutron energy. Possible
spectrum contributions from these reactions are therefore 
lumped into the unresolved low energy portion, which 
provides no unambiguous indication of their presence.

r\ Q  r\r

4.6. The Si^(n,o( J Reaction and Suggested Level
in Mg26 at 1*33 Mev.

The fact that the Si~'(n, oC )Mg^ reaction has a
Q-value of -O.O36 Mev means that although the isotopic

29 .abundance of Si in natural Silicon is only 4*7f°j it
is possible to observe this reaction in competition with

28the more intense Si'1" reactions.

During the course of the present work. Dearnaley
and Ferguson (De61d) reported results of observations on 

2q 2^Si 'J(n,o<)Mg , which furnished evidence for a previously
26unobserved level in Mg at an excitation of 1.33 Mev. 

Their experimental arrangement was similar to that
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described here; incident neutron energy was 7*6 Mev*

This report prompted a re-investigation of the
high energy portion of Fig. 2*4. In order to obtain
statistically meaningful results it was necessary to
irradiate the detector for 15-20 hour periods.
Amplifier gain was stabilized as described in section
3,7» A typical spectrum is shown in Fig. 2.5* The
results of Hinds and Middleton (Hi60^ for the energy

26level positions of Mg enable assignment of the two
highest energy groups to alpha particles populating the 

26Mg ground state and the state at 1,80 Mev excitation.
The alpha particle groups corresponding to the ground

25state and first four excited states of Mg , populated 
28 28by Si (n,©OMg 5 are also indicated. It will be seen 

that this spectrum provides no evidence for an alpha 
group corresponding to a level of Mgc at 1*33 Mev 
excitation. This result was reported in Nature (De61c).

Previous investigations of the energy levels of
26Mg ", notably those of Hinds and Middleton (Hi60i, using 

the reactions M g ^ ( d , p ) M g ^ , Al2^(t,©c )Mg^, and M g ^  
(t,p)Mg^ gave no indication of a level in Mg£~° at this 
excitation; nor did the experiment of G-lover and Weigold



29 2 SFig. 2.5 Si (n,a)Mg spectrum obtained with Silicon 

surface barrier detector exposed to 14.03 Mev 

neutrons

The high energy portion of the spectrum is

multiplied by 20 to reveal the significant 
29 2 6Si ^(n,a)Mg details. Statistical counting 

errors are not shown, but can be inferred from 

the left-hand scale - 20.
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(Grl61), investigating the reaction A1 ‘(n,d)Mg‘ , or
that of White, et al. (Wh6l), examining proton inelastic

26scattering from Ivig'

Following our experiment, Dearnley and Ferguson
2q .26reinvestigated the Si "(n,o<)Mg reaction at several

neutron energies, using a variety of neutron sources.
This work (Fe62d) revealed that the alpha group in
question could he attributed to the ground state
Si"1 w (n, oc )Mg^" reaction induced hy neutrons emitted from
the Titanium hacking of their tritium target, via the
reaction Ti '" (d,n)Y^" , Depraz et al. (De62e), in a
similar experiment at 14.0 Mev neutron energy, observed

26evidence for the 1.33 Mev Mg'* J level; it seems probable 
that their results can be explained in the same manner 
as those of Dearnaley and Ferguson.

294.7. Other Si Reactions.
2Q 29Since the Q-values for the reaction Si (n,p)Al 

is -2.98 Mev, proton groups corresponding to the low
2Qlying levels of Al  ̂ are obscured by the more intense

pO
Si (n,©c) and (n,p) reactions, and are not observed.
For the Si^(n,He~), (n,d), (n,np), (n,2p) and (n,T) 
reactions, the considerations of Section 4.5 are 
applicable•
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4*8. Si~*v/ Reactions*
An inspection of Table 2.1 indicates that 

none of the Q-values for neutron induced charged particle 
reactions in SiJ^ are greater than the Q-value for the 
ground state Si1'- (n,oc)Mg"'1 reaction. The Si~'̂  isotopic 
abundance of only 3*1$ does not, therefore, permit 
observation of charged particles emitted by S i ^  reactions

p Q
in competition with the intense groups from Si .

Section 5 . Si28(n, ot )Mg25 PARTIAL REACTION CROSS
SECTIONS.

Partial cross sections (at 14.03 Mev neutron
2^  o cenergy) for the reactions Si ~(n,o< )Mg  ̂ feeding the five

25lowest levels of Mg *", are given in this section.
Fig. 2.6, taken from the compilation of Endt and Van der
Leun (En62b) shows the relevant portion of the Mg ^
energy level scheme, and includes the low energy region 

26of the Mg level scheme - showing the doubtful 1.33 Mev 
level as a dashed line.

28 25The Si (n,oC)Mg 5 partial cross sections
V

were obtained from the relation:- 
<S .= I" ^ Ci ~| J  N. .S.D, where TZcjL (1-Eli) J is the



Fig. 2 6 Low-lying energy levels of M 25 j w 26 Mg and Mg ,
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sum over all counts corresponding to each alpha peak
2 8of Fig. 2.4, S is the density of Si nuclei in natural 

Silicon, D, the detector depletion depth, lETT.. , a 
correction factor described below, and N is the time 
integral of the neutron flux passing through the detector 
volume. N is just M(SL /St ), where IX and SL- are 
the solid angles subtended by the active detector area 
(assumed equal to the Au surface film area), and by the

4collimated Csl He' - recoil monitor. M is total monitor 
counts/per irradiation period. No correction is included 
for the attenuation of N through the detector volume, 
since this was estimated to be negligible.

A calculation of the ranges in Silicon (\Vh58 ) of 
the highest energy alpha particles reveals that they are 
of the same order of magnitude as the maximum depletion 
layer thickness. Wall and end effects are therefore 
expected to be considerable - a large fraction of the 
emitted alpha particles depositing less than their full 
energy in the depletion layer. Associated with each peak 
of Fig. 2.4, is a tail or line shape, comprising lower 
energy contributions from alpha particles belonging to the 
same group, but which cross the depletion layer boundaries. 
The form of these line shapes is a function of the range-
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e n e rg y  r e l a t i o n s h i p  i n  S i l i c o n  and t h e  a n g u l a r  

d i s t r i b u t i o n  o f  t h e  e m i t t e d  a l p h a  p a r t i c l e s .

I n  o r d e r  t o  o b t a i n  a f i r s t  a p p r o x i m a t i o n  t o  t h e  

r e q u i r e d  c r o s s  s e c t i o n  c o r r e c t i o n s ,  i t  was n e c e s s a r y  t o  

compute l i n e  sh a p e s  f o r  s e v e r a l  r e p r e s e n t a t i v e  c a s e s .  

C a l c u l a t i o n s  were  p e r fo rm ed  w i t h  t h e  a i d  o f  a s im p le  

s u r f a c e  b a r r i e r  d e t e c t o r  model ,  and a program w r i t t e n  f o r  

an I .B .M .  1620 co m p u te r .  L ine  shape  c o m p u ta t i o n s  o f  t h i s  

t y p e  have  n o t  been  p r e v i o u s l y  r e p o r t e d ,  and a r e  d i s c u s s e d  

i n  d e t a i l  i n  Appendix  A. At t h i s  p o i n t  i t  i s  o n ly  r e l e v a n t  

t o  i n d i c a t e  t h e  r e s u l t s  o f  Appendix  A b e a r i n g  d i r e c t l y  on
9g pc

t h e  e x t r a c t i o n  o f  t h e  S i  °(n ,oC)Mg 5 p a r t i a l  r e a c t i o n  c r o s s  

s e c t i o n s .  These  a r e  i l l u s t r a t e d  i n  P i g .  2 . 7 .

The r e l a t i v e  m ag n i tu d e  and shape  o f  t h e  low e n e rg y

t a i l  i s  shown f o r  f o u r  c a s e s .  These  a r e  n o r m a l i z e d  t o  a

f u l l  en e rg y  peak  o f  c o n s t a n t  h e i g h t  and FWHM. (A rea  = 100

a r b i t r a r y  u n i t s ) .  The lo w er  two forms r e p r e s e n t  t h e

t h e o r e t i c a l  l i n e  sh a p e s  a s s o c i a t e d  w i t h  t h e  most  e n e r g e t i c

S i  (n ,«<)Mg  ̂ a l p h a  p a r t i c l e s ,  showing t h e  d ep en d e n ce  on

t h e  c h o ic e  o f  a n g u l a r  d i s t r i b u t i o n ;  t h e  u p p e r  fo rm s  g i v e

a s i m i l a r  co m p a r iso n  f o r  l i n e  sh a p e s  a s s o c i a t e d  w i t h  a l p h a
25p a r t i c l e s  f e e d i n g  t h e  4 t h  e x c i t e d  s t a t e  o f  Mg' . The 

symbols T.5 i n d i c a t e  t h e  f r a c t i o n a l  a r e a  o f  each  i n d i -



Fig, 2.7 Line shapes for alpha particles emitted in the 
Reaction Si28(n,a)Mg2 ,̂ in a 120p. (depletion 
layer) Silicon detector

The 20 channel spectra, represented by thin- 
line histograms, have been normalized to a scale 
of 100. Smooth, heavy lines have been drawn 
through them to accentuate the significant 
Mtail11 structure. Relative channel contributions 
to the line shapes are normalized to a full-energy 
contribution of 100, which is shown as the area 
under a full-energy peak whose FWHM = 3/6* For 
ease of comparison the line shapes have been 
shifted vertically with respect to each other by 
6 units, and the entire height of the full-energy 
peak is shown only for the lowest line shape.
Other details are given in the text.
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vidual alpha group lying in the low energy tail.

It can. he seen that the general form of the line 
shapes is not very sensitive to the choice of angular 
distribution. However, the lack of experimental information

og p ron the real Si °(n,o<)Mg 5 angular distribution leads to 
an uncertainty in the estimate of the ÜLT.. factors. The 
two test distributions of Fig. 2,7 are extreme cases 
(isotropic, and strong forward and backward peaking); the 
actual alpha particle distributions are expected to be 
more intermediate. Absence of marked changes in spectra 
taken at various detector orientations (section 4.3) lends 
support to this hypothesis, and final corrections, "ZTTi, 
were arbitrarily chosen as the means of the quoted extremes. 
Correction factors applied to the three alpha groups 
lying between the ground state and 4th excited state group 
were obtained by linear interpolation.

Using line shapes corresponding to the intermediate 
T . we reduced the Si~ (n,o( )Mg0  spectra with the 

following procedure

(a) The highest energy alpha peak was fitted with 
a Gaussian shape having the same height and 
FWHM. A low energy tail of appropriate shape 
and magnitude was extended from the peak.
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( b )  T h is  e n t i r e  l i n e  shape  was s u b t r a c t e d  f o r

t h e  o r i g i n a l  sp e c t ru m ,  and t h e  number o f  

a l p h a  c o u n t s  c o n t r i b u t i n g  t o  i t  a p p ro x im a te d  

by Ci / ( 1 ~ X T-- ) •

( c )  The p r o c e d u r e  was r e p e a t e d  f o r  t h e  p e a k s  

c o r r e s p o n d i n g  t o  t h e  n e x t  f o u r  a lp h a  g r o u p s .

S in c e  t h e  t a i l  segm ents  o f  h i g h e r  e nergy  p e a k s  l y i n g  

u n d e r  lo w e r  en e rg y  p e a k s  a r e  s m a l l  i n  co m p ar iso n  w i t h  t h e  

lo w e r  e n e rg y  peak  a r e a s  ( t h e  XL C^),  t h e  s u b t r a c t i o n  

p r o c e d u r e  i s  n o t  s e n s i t i v e  t o  i n a c c u r a c i e s  i n  t a i l  shape  

and m a g n i tu d e ;  u n c e r t a i n t i e s  i n  t h e  e x t r a c t e d  a re '  o f

t h e  o r d e r  o f  5$» The e r r o r  i n  T “C V (1- 5Tt . ) due t o  t h e  

u n c e r t a i n t y  i n  t h e  c o r r e c t i o n  f a c t o r  can be as  l a r g e  a s  

15$.

B e f o re  a p p l y i n g  t h e  above p r o c e d u r e  t o  t h e  f o u r t h  

and f i f t h  a l p h a  g ro u p s  o f  P i g .  2 . 4 ,  i t  was n e c e s s a r y  t o  

s u b t r a c t  t h e  l i n e  shap e  due t o  t h e  ground s t a t e  

S i ~ ° ( n , p ) A 1 “^ p r o t o n  g ro u p .  C o l l i  e t  a l . (C o 6 l )  have  

n e a su re d  a p a r t i a l  a n g u l a r  d i s t r i b u t i o n  f o r  t h i s  r e a c t i o n  

a t  1 4 .0  Mev n e u t r o n  e n e rg y ,  which s u g g e s t s  s t r o n g  f o r w a r d  

p e a k i n g .  L ine  shap e  c a l c u l a t i o n s  u s i n g  such  a d i s t r i b u t i o n  

i n d i c a t e  t h a t  t h e  r e l a t i v e  m ag n i tu d e  o f  t h e  f u l l  e n e rg y
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p r o t o n  peak  i n  P i g .  2 .4  i s  e x p e c te d  t o  be s t r o n g l y  

d e p en d e n t  on t h e  o r i e n t a t i o n  o f  t h e  d e t e c t o r  w i t h  

r e s p e c t  t o  i n c i d e n t  n e u t r o n s .  S in c e  e x p e r im e n t  ( S e c t i o n  

4 .3 )  p r o v i d e d  no e v id e n c e  f o r  t h i s ,  t h e  ground s t a t e  

p r o t o n  l i n e  shape  was computed u s i n g  an i s o t r o p i c  a n g u l a r  

d i s t r i b u t i o n .

S in c e  p r o t o n  g ro u p s  c o r r e s p o n d i n g  t o  t h e  f i r s t  and
P 0

second e x c i t e d  s t a t e s o f  A1 ' were o b sc u re d  by s t r o n g  a l p h a

g ro u p s ,  i t  was n o t  p o s s i b l e  t o  o b t a i n  any i d e a  o f  t h e

m ag n i tu d e  o f  t h e  a p p r o p r i a t e  l i n e  shape  s u b t r a c t i o n s ,  and

sp ec t ru m  a n a l y s i s  was d i s c o n t i n u e d .  S ix  s p e c t r a  s i m i l a r

t o  t h a t  o f  P i g .  2 .4  were a n a ly z e d  i n  t h e  d e s c r i b e d  f a s h i o n ,
28 25and t h e  e x t r a c t e d  S i  ° (n ,o<)M g p a r t i a l  r e a c t i o n  c r o s s  

s e c t i o n s  a r e  g i v e n  i n  T ab le  2 . 2 .  The v a l u e s  q u o te d  a r e  

s im p le  means and t h e  e r r o r s  a r e  R.M.S. d e v i a t i o n s .

TABLE 2 .2

PARTIAL CROSS SECTIONS PQR THE REACTION S i ^ ( n , c *  )Hg'

E x c i t a t i o n  (Mev) O^Cn,©^) a t  1 4 .0 3  Mev

0 ,0 0 0 1 .8 4  -0.3 6  mb
0 ,5 8 2 0 .7 5  -  0 .2 0  mb
0 .9 7 6 0 .9 8  -  0 .2 5  mb
1 .6 1 2 1 .1 9  -  0 .3 1  mb
1.965 1 .2 8  ± 0 .3 3  mb

nO p c

The S i “"' (n,<* )Mg‘'" s p e c t r a  and c r o s s  s e c t i o n s  have  
been  r e p o r t e d  i n  N a t u r e  ( D e o lb ) ,
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Section 6. DISCUSSION.
p Q pcThese results for Si (n,o()Mg  ̂represent the 

first investigation of this reaction at 14- Mev neutron 
energy. Several workers have since reported studies ofp g p cSi (n,0()Mg p at similar neutron energies, using similar 
experimental methods. With a 150 micron detector,

IIAndersson - Lindstrom (An62) has obtained spectra at neutron 
energies of 14.1, 14.4 and 14.6 Mev. The 14.1 Mev spectrum 
is in good agreement with that of Fig. 2.4; cross section 
measurements are not given. Blanc, et al. (B162), using 
a 40yU detector and 14.6 Mev neutrons present a poorly 
resolved spectrum on which cross section measurements are 
attempted. Since wall effect correction uncertainties in 
such a thin detector are expected to be very large, their 
procedure would appear to be questionable. Dixon and Aitken 
(Di62), using 13*9 Mev neutrons, have obtained spectra with 
a triple coincidence arrangement which enables partial 
separation of (n,«0 and (n,p) contributions. Their work 
is discussed in Appendix B. Didier et al. (Di63) and 
Facchini et al. (Fa62), using 14.0 Mev neutrons, report 
spectra in good agreement with that of Fig. 2.4. Dearnaley 
and Whitehead (De61a), Potenza et al.(Po63), and Anderson -

II o O  o p r

Lindstrom (An63) have investigated Si" (n,OC)Mg at neutron 
energies in the range 3*9 Mev.
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Most of the above workers have observed the
alpha groups in the high energy portions of their spectra
which correspond to the ground state and first excited
state Si (n,c<)Mg reactions, and also note evidence for 

28 28the Si^ (n,p)Al^ ground state and excited state reactions. 

Several experimenters, notably Potenza (P063),
iiAndersson - Lindstrom (An63) and Colli and his collaborators 

(C063, 62a:b:c) have recently measured extensive cross 
section excitation functions for the above reactions.
Their work is more relevant to the material of Chapter YI 
than to that of this chapter, and is detailed there.

Section 7* APPLICATION TO NEUTRON SPECTROSCOPE,

Since neutrons are emitted in competition with 
almost all charged particle reactions, their background 
effects in Silicon semiconductor detectors must generally 
be taken into account in the measurement of direct charged 
particle spectra with these devices. This is naturally 
particularly true for cases in which the direct charged 
particle counting rate is small compared with the total 
neutron flux through the detector volume, or where the 
detector sensitive volume is large compared with its exposed 
surface area. The work described in this chapter is useful
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i n  t h a t  i t  p r o v i d e s  i n f o r m a t i o n  on t h e  form and 

m a g n i tu d e  o f  t h e  n e u t r o n  in d u ce d  "background e f f e c t s .

I t  h a s  been  r e c e n t l y  n o t e d  t h a t  t h e  a p p a r e n t

l i a b i l i t y  o f  t h e  d e t e c t o r  n e u t r o n  i n t e r a c t i o n  can  be

t u r n e d  t o  a d v a n t a g e .  M arcazzan  e t  a l .  (Ma62) p o i n t s  ou t

t h a t  t h e  good r e s o l u t i o n  o f  s e m ic o n d u c to r  d e t e c t o r s  p r o v i d e s

a method f o r  m e a s u r in g  t h e  en e rg y  and l i n e  w i d t h  o f  mono-
28 25e n e r g e t i c  n e u t r o n s ,  v i a  t h e  S i  (n ,o<)Mg ? r e a c t i o n .

B i r k  e t  a l .  (B i6 3 )  s u g g e s t  t h e  c o n s t r u c t i o n  o f  a s e m i-
29c o n d u c t o r  d e t e c t o r  from s e p a r a t e d  S i  " ,  p o i n t i n g  o u t  t h a t  

t h e  S i  ~(n,oC)Mg sp e c t ru m  i s  more s u i t a b l e  f o r  t h i s  

p u r p o s e ,  due t o  t h e  l a r g e  s e p a r a t i o n  be tw een  g round  s t a t e  

and f i r s t  e x c i t e d  s t a t e  g r o u p s .

I t  i s  now w e l l  known t h a t  s o l i d  s t a t e  d e t e c t o r s  

can be t r a n s f o r m e d  i n t o  n e u t r o n  s p e c t r o m e t e r s  when u s e d  i n  

c o n j u n c t i o n  w i t h  c h a rg ed  p a r t i c l e  p r o d u c in g  c o n v e r s i o n  

r e a c t i o n s  ( s u c h  a s  L i^ ( n , o < ) T ,  H e ^ ( n ,p ) T ,  B"^(n ,oC  ) L i , 

and H ( n ,n ) H ) .  These  t e c h n i q u e s  have  been  d i s c u s s e d  by 

many e x p e r i m e n t e r s  (Ba59, Mu62, De62a, Sa62, F e 6 2 a , De62b) ,  

and i t  i s  o n ly  r e l e v a n t  t o  n o t e  h e r e  t h a t  aLl h ave  low 

e f f i c i e n c i e s  and s u f f e r  from c o m p e t i t i o n  w i t h  t h e  S i l i c o n  

b ack g ro u n d  r e a c t i o n s .
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S e v e r a l  w o r k e r s  have  r e p o r t e d  t h a t  s e m ic o n d u c to r  

d e t e c t o r s  exposed  t o  n e u t r o n  bombardment show s i g n s  o f  

r a d i a t i o n  damage f o r  i n t e g r a t e d  f l u x e s  i n  e x c e s s  o f  

10 Jn /cm  (K161, Ba61, Bo62di* P e r fo rm a n ce  d e t e r i o r a t i o n  

t a k e s  t h e  form o f  an i n c r e a s e  i n  r e v e r s e  c u r r e n t .  E n d res  

e t  a l .  (En62a)  h a s  m easu red  t h e  r e l a t i o n s h i p  be tw een  

r e v e r s e  c u r r e n t  and i n t e g r a t e d  n e u t r o n  f l u x ,  and p o i n t s  

ou t  t h a t  S i l i c o n  d e t e c t o r s  can  be u s e f u l l y  employed as  

r e a c t o r  f l u x  m e a s u r in g  d e v i c e s .
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APPENDIX A

SOLID STATE DETECTOR LINE SHAPES

T h i s  a p p e n d ix  p r e s e n t s  a  method f o r  c a l c u l a t i n g  

l i n e  s h a p e s  f o r  c h a rg ed  p a r t i c l e  g r o u p s  e m i t t e d  "by 

n e u t r o n  in d u c e d  r e a c t i o n s  i n  a S i l i c o n  s u r f a c e  b a r r i e r  

s e m ic o n d u c t o r  d e t e c t o r .  R e s u l t s  a r e  u se d  f o r  a p p l y i n g  

c o r r e c t i o n s  t o  S i  (n ,o O M g  ^ r e a c t i o n  c r o s s  s e c t i o n  

m e a su re m e n ts ,  d i s c u s s e d  i n  C h a p te r  I I ,  S e c t i o n  5.

Charged p a r t i c l e  r e a c t i o n  p r o d u c t s  r e l e a s e d  by 

n e u t r o n  i n t e r a c t i o n s  i n  a  S i l i c o n  d e t e c t o r  a r e  e m i t t e d  

i n  a l l  d i r e c t i o n s .  I t  i s  c l e a r  t h a t  i f  t h e i r  r a n g e s  i n  

S i l i c o n  a r e  o f  t h e  same m a g n i tu d e ,  o r  g r e a t e r  t h a n  t h e  

j u n c t i o n  t h i c k n e s s ,  a l a r g e  f r a c t i o n  w i l l  c r o s s  t h e  

j u n c t i o n  b o u n d a r i e s  and d e p o s i t  l e s s  t h a n  t h e i r  f u l l  

e n e rg y  i n  t h e  d e p l e t i o n  l a y e r .  The r e s u l t i n g  en e rg y  

s p e c t r u m  o f  a s i n g l e  a l p h a  p a r t i c l e  group  c o n s i s t s ,  t h e r e ­

f o r e ,  o f  a  s h a r p  peak  c o n t a i n i n g  f u l l  e nergy  c o u n t s ,  and 

a lo w e r  e n e rg y  t a i l  c o n t r i b u t e d  by p a r t i c l e s  d e p o s i t i n g  

o n ly  p a r t  o f  t h e i r  k i n e t i c  en e rg y  w i t h i n  t h e  j u n c t i o n .

I n  o r d e r  t o  r e d u c e  t h e  c a l c u l a t i o n  o f  such  t a i l s  t o  

m an a g ea b le  d i m e n s i o n s ,  s e v e r a l  s i m p l i f y i n g  a p p r o x i m a t i o n s

a r e  made
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A . l ,  THE APPROXIMATIONS.

a .  ) The s e n s i t i v e  r e g i o n  o f  t h e  d e t e c t o r  i s  t r e a t e d

a s  a t h i n  s l a h  o f  i n f i n i t e  a r e a ;  i  • e .  edge 

e f f e c t s  a r e  n e g l e c t e d .  S in c e  t h e  r a t i o  o f  

d e p l e t i o n  l a y e r  d e p th  t o  d i a m e t e r  i s  o f  o r d e r  

1 :1 0 0 ,  t h i s  i s  a  s a t i s f a c t o r y  a p p r o x i m a t i o n .

b .  ) The r e l a t i v e  l o s s  o f  t h e  heavy  r e a c t i o n  p r o d u c t s

( r e c o i l  n u c l e i )  a c r o s s  t h e  d e p l e t i o n  l a y e r  

b o u n d a r i e s  i s  n e g l e c t e d ,  due t o  t h e i r  e x t r e m e l y  

s h o r t  r a n g e  i n  S i l i c o n .

c .  ) D e p l e t i o n  l a y e r  b o u n d a r i e s  a r e  assumed w e l l  d e f i n e d .

T h i s  i s  an e x c e l l e n t  a p p r o x im a t io n  a t  t h e  s u r f a c e  

due t o  t h e  w e l l -know n  l a c k  o f  a p p r e c i a b l e  e n e rg y  

"window” . I t  i s  l e s s  s a t i s f a c t o r y  f o r  t h e  i n n e r  

b o u n d a ry ,  s i n c e  t h e  l i m i t s  o f  t h e  e f f e c t i v e  c h a r g e  

c o l l e c t i o n  r e g i o n  depend on l o c a l  e l e c t r i c  f i e l d  

s t r e n g t h s ,  and c a r r i e r  m o b i l i t i e s ,  and a r e  e x p e c te d  

t o  d i f f e r  c o n s i d e r a b l y  from p o i n t  t o  p o i n t .  The 

e f f e c t i v e  s e n s i t i v e  d e p th  u se d  i n  t h e  c a l c u l a t i o n  

must t h e r e f o r e  be t r e a t e d  a s  an a v e r a g e .

d .  ) The i n c i d e n t  n e u t r o n s  a r e  assumed no rm al  t o  t h e

d e t e c t o r  p l a n e  a t  a l l  p o i n t s  i n  t h e  s e n s i t i v e  

volume.  T h i s  i g n o r e s  t h e  e f f e c t  o f  f i n i t e  s o u r c e -
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detector solid angle.
e. ) Neutron flux is assumed constant throughout

the sensitive volumej i.e. no attenuation.

f. ) The time and space density of reaction "events”
is considered constant at all points in the 
detector. This is equivalent to P(B,x^,t) = const., 
where P is the probability of a reaction of tyxDe B 
occuring at point (x,y,z) and time t.

A.2. THE COMPUTER PROGRAM»

With the above simplifications, the calculation 
was reduced to a program executed by an I.B.M. 1620 
computer. The program was coded by the present writer 
and is described below. A flow diagram is given in Fig.
A.l.

Fig. A.2 represents an idealized surface barrier 
detector in cross section. Region A is just the depletion 
layer itself, and produces tail contributions corresponding 
to particles crossing either boundary. A second set of 
contributions is delivered by particles originating in 
region B and crossing into or traversing region A.

It will be seen that the axial symmetry of the



Fig* A.l Flow diagram of computer program for calculating
solid-state detector line shapes

Decisions points are represented by- 
diamonds, and all other operations by rectangles* 
Arrows indicate direction of flow. Subroutine 
is range-energy table look-up. Indices 
are number of spatial emission petitions and 
angles used in the calculation; ©^ is 180°, and 

is D + Rq (see Fig. A.2.). A and B refer to 
different detector regions, described in Fig. A.2* 
Et and E are energy release in junction for 
each event (x,©), and total energy of particle, 
respectively. The weights used in the analysis 
phase of each energy release calculation cycle
are described in the text
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Fig* A.2 Idealized surface barrier detector in cross- 
section

The double line facing the incident neutrons 
represents the Au surface layer, which is 
ignored in the calculation* Region A is just 
the depletion layer, and B is the region outside 
the depletion layer from which originating 
particles can reach A and deposit part of their 

energy in the junction. ^max is 'fche largest 
distance from the detector surface for which an 
event (x,0) can contribute energy to the junction, 
and is the sum of depletion layer depth D, and 
the range Rq of a particle emitted at 0 = 180°• 
Region boundaries are cross-hatched to emphasize 
their non-sharp nature; in the calculation 
these are treated as precise limits. Solid points 
near the middle of each region represent hypo­
thetical event (x,0) origins, and radiating arrows 
indicate possible emitted particle tracks. Only 

energy released in the solid-line track portions

is recorded by the detector
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detector about the neutron flux direction, reduces 

the possible particle energy loss in the junction to 

a function of the variables x and $ cm; x is the 

particle point of origin, and &  cm its centre-of-mass 

emission angle.

The program divides the total width of regions 

A + B into a large number of equally spaced intervals 

N of width A x ,  where A x  can be chosen arbitrarily 

small. Particle energy release in the junction is 

calculated at each x - position for a set of equally 

spaced emission angles (in the range 0° - 180°), These 

energies are sorted into a twenty-channel spectrum, each 

contribution supplying a weight proportional to W(0) sin «©> 

(where W(*0-) is the hypothetical angular distribution 

chosen for the particle group). If the number of simulated 

particle emissions n = N^.N^ is made very large, the 

resultant constructed spectrum fhrnishes the magnitude and 

general shape of the low energy tail associated with the 

particle group in question. It was generally necessary 

to compute several thousand events per group to obtain 

smooth shapes.
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A.3. ENERGY RELEASE IN THE DEPLETION LAYER.

The energy release for each simulated event 
(x, 9) was determined as follows. Range-energy data 
of Whaling (Wh5 8) for protons in aluminium (Ep = 100 kev - 
12.00 Mev) were' fitted "by a least squares program to

R = range, and E = initial energy. This expansion is
*used to generate a 120 place Al-p range-energy table , 

which is transformed into a Si-p table by a small 
correction. A second range-energy table for alphas in 
Si is constructed using the well known relationship between 
proton and alpha particle ranges in the same material (Wh58).

at the start of the calculation. Energy release for each 
event (x, ©) (expressed as a function of ranges and energies), 
is obtained by operating on the stored table via a lookup- 
and-interpolation subroutine of the main program.

A.4. PROGRAM PLOW.

energies and emission angles for the required set of 
9 c.m. via a standard kinematics transformation subroutine.

an expansion of the form where

The appropriate table is stored in computer memory

The program initially computes and stores lab.

*Generously supplied by G. Ohlsen of this laboratory.
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The r a n g e s  f o r  t h i s  s e t  o f  l a b .  e n e r g i e s  a r e  computed 

v i a  t h e  r a n g - e n e r g y  t a b l e  and s t o r e d .  D i s t a n c e  

( s e e  P i g .  A . 2 . )  i s  s e t  e q u a l  t o  t h e  p a r t i c l e  r a n g e  

c o r r e s p o n d i n g  t o  9 c .m .  = 180( , A f t e r  s e t t i n g  N r and 

N^, t h e  p rogram  e n t e r s  t h e  main e n e r g y - l o s s  c o m p u ta t io n  

c y c l e .  A s e r i e s  o f  d e c i s i o n s  and g e o m e t r i c  c o m p ar iso n s  

a t  t h e  b e g i n n i n g  o f  each  lo o p  e n a b l e  t h e  program t o  s e l e c t  

t h e  a p p r o p r i a t e  e n e r g y - r e l e a s e  c a l c u l a t i o n  f u n c t i o n  f o r  

each  e v e n t  ( x, 9 ) .  These  a r e  d e t a i l e d  i n  P i g .  A . 2.  The 

computed e n e rg y  r e l e a s e  f o r  each  l o o p  i s  a n a ly z e d  as  

d e s c r i b e d  i n  S e c t i o n  A . 2.  E v e n t s  c o r r e s p o n d i n g  t o  a f u l l  

e n e rg y  r e l e a s e  a r e  p l a c e d  i n  a s i n g l e  s e p a r a t e  c h a n n e l .

Upon c o m p le t io n  o f  t h e  s e t  N N t h e  20 c h a n n e l
X ft

e n e rg y  s p e c t ru m  i s  n o r m a l i z e d  t o  a f u l l - e n e r g y  c h a n n e l  

c o n t r i b u t i o n  o f  100, and p r i n t e d  o u t .

A . 5.  RESULTS.

L in e  s h a p e s  were c a l c u l a t e d  f o r  a l p h a  g ro u p s  

c o r r e s p o n d i n g  t o  t h e  ground  s t a t e  and 4 t h  e x c i t e d  s t a t e
p ok

r e a c t i o n s  o f  S i  (n,oC)Mg ^ (14 Mev n e u t r o n  e n e r g y ) .  The 

d e p l e t i o n  d e p t h  u se d  was t h a t  o f  t h e  d e t e c t o r  d e s c r i b e d  

i n  C h a p te r  I I .  R e s u l t s  a r e  a p p l i e d  and d i s c u s s e d  i n  

S e c t i o n  5, C h a p te r  I I ,  and a r e  shown i n  P i g .  2 . 5 .
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Line shapes were computed for a number of 
other interesting cases; four are shown in Fig. A.3 
The two lower shapes correspond to proton and alpha 
groups whose maximum range is close to 10 times the 
depletion depth. Both were calculated using an isotro­
pic angular distribution. The proton line shape corresponds 
to that expected for the ground state Si~^(n,p)Al^ group 
in a detector of the dimensions used in the work of 
Chapter II (120 microns) while the alpha line shape 
corresponds to that expected for the Si °(n,o<)Mg  ̂ground 
state group in a detector whose depletion depth is l/lO 
this value.

It is seen that the low energy total in each case 
accounts for approximately 95$ of the spectrum contri­
butions. These fractions are indicated by the summations 
over the 20 channel tail spectra, *> T .. The alpha group 
line shape possesses a low energy structure significantly 
different from that of the proton group, showing a distinct 
splitting in the broad peak. An inspection of the alpha 
shapes in Fig. 2,5 reveals that this would seem to be a 
characteristic feature of alpha group line shapes.

The upper two shapes of Fig. A.3 indicate the



Fig, A.3 Surface “barrier detector line shapes for some
interesting cases.

The emitted particle group and the 
responsible 14.03 Mer neutron reaction are 
given with each line shape, along with the 
detector depletion layer depth D. Remarks 
concerning channel, and channel contribution 
normalization are the same as in Fig, 2,7. 
For the upper two cases, the calculated 
lineshapes have been magnified by X10 with 
respect to the normalizing full-energy peak,
to show structural detail
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r e s u l t s  o f  l i n e  shap e  c a l c u l a t i o n s  f o r  c a s e s  a t  t h e  

o p p o s i t e  e x t r e m e .  These  r e p r e s e n t  a l p h a  l i n e  sh a p es  

c o r r e s p o n d i n g  t o  t h e  S i  (n,oC)Mg  ̂ g round  s t a t e  g ro u p ,  

i n  d e t e c t o r  d e p l e t i o n  d e p th s  3 and 6 t i m e s  t h e  t h i c k n e s s  

u sed  i n  t h e  e x p e r im e n t  o f  C h a p te r  I I .  A com par ison  

be tw een  t h e s e  s h a p e s  ( m a g n i f i e d  10 t i m e s )  and t h o s e  o f  

F i g .  2 . 5 ,  r e v e a l s  t h a t  t h e  r e l a t i v e  form v a r i e s  c o n s i d e r a b l y  

as  t h e  d e p l e t i o n  d e p t h  i s  i n c r e a s e d .  T h e " 5 1 f a c t o r s  

show t h a t  f o r  t h e s e  c a s e s ,  t h e  low en e rg y  t a i l s  a c c o u n t  

f o r  a s m a l l  b u t  a p p r e c i a b l e  f r a c t i o n  o f  t h e  sp e c t ru m  

c o n t r i b u t i o n .  I t  would seem c l e a r  t h a t  d e p l e t i o n  l a y e r  

t h i c k n e s s e s  o f  t h e  o r d e r  o f  500 m ic ro n s  a r e  r e q u i r e d ,  i n  

o r d e r  t o  r e d u c e  d e t e c t o r  w a l l  e f f e c t s  t o  a l e v e l  where  

t h e y  may be j u s t i f i a b l y  n e g l e c t e d  i n  t h e  e x t r a c t i o n  o f  

S i '" ° (n ,o<  )MgL '' r e a c t i o n c r o s s  s e c t i o n s
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BkQ&jte&d w is e u & i i x  tx a m ii& M

ätxjcm end Aitkea (4KÜI Imeeinweetigatcd the 
asd neutron induced reaetio&a using a triple 

Mtrai&ffitt tecimi%ue* this 1« discussed briefly, along 
with proposed issrewaaMiat#. their erperiaantal arraage- 
&wat eeaaieted tf tee Silicon J w l l i a  detector© »et 
face-to-face and separated by a thin 4S^d* gas filled 
proportional counter, ^iecrinia&ticn between alpha 
particles and proton« «a# secured by ahaa$la§ the coin­
cidence requirements on t&e three ietwtera and iapesiag 
appropriate bias conditions sa the single channel aaalyaera 
receiving their aapUfted output». Frotoaa (and deuteroaa) 
ocuXd be largely slinlnated by requiring coincidence 
between all detectors and by eettiag the d-x/i* output bias 
to reject pulse» corresponding to »mil energy loss in the 
4J/dx counter. Alpha partiel.es »«are aliaixuited and only 
light particle» detected, by requiring anti-coincidence 
between the X&/&X and the coupled »olid «tat# detector«.

la addition to achieving partial separation between 
alpha particle and proton spectra, this procedure succeeded 
in significantly reducing »all and end affects, rarticles 
not ga«gi*£ though all three detectors are act recorded.
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This eliminates partial energy contributions from 
particles originating in the depletion layer and 
crossing the inner boundary, or crossing the surface 
at a shallow angle# It is still possible, of course, 
for energetic particles to traverse the depletion layers 
of both detectors without being stopped, so that wall 
effects are not completely suppressed.

Dixon and Aitken (Di62) show separated Si^(n,©C)Mg^ 
2ft 28and Si^“(n,p)Al spectra. Both agree closely with peak

25 28positions calculated from the Mg  ̂and Al^ level schemes 
of Endt and van der Leim (En62lJ# Since the coincidence 
arrangements select particles emitted close to the direction 
of its axis of symmetry, it is seen that rotation of this 
axis with respect to the incident neutron direction should 
reveal any strong deviations from isotropy in the 
Si °(n,OC) and (n,p) angular distributions* Dixon and 
Aitken (Di62) have made some preliminary measurements and 
report evidence for such anisotropies at 13*9 Mev neutron 
energy*

In the following we propose a scheme which would 
provide a considerable improvement both on the experimental 
method of this chapter and the method described above.
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A fully depleted thick solid state dE/dx counter is 
used as the target, and records the full energy of most 
of the neutron induced charged particles. Those which 
escape from either side deposit their remaining energy 
in proportional counters whose windows are set parallel 
with and as close as possible to the faces of the 
dE/dx counter. Energy contributions to all three 
detectors are summed and analyzed. In order to reject 
pulses corresponding to particles produced by neutron 
reactions in the proportional counters the dE/dx detector 
pulses are used to gate the delayed proportional counter 
pulses. It is expected that such a scheme would essentially 
eliminate wall effects, and enable a more precise measure­
ment of the partial cross sections for neutron induced 
Silicon reactions. Angular distribution measurements could 
be made using the same apparatus in modified form. The 
dE/dx Silicon counter is used as target-detector as before, 
but a single proportional counter is set at a large distance 
I) from one face. A coincidence requirement between the 
dE/dx and proportional counter ensures that only particles 
emitted in the axial direction are counted. The angular 
definition of this arrangement clearly depends only on the 
ratio of detector face (or window) dimension to the
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separation D. Since the highly ionizing heavy recoil 
nuclei, such as Mg ' and Al’ , are stopped in the dE/dx 
detector, their energies are automatically added to the 
light particle energies. This means that spectral peak 
positions depend only on the various reaction Q-values, 
and are independent of laboratory angle, so that angular 
distributions taken with this arrangement are relieved 
from the usual kinematics problem of criss-crossing 
group positions.



CHAPTER III

THE REACTION Al27( v, e<)Mg24



50

CHAPTER III

Section 1. INTRODUCTION.

The following work comprises an investigation of 
the reaction Alc'(p,o<)Mg^r , using protons in the energy 
range 3-60 - 11.50 Mev. The work was performed with the 
A.N.U. Tandem Van de G-raaff accelerator and associated 
experimental facilities, and was carried out for the most 
part in collaboration with Dr. A. R. Quinton of this 
laboratory, between November, 1961 and January, 1963.

The chief motivation for this study was to obtain 
detailed information on the nature of the (p,<X) reaction 
mechanism in a medium weight nucleus at high compound 
system excitation.

The experimental equipment, which is described in 
section 2, was assembled and tested mainly by the present 
writer. Experimental procedures and results are given in 
section 3 and a general discussion in section 4. Some of 
the results have been analyzed in terms of recent developments 
in the theories of the nuclear statistical model (Er 60,
62, 63» Br 63); this material is presented in Chapter VI.

*Sloane Fellow on leave from Yale University.
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Section 2. THE EXPERIMENTAL APPARATUS.

The investigation of the reaction Al^(p, <X)Mg2  ̂
was conducted in several discrete stages, each involving 
somewhat different equipment and experimental method.
The procedures followed in each portion are outlined 
below in the appropriate sections. All work, however, 
was carried out within a basic experimental arrangement, 
which is described in the present section to avoid 
repetition.

2.1. The Scattering Chamber.
The scattering chamber used in this study consisted 

of a 9" (inside diam.) Aluminium cylinder and is shown in 
cross section in Fig. 3*1» with details of internal and 
external equipment. Main points are labelled in the 
accompanying figure caption.

The blank bottom lid was interchangeable with one 
containing a thermally insulated steel spindle, capped 
inside the chamber by an 8" diam. Cu plate, and connecting 
underneath with a Cu pipe immersed in liquid air. This 
provided adequate vapour trapping close to targets and 
detectors.

The chamber interior could be observed through a



Fig* 3*1 The 9-inch scattering chamber, in vertical section

Numbered details on main diagrams are :

1. Fixed detector assembly
2. Rotating detector assembly

3. Target strip

4. Foil holder

5. Foil changing plunger
6. Lock-nuts for holding fixed detector mount

7. Geared spindle for turning (8)
8. Toothed plate holding rotating detector mount

9. Beam collimating assembly
10. Pumping holes in collimator mount

11. HVEC insulating ring
12. Permanent magnet electron suppressor

13. Ta plate

14. Remote-operated retractable quartz plate

15. Target angular position indicator
16* Teflon spacer to set target 

position
strip vertical

Inset - Detector assembly detail
A. ORTEC surface barrier detector B. Clamping ring
C* Pumping vents D. Collimating

slit plates

E. Silicon wafer
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2n diam. thick, glass wall port (not shown) set at 45° 
to the beam direction and in the horizontal plane.
This was normally covered by a light-tight cap when 
detectors were in operation.

The chamber was supported by its 2" diam. entrance 
and exit tubes, which were mounted in adjustable HVEC 
beam line clamps (not shown). It was accurately aligned 
on the previously established target-line geometric axis, 
with the use of optical targets set in the entrance and 
exit ports.

—6An internal pressure of ^ 1 0  mm Hg was maintained 
by a single 6” liquid air trapped Hg diffusion pump located 
approximately four feet from the entrance port.

2.2. The Proton Beam, Beam Collection, Beam Collimation.
Analyzed target currents of up to 2 jj A of protons, 

in the energy range 3*5 Mev - 11.5 Mev, were supplied by 
the A.N.U. Tandem Van de Graaff accelerator. For most of 
the work the 90° analyzing magnet slits were set to provide 
a beam energy resolution of 5 - 10 kev. However, in one 
segment (section 3»4) considerably greater precision was 
required. The beam position and focus could be examined 
via retractable quartz plates (observed by remote T.V.)
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which was set upstream from the chamber entrance port 
and at the geometric center of the chamber. It was 
originally hoped that the target-line beam transport 
system, consisting of switching magnet tracking slits 
and magnetic quadruple lenses, would provide a tightly 
focussed and consistently well-centered beam at the target 
position; this would have permitted the elimination of beam 
collimation, and afforded relief from the usual accompanying 
high level of scattered beam. Experiment indicated, however, 
that these conditions could not be reliably guaranteed, so 
that use of spot-size-and-position-defining beam collimators 
was mandatory.

The collimating assembly could be easily removed 
from inside the scattering chamber and consisted of .020” Ta 
discs mounted on threaded brass rods at the intervals shown 
(see Fig. 3.1). Discs containing several hole diameters 
were tried; the particular arrangement used throughout the 
present work was two l/l6" defining holes, followed by two 
l/8M anti-scatter holes. This provided a satisfactory 
compromise between the requirements of maximum beam trans­
mission, minimum beam "wander" across the target face and 
minimum collimator edge scattering.

The beam was buried in a Faraday cup, as shown, which
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was separated from the earthed scattering chamber casing 
by HVEC insulating rings. Current and total collected 
charge were measured by an Elcor A309A current integrator, 
which gated all pulse analyzing and recording equipment 
used in this work. Secondary electrons were prevented 
from escaping from the Earaday cup by a permanent ring 
magnet placed around the cup entrance. Experiment showed 
that the addition of an electrostatic field supplied by a 
300 V dry battery produced no observable difference in 
measured current, so that this form of electron suppression 
was generally not employed.

2.3» Detector Assembly Mounts.
The detector assemblies employed in the scattering 

chamber consisted of surface barrier detectors inserted 
into brass collimating tubes, and are described in section 
2.4. They were suspended on brass rods from a structure 
attached to the center boss of the top lid. During the 
early stages of the experiment, provision was made for only 
two assembly mounts. One was connected to the central shaft 
itself and could be fixed at any angle by lock nuts. The 
second was attached to a toothed plate bolted to a ball race 
rotating about the central shaft. The plate could be rotated 
from outside the chamber by a spindle bearing a small toothed
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driving wheel. The gear ratio was chosen such that a 
single rotation of the driving spindle was equivalent to 
turning the detector mount through 22.5V'. A plate fixed 
to the drive wheel handle was calibrated in 0.5° units and 
operated a revs, counter (not shown). Backlash in the 
gear drive was <̂w 0.1°, and it was considered possible to 
set the detector assembly relative angular position with 
0.2° precision. The top lid was frequently removed to 
permit adjustments to detectors and other equipment; to 
ensure a high reset accuracy, dowel pins were used to 
position it on the scattering chamber rim.

2.4. Detector Assemblies.
Silicon surface barrier charged particle detectors

were used throughout the experiment and were of two types
2(a) 300-0. - cm resistivity, 25 mm sensitive area, and
2(b) 3»000il-cm resistivity, 16 mm sensitive area. Both 

types were run with the front Au plated surface earthed 
while positive bias was applied to, and the signal taken 
from,the rear contact.

The detectors were inserted into individual colli­
mating assemblies (Detail in Fig. 3*1) which consisted of

^Supplied by Oak Ridge Technical Enterprises Corporation.
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a tapered ’’snout" containing a -J-" diameter central hole.
This restricted the solid angle observed by the detector 
without collimating the detector area. (See section 2.8).
Two vertical slots were cut in the snouts, into which 
.020" thick Ta collimating slits could be inserted. Slit 
width ranged from l/64" to l/8". The forward slit was I4-" 
from the detector surface and served to define the angular 
resolution. It was generally backed up by a wider aperture 
in the rear position (̂ -" from detector surface), which 
served as an anti-scatter slit. Between this and the 
detector itself were a ring of vents which permitted a high 
pumping speed at the detector surface, to reduce the threat 
of vapor contamination damage.

When clamped in their assembly mounts the rotating 
and fixed detectors were 7.00 cm and 6.35 cm from the 
chamber centerline respectively and subtended, when 
uncollimated, an angle of ^  5°.

2.5. Target Strip and Foil Holder.
Targets were mounted on a steel strip containing 

provision for four Cu or A1 frames (f" square). This was 
rigidly attached to a steel rod which passed through a 
teflon bushing in the center of the top lid. The target
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strip could be rotated to any angle and set with an 
estimated accuracy of 0.5° by an indicator reading on a 
scale inscribed on the top lid. The top target frame 
position was normally occupied by a quartz disc and cross 
wires to facilitate checks on beam focus and position.
The lower target positions were set by placing teflon 
spacers of appropriate lengths between target strip 
handle and teflon bushing.

The rotatable detector mount contained a foil holder 
which could be manipulated from outside the scattering 
chamber by a grappling arrangement (see Pig. 3«l)* The 
holder provided space for two foils, which could be placed 
immediately in front of the detector assembly.

2.6. Targets.
The Aluminium targets used in this experiment were 

of two types: (a) self-supporting A1 films, and (b) A1 films 
vacuum deposited on thin Carbon self-supporting foils. The 
Carbon foils were prepared by the now standard technique, 
involving the carbon-arc vacuum deposition of a thin carbon 
layer on detergent-coated glass slides - the films being 
later floated off in lukewarm water and picked up on suitable 
frames. Foils prepared in this fashion suffer from conta­
mination due to HpO and detergent molecules picked up during
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fabrication* Proton induced reactions with the 
contamination elements, however, did not interfere 
with observation of the alpha particles from Al2 1?(p,o( )Mg^, 
so that no attempt was made to reduce the impurity level*

Self-supporting A1 foils, ranging in thickness 
2 2from 10 g/cm to 70 fJg/cm'" were manufactured in a

similar manner, the carbon arc being replaced by A1 metal 
evaporated from an electrically heated Ta boat. The foils 
suffer from the same sources of contamination.

A second drawback to both the self-supporting and 
Carbon supported A1 foils was a variation in effective 
thickness over the foil area; this was thought to be due 
to departures from isotropy in A1 emission from the Ta 
boat, and to the development of wrinkles in the foils during 
the drying process.

All foils were mounted on Cu or A1 frames containing 
a central hole of i" diameter.

2.7. Electronics.
The electronic equipment used in this work consisted 

mainly of two ORTEC model 101 charge-sensitive low-noise 
preamplifiers feeding two ORTEC model 201 linear amplifiers
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( h i g h  g a i n  s t a b i l i z a t i o n ) .  The l a t t e r  c o n t a i n  a 

b i a s s e d  p o s t  a m p l i f i c a t i o n  s e c t i o n  which p e r m i t s  

s e l e c t e d  p o r t i o n s  o f  a  g i v e n  sp e c t ru m  t o  be expanded 

and examined i n  d e t a i l ,  The s p e c t r a l  r e s o l u t i o n  b r o a d e n in g  

c o n t r i b u t e d  by t h e s e  sy s te m s  was e s t i m a t e d  t o  be ^  20 k ev .  

P e r fo rm a n ce  c h a r a c t e r i s t i c s  o f  t h i s  t y p e  o f  equ ipm ent  a r e  

w e l l  known and w i l l  n o t  be f u r t h e r  c o n s i d e r e d ,  e x c e p t  

where d i r e c t l y  r e l e v a n t  t o  p a r t i c u l a r  p o i n t s  o f  p r o c e d u r e .

The d e t e c t o r  s i g n a l s  were t a k e n  from t h e  r e a r  

c o n t a c t s  t h r o u g h  i n s u l a t e d ,  b u t  n o t  s h i e l d e d ,  c a b l e s  

( t o  r e d u c e  s t r a y  c a p a c i t a n c e  a t  p r e a m p l i f i e r  i n p u t )  t o  

BNC vacuum f e e d - t h r o u g h s  ( n o t  shown i n  P i g .  3*1) i n  t h e  

t o p  l i d  o f  t h e  s c a t t e r i n g  chamber .  Pour  such  o u t p u t s  were 

p r o v i d e d .  P o s i t i v e  r e v e r s e  b i a s  o f  up t o  200V was d e l i v e r e d  

t o  t h e  d e t e c t o r s  f rom f i l t e r e d  D.C. s u p p l i e s  b u i l t  i n t o  t h e  

ORTEC a m p l i f i e r s .  D e t e c t o r s  were n o r m a l ly  o p e r a t e d  a t  

b i a s e s  o f  20 -  40 V. H ig h ly  s t a b l e  H g - r e l a y  p u l s e r s ,

( a l s o  b u i l t  i n t o  t h e  a m p l i f i e r  u n i t s ) ,  p r o v i d e d  a p a r t i a l  

check  on t h e  l i n e a r i t y  o f  t h e  sy s te m s  and an en e rg y  

c a l i b r a t i o n .

B o th  RIDL (400  c h a n n e l s )  and RCL (512 c h a n n e l s )  

m u l t i c h a n n e l  p u l s e - h e i g h t - a n a l y z e r s  were u sed  i n  t h e  c o u r s e  

o f  t h i s  work.
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2.8. Beam Scattering and Wall Liners.
Experiment showed that the flux of protons at 

forward angles, arising from collimator slit edge 
scattering was considerably greater than the flux of 
target reaction products. In order to obtain spectra at 
forward angles reasonably free from pulse pileup effects, 
it was therefore essential to restrict the detector 
observable solid angle with the brass "snouts" (section 2.4), 
so that it viewed only the target strip and the section of 
chamber wall directly opposite. Measurements taken with 
the target strip retracted and detector "snout" in place 
revealed a smaller, but significant proton flux arriving 
at the detector from the opposite wall. This was attributed 
to second scattering in the chamber wall of protons first 
scattered by collimator edges, and its intensity was 
decreased by a factor of two when chamber walls and exit 
tube were lined with l/8" polythene sheet.

Section 3. EXPERIMENTAL RESULTS.

Using section 2 as background, the separate stages 
of the Al^(p,oOMg“4 study are described below. With the 
exception of section 3*1» the experimental results are 
presented without comment. A general discussion of all
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results is given in Section 4.
Q Jt

3.1. Energy Levels of ,
During the initial investigation of the

p  7 0 4 .A1 (p,oc)Mg reaction it became clear that it was
24possible to establish the positions of a number of Mg 

energy levels with precision. This section describes the 
measurements and results.

3.1(a) Detector Resolution and Response.
Alpha particles were observed by a single 300-0. - cm 

detector, whose pulses were amplified by an ORTEC 101-201 
system and analyzed by a 400-channel RIDL P.H.A. The 
detector was biassed so that its depletion layer thickness 
was roughly equal to the Si range of 2 Mev protons. This 
was determined both by the range-bias-energy relationship 
given by Blankenship (B1 60), and measurement of the proton 
"edge” or cutoff energy in a typical calibrated spectrum. 
Alpha particles of energy greater than 2 Mev could thus be 
cleanly separated from protons. An inspection of Q-values 
for other possible target reactions showed that no other 
type of heavily ionizing particle could be present in the 
observed spectra.

Fig. 3*2 illustrates the detector + electronics 
system resolution for alpha particles from a ThC* - ThCM



Fig. 3*2 Low energy portion of a spectrum obtained from
a THC'-TAC” alpha particle source

Alpha group energies are given at the top 
of the figure. It is seen that the 6*067-6.086 
Mev doublet is resolved.
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source. The upper part of the spectrum containing the 
8,78 Mev line is not shown.. For the accumulation of the 
spectrum the source was placed at the normal target 
position and the detector was uncollimated. A comparison 
with the absolute magnetic analysis results, reviewed by 
Briggs (Br 54), for this source shows that the detection 
system possesses a 0*5fo FWHM resolution (30 kev) for 6.0 Mev 
alpha particles.

3.1(b) Target Thickness Measurement.
The target consisted of an A1 film on a Carbon 

backing. The A1 film thickness was determined by subtracting 
the Carbon foil thickness from a measurement of total target 
thickness. The Carbon foil thickness was fixed by measuring 
its energy degradation of 6 Mev. protons; this was indicated 
by the observed shift in energy of protons elastically 
scattered from the A1 film when the target was rotated 180° 
(so that protons were required to traverse the Carbon foil 
before striking the A1 layer). The value obtained was 
40 fjg - 5 pg.

Total target thickness was measured by interposing 
the target between a ThC* - ThCH alpha source and the 
detector, and determining the average transmission energy 
loss of the 8.78 Mev. alpha group. By taking advantage of
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the high resolution and stability of the detection 
system and using the biassed post amplifier to expand 
the scale, it was possible to observe shifts in the 
group peak energy position of as little as 1 kev. This 
was less than 5$ of the total energy shift. The A1 film 
thickness obtained by subtraction of the Carbon foil 
thickness from the above measurement was 90 pg, The 
overall uncertainty in this value is estimated at 10$.

3.1(c) Energy Calibration.
The beam protons incident on the target were first 

subjected to magnetic analysis with their energy established 
to 10 kev by a slit system. Their energy was calculated 
from the relation E(l + E/2Mc^) = K/Mf^, where Mc^ = 930*235 
Mev. is the proton rest mass energy, f is the proton 
magnetic resonance frequency in megahertz and K the constant 
of the Tandem 90° analyzing magnet. A value of K/M of 
0.019900 established from (p,n) threshold measurements was 
used. The beam was collimated and focussed on to the target 
as described (section 2.2).

To determine an energy calibration curve for the 
detection system advantage was taken of a previous study by 
Van Patter, et al. (Va 57) of the A1 (p,o<)Mg ' reaction. 
These magnetic analysis measurements have established both
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ground state and first excited state Q-values to an 
accuracy of 0.5$. With this information and the well- 
known kinematics expressions (relating Q-values, reaction 
masses, and energies) the laboratory energies of the ground 
state and first excited state alpha groups can be precisely 
calculated for any choice of incident proton energy and 
observation angle. To generate the required energy-versus- 
pulse-height scale the proton energy was varied from 4.0 
to 11.0 Mev in 0.5 Mev steps with the detector fixed at 90° 
with respect to the beam. This calibration was checked at 
a single energy with the ThC* - ThC" alpha particle source.
The measured value agreed with the accepted value of 6.047 
Mev. to within 20 kev. This error was treated as systematic 
and a correction to the calibration curve was applied 
accordingly.

3.1(d) Absolute Angle Determination and Alignment.
The method of setting the detector angle of observation 

(section 2.3) was such that although changes in angle were 
accurately known (to 0.2°), the absolute angle was not well 
established. To determine an absolute angular scale, pulse 
heights of the ground state alpha group were observed at 
nominally 135° to a beam of 4 Mev protons on both sides of 
zero angle. A further observation at 130° allowed the rate 
of change of pulse height with angle to be determined; these
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t h r e e  o b s e r v a t i o n s  s e r v e d  t o  e s t a b l i s h  t h e  a b s o l u t e  

s e t t i n g  f o r  z e r o  d e g r e e s .  A p a r t i a l  check  on t h e  

c o r r e c t n e s s  o f  t h i s  s e t t i n g  was made by t h e  measurement  

o f  a R u t h e r f o r d  e l a s t i c  s c a t t e r i n g  a n g u l a r  d i s t r i b u t i o n  

o f  4 Mev. p r o t o n s  f rom an Au t a r g e t .  The r e s u l t s  gave  

c l o s e  a g re em e n t  w i t h  t h e  z e r o  a n g u l a r  s e t t i n g  o b t a i n e d  

by t h e  above d i f f e r e n c e  m ethod .

C o n s i d e r a b l e  c a r e  was t a k e n  t o  e n s u r e  t h a t  t h e  

beam i n t e r c e p t e d  t h e  t a r g e t  t h r o u g h  t h e  a x i s  o f  r o t a t i o n  

o f  t h e  d e t e c t o r  and t h a t  t h e  beam was i n  t h e  r o t a t i o n a l  

p l a n e  o f  t h e  d e t e c t o r .  T h is  was a c h i e v e d  by ( a )  an o p t i c a l  

a l i g n m e n t  o f  t h e  d e t e c t o r  a s se m b ly ,  ( s e t  a t  0° and 180° 

c o n s e c u t i v e l y ) - t a r g e t  c e n t e r ,  and beam c o l l i m a t o r ,  on t h e  

p r e v i o u s l y  e s t a b l i s h e d  beam l i n e  a x i s ;  ( b )  s e t s  o f  c r o s s  

h a i r s  s e t  a t  o p p o s i t e  ends o f  t h e  d e t e c t o r  a s sem b ly  so 

t h a t  t h e  " s n o u t "  c o u ld  be a l i g n e d  t h r o u g h  t h e  t a r g e t  c e n t e r  

a t  any  d e t e c t o r  a n g l e .  The l a t t e r  check  was p e r fo rm e d  w i t h  

t h e  s c a t t e r i n g  chamber t o p  l i d  demounted .

3 . 1 ( e ) .  The A l ^ ( p , o O M g ^  S p e c t r a .

With  t h e  a c c e l e r a t o r  en e rg y  s e t  a t  1 1 .0 0  Mev.,  

o b s e r v a t i o n s  were  made a t  45° ,  90° and 13 5 ° .  The r e s u l t i n g  

p u l s e  h e i g h t  s p e c t r a  a r e  d i s p l a y e d  i n  R ig .  3«3* S e p a r a t e



Fig. 3 3 27 24*AI (p,a)Mg spectra measured with E = lloOOOP
Mev, at laboratory angles of 45°> 90°, and 135°

Groups are labelled with the numbers of
24corresponding levels populated in Mg e Details

are given in text
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spectra were also obtained with a carbon foil of 
approximately the same thickness as that used for backing 
the A1 target. To improve the reliability of the data, 
similar observations were made with different detectors 
and multi-channel analyzers.

In the 45° spectrum the low energy proton cutoff 
is clearly visible. This set an effective lower limit to 
the observation of alpha particle groups. Since the 
detector bias was set at only 5V for this measurement, the
alpha groups corresponding to the ground state and first

24- o3 excited states of Mg are lumped together. In the 90'
and 135° spectra all groups are well resolved but the
ground state and first excited state groups are off-scale.

When analyzed to determine the Q-values of the
P7 piAl" (p, o^)Mg alpha groups, it was found that the data 

from different angles for a particular group agreed in all 
cases to better than 40 kev. Since the detector bias was 
set for measuring alpha particle laboratory energies in 
the range 3 Mev. to 8 Mev., some groups did not show at 
all angles, and their Q-values are correspondingly less 
reliable. Fig. 3.4 shows the low energy level structure 
of Mg~^ and gives the experimental values obtained in the 
present work for the levels corresponding to alpha groups



Fig. 3.4 level scheme showing measured energies

for levels observed in the spectra of Fig. 3«3.
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2 to 12* Group 12 is represented as a dashed line since 
it was observed only at 45°. One other group (Pig. 3.3) 
appears only at 45° and is identified as the ground state 
group for the reaction 0^6(p,c*)N"° (Q = -5.218 Mev).
A peak appears at the same energy when a Carbon target 
is bombarded with 11 Mev. protons. However, the intensity 
is much weaker. This presumably implies that although some 
oxygen contaminant is picked up in the carbon foil prepar­
ation, a far greater proportion must be attributed to the 
formation of the Al^O^ oxide on the A1 film surface. It 
is noted that the general background level of alpha-particles 
from the carbon foil is very low, and coupled with the high 
negative Q-values for the reactions C ~(p,o()B^ and 
C13(p,oC)B10, this makes the thin Carbon foils ideal backings 
for this class of experiment.

An overall check on the precision and accuracy of 
the experimental method used here is provided by the value 
obtained for the group corresponding to the 2nd excited state. 
We measured an excitation energy of 4.122 Mev., in excellent 
agreement with the value given in the review by Endt &
Braams (En 57). Por the levels corresponding to alpha groups 
2 to 10 we have assigned a probable error in the excitation 
energies of - 25 kev. The sources of this error are indicated 
in Table 3*1*
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TABLE 3.1.

Source Probable 
Error (kev).

Ground State Q-value 5
Alpha Energies 
(location of peaks 
and calibration)

20

Beam Proton Energy 
Resolution

10

Detector Angle 
Uncertainty

10

N on-r elativistic 
Kinematics

3

3.1(f). Discussion.
Using a magnetic spectrograph and the reaction

Na~"(He^, d)Mg^, Hinds and Middleton (Hi60b) have recently
24determined the energies of the low lying levels of Mg , 

They observed levels at excitations of 4.122, 4.232, 5.224, 
6.005, 7.350, 7.561, 7.620, 7.746, 7.808, 8.120, 8.357 and 
8.439 Mev. These results are in good agreement with the 
values obtained in the present work. However, our level 
at 6.43 Mev. is not observed and they report two levels at 
7.620 and 7*746 Mev., which are not seen in our spectra.
The level at 6.43 Mev. was subsequently observed by Hinds
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et al. (Hi 61) with the reaction C '"(O' ~, c<)Mg' ' ,

3.2. Coarse Excitation Function and Angular 
Distribution Survey.

For abbreviation, the following material employs 
the notation c* , CX0, etc. when referring to the
ground state, 1st excited state, 2nd excited state etc.

P '7 palpha particle groups from the reaction Al"(p,<X)Mg  ̂
and to the corresponding reactions themselves.

The excitation functions for the groups«^ -
inclusive, were measured in 100 kev. steps over the incident
proton energy (E hereafter) range 6.00 - 11.00 Mev.P
Angular distributions were obtained for most of these groups
at E = 6.0, 7*0, 8.0, 9.0, 10.0 and 11,0 Mev.P

A single 300H. - cm detector mounted in the rotatable 
assembly and uncollimated was used in this work. Electronics 
were identical with those employed in the previous section. 
Since the excitation function step size was large it was 
convenient to minimize data collection time by using a 
relatively thick Al target (Carbon backed). This was 
^  50 kev. thick for 8.78 Mev. alpha particles.

Typical spectra obtained at two different observation 
angles and proton energies are shown in Fig. 3»5. It is



9 7  9  A
F i g ,  3«5 AI (p ,a )Mg s p e c t r a  o b t a i n e d  w i t h  C + A1

t a r g e t  employed i n  m e a s u r i n g  c o a r s e  e x c i t a t i o n

f u n c t i o n s
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seen that the finite target thickness makes groups

oC and oC . practically unresolvable; these were treated

as a single group in the data reduction. Groups o C , o s ,,

o< ,,, cx .., oc . , cx j_ from the A1 '' (p,o(.)Mg reaction are

clearly identified in the spectra. The strong group near

ch.170 in the 135° spectrum is identified as due to

0- (p,oc)n-l-. Lower energy groups are almost certainly due 
27 24to the A1 '(p,c<)Mg  ̂reaction, hut are not individually 

identified.

Also shown in Fig. 3»5 are spectra obtained with

a Carbon foil taken from the same batch as the A1 target 
-| £

backing. The 0 contamination group is weakly evident in 

these spectra. A weak group at higher energy in the 135° 

Carbon spectrum is not identified.

In reducing the data, the channels under each peak 

were simply summed. In general the spectrum contribution 

between peaks was very nearly zero and was ignored. At 

the most forward observation angles the high count rate, 

due to elastically scattered protons, produced a pulse pileup 

"background" under the lowest energy alpha particle groups 

and simple triangular subtraction corrections were made in 

these cases. The sharply rising proton cutoff is evident 

in both spectra of Fig. 3*5 and it is clear that the largest 

fraction of protons is contributed by the Carbon backing.
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Target thickness was established by the method 
of section 3*l(b). No monitor was used in this work so 
that the relative accuracy of the yield measurements 
depends on the magnitude of target thickness variation 
within the area mapped by the beam "wander”, and on the 
current integration precision. Experiment showed that the 
yield variations obtained at a fixed beam energy were of
the order of 5 Gas target measurements made by another

*group using the same current integrator indicated that 
current collection precision was ^  1$. Hence the major 
source of relative yield uncertainty is thought to be due 
to target non-uniformity,

Spectra of the above type were obtained at 100 kev 
intervals over the range 6.00 - 11.00 Mev., at a lab
angle of 90°. The extracted excitation functions for groups 
o<Q — oCg are shown in Fig. 3*6. Statistical errors for 
the individual points are comparable with the plotted point 
size, so that the curve representing the experimental yield 
has been merely drawn through the points. Measurements were 
repeated at several points, giving agreement (within 
statistics) with original values. The yield of groups 
ofp and OC^ is presented as a single excitation function.

*Private communication by G. G. Ohlsen of this laboratory.
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Angular distributions were measured in steps of 
22.5"’ for groups o< , oC , , cx0, ex. and cx^ at the 
proton energies given above and results are indicated 
in Pig. 3*7» Groups cXg» v  andoc. were not observable 
at the two lowest energies, 6.0 and 7*0 Mev., so that the 
corresponding angular distributions were not obtained.
The absolute laboratory angle scale established in section 
3.1(d) was employed in these measurements and the data 
have been corrected for kinematical effects. Forward angle 
and backward angle data were taken with the target orienta­
tion differing by 90°. With the detector at 90° data was 
obtained for both target orientations. The differences 
were generally within the 5$ uncertainty discussed above.

The absolute differential cross section scales for 
Pigs. 3.6 and 3.7 are thought to be accurate to approximately 
20̂ , the largest part of the uncertainty being due to the 
target thickness measurement. The relative accuracy from 
point to point, of the differential cross sections is 
probably of the order of 5

3,3. Detailed Study, Excitation Function and Angular
Distributions.
27 24To examine the A1 '(p,<* )Mg ' ' reaction more closely 

detailed differential excitation functions (25 kev steps)



2 7  2 4
Fig* 3*7 AI (pjCx)Mg a n g u la r  d i s t r i b u t i o n  su rv ey ,

E = 6*0 -  1 1 .0  Mev.
P

Some d i s t r i b u t i o n s  have been m u l t i p l i e d  by 

l / 2 ,  as i n d i c a t e d ,  f o r  conven ience  of  r e p r e s e n t ­

a t i o n  .
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were measured for groups oC -<x at 90J and 135°) over 
the range •= 6,0 - 10,0 Ivlev., and sets of angular 
distributions were obtained at points of particular interest.

For this work, a 300J\- cm detector was set in the
rotating mount, and a 3*000.0.- cm detector in the fixed
mount. Pulses from each were fed to identical amplification
systems, whose outputs were joined and analyzed by a single
pulse-height-analyzer (See Fig, 3*8)* The wide spacing of 

24the Mg energy levels and the high detection system 
resolution made it feasible and convenient to superimpose 
th*90° and 135° spectra and record both simultaneously.
A typical overlaid spectrum is shown in Fig. 3*8. Pulse 
outputs were taken from the biassed post-amplifiers, so 
that relative energy shifts between the 90° and 135° spectra 
could be compensated by adjustment of bias levels.

In order to permit resolution of alpha groups 0 
and o< ., a relatively thin self-supporting A1 target was 
used (^20 kev for 8.78 Mev alpha particles). Arguments 
concerning target thickness, absolute cross section scales, 
and relative yield accuracy proceed as in section 3»2,
Since groups oC9 andoC. were not completely separated, it 
is expected that the required unfolding process leads to 
somewhat larger relative yield uncertainties for these 

groups than for others,



Fig, 3*8 Electronics block diagram showing coupled
27 24amplifiers, and typical A1 (p,a)Mg overlaid 

spectra obtained with this arrangement.

The ORTEC 201 amplifiers are represented 
in 3 sections, to emphasize the use of the 
biassed post-amplication units. Spectrum peaks 
are labelled with corresponding alpha group 
number and observation angle.
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The 25 kev excitation functions for groups 
oC are presented in Figs. 3*9, 3.10, 3.11, 3.12

and 3*13* All yields were measured with the A1 target 
set at 135° and with uncollimated detectors. Remarks 
about statistical errors apply as in section 3*2,

The o< and cX excitation functions were measured o 1
over the entire range E_ = 6.0 - 10.0 Mev. The groups

 ̂andcX-, were not well resolved below E = 7.5 Mev, so 2 3 P
that their excitation functions were not measured below 
this energy. Groups c< and ocr were not significantly 
more intense than background below 8.2 Mev and 9*2 Mev 
respectively.

Three sets of closely spaced (12.5 kev separation 
in E^) angular distributions were measured for alpha groups 
c< and o(. at median proton energies of 3*650 and 6.000 
Mev, and for alpha groups oC Q, CX 1 , <X p ^, and c* at a 
median energy of 8.725 Mev. Data were obtained at 15° 
intervals over the angular range 15° to 165° (except at 
extreme forward angles for some groups, where intense 
elastic proton flux produced an obscuring pulse pileup). 
Remarks concerning target orientation rotation apply as in 
section 3*2. Relative yields for each distribution were 
monitored by a detector fixed at 90°, and corrections were



Fig. 3.9 Al^(p,a)Mg^ dcf/dil, (90°, 135°) excitation
functions for alpha particles populating the 

24Mg ' ground state. = 6.0 - 10«0 Mev*
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3.10 Al2^(p,a)Mg2  ̂der/dfL (90°, 135°) Excitation functions
24for alpha particles populating the Mg first

excited state. E =P 6.0 - 10.0 Mev
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Fig. 3.11 Al27(p,a)Mg^4 der/d£L (90°, 135°) excitation

functions for alpha particles populating the

Mg‘ second excited state. E 7.5 - 10.0 Mev
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Fig. 3*12 Al2^(p,a)Mg2^ d<r/dXl. (90°, 135°) excitation
functions for alpha particles populating the 

24Mg third excited state. E =
P

7.5 - 10.0 Mev
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Fig. 3*13 Al2  ̂(p ,ct)Mg2  ̂dcf/djflL, (90°, 135°) excitation 

function for alpha particles populating the 

Mg2  ̂fourth excited state (E = 8.2 - 10.0 Mev) 

and the Mg fifth excited state (Ep = 9.2 - 10.0 

Mev).



d
a

/d
 A

 (
m

b
/s

te
ra

d
.)

A|27(p,ot)Mg24 EXCITATION FUNCTIONS

41h EXCITED STATE 5 th EXCITED STATE

0 ..J -9 O *

INCIDENT PROTON ENERGY (Mev)



75

applied accordingly; it is therefore believed that the 
relative yield uncertainty for the angular distribution 
data is considerably less than the 5$ uncertainty in the 
excitation function data.

The angular distributions are given in Pigs. 3 «14 
and 3*15* Lines have been drawn smoothly through the 
experimental points. The plots have been shifted relative 
to each other by 2.0 or 4.0 mb, as indicated, with incident 
proton energy increasing with curve number. Proton energies 
corresponding to the curve numbers are given in the appro­
priate figure captions.

3.4. Fine Structure Excitation Functions.
Short selected portions of the cx and o< , 

differential excitation functions at 90° were examined with 
the maximum precision attainable with the Tandem van de 
Graaff accelerator. A very thin ( 0.3 kev thick for
6.0 Mev protons) self-supporting A1 target was used for this 
work. The 90° analyzing magnet object and image slits were 
closed down to a few thousandths-of-an-inch separation, and 
the field strength manually stabilized during measurements 
by holding the proton NMR trace-minimum at a fixed point 
on the display screen. It is estimated that these procedures 
provided a beam energy resolution of ^  1 kev.



Fig. 3*14 Angular distributions for Al^(p,a)Mg2^
ground state, and first excited state
reactions near E = 3*65 Mev and 6.00 Mev.

P

The distributions have been shifted 
vertically with respect to each other by 
4 mb. for clarity of presentation; the 
first excited state distributions are each 
multiplied by the factor l/4, as indicated. 
The numbers labelling the distributions refer 
to the proton energies at which they were 
measured. These were as follows :

Ep (Mev) for 3*65 Mev W(©)
1. 3.6250
2. 3.6375
3. 3.6500

4. 3.6625

Ep (Mev) for 6.00 Mev W(©)
1. 5.9750
2. 5.9875
3o 6.0000

4o 6.0125
5 3.6750 5 6.0250
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Fig. 3*15 Angular distributions for Al2^(p,a)Mg2  ̂

ground state, first, second + third, and 
4th excited state reactions near

E = 8*725 Mev.P

The distributions have been shifted 
vertically with respect to each other by 
2.0 mb; first and second + third excited 
state distributions are multiplied by l/2, 
as indicated. The numbers labelling the 
W(ö) refer to the proton energies at which 
they were measured. These were as follows :

E (Mev) for 8.725 Mev W(ö)P
1. 8.7000
2. 8.7125
3. 8.7250
4. 8.7375
5 8.7500
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Two excitation function segments (of 100 key 
width) near E; = 6.00 Mev were measured in 2 kev steps.
A region of similar width near = 3»65 Mev was also 
measured. Results are indicated in Figs. 3*16 and 3*17*
The smooth curves drawn through the yield points have made 
provision for statistical uncertainties. Several points 
were remeasured after re-cycling the analyzing magnet and 
agreed with initial values within statistical uncertainty#

3.5» Detail Study and Total Gross Sections
" o »0 and 8»34 Mev.

A representative region of excitation, corresponding 
to the proton energy range 8#00 - 8.34 Mev, was studied in 
considerable detail with a view to (a) obtaining a topo- 
graphical map of the A.1 ' (p,oc)Mg reaction as a function 
of alpha particle group, angle and proton energy, and (b) 
extracting total cross section excitation functions for 
groups o* - OC ̂ over this range of E._ .

The data was obtained in the form of 18 angular 
distributions taken at proton energy intervals of 20 kev.
To reduce the data taking time, an array of four detectors 
was used#

Three extra detector mounts and assemblies of the 
type described in section 2.4, were fixed to the geared



Fig. 5*16 Fine structure in Al2^(p,a)Mg^ dof/d/X (90°)
excitation functions for ground state and first
excited state reactions. E = 3*59 - 3*72 Mev.P
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Fig, 3*17 Fine structure in Al2^(p,a)Mg2^ dcj/di^L (90°)

excitation functions for ground state and first 

excited state reactions. = 5*90 - 6,00 Mev

and 6,10 - 6,20 Mev
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rotating plate. A cross section through the scattering 
chamber, Fig. 3.18, shows the schematic arrangement. The 
detectors were positioned such that they swept out the 
angular ranges 15° - 50°, 55° - 90°, 90° - 125° and 
130° - 165° simultaneously. Each segment contained 8 
angular positions (5° spacing), so that in 8 settings of 
the rotating assembly a 32 point angular distribution was 
obtained (90° being observed by both detectors A and C, as 
a partial check on internal consistency). The detectors 
used in this work were two 30CL&-cm type (A and B), and 
two 3»000A-cm type (C and D). The target was the same 
as that used for work of section 3*3; it was oriented at 
45° throughout the run. Detector solid angles were 
normalized to that of detector A by rotating all detectors 
sequentially to a fixed angle (90°) and measuring the 
summed yield for alpha groups Q - oC,, for Al2^(p,o< )Mg2  ̂
at a fixed proton energy and constant accumulated charge.

Pulses from detectors A and B were fed to separate 
0RTEC 101 - 201 systems and RIDL 400 channel analyzers.
(See Fig. 3*19). Detector 0 fed a Tennelec 101A low noise 
preamplifier (powered by a Franklin A-8 amplifier), and 
received bias from a filtered dry battery supply. Detector 
D received bias from a similar supply and fed an A.N.U.-made 
low noise preamplifier* (powered as the Tennelec preamplifier

* See Chapter II.



Fig* 3*18 Schematic arrangement of detector array in 
9-inch scattering chamber.

Numbered details are i

1* Scattering chamber wall
2. Toothed plate, from which detector array 

is suspended
3* Typical detector assembly (identical with 

inset of Fig. 3«l)
4. Target strip
5. Beam collimating assembly.

Cross-hatched sections indicate the angular scan 
of each detector; max. and min. observation

angles are also shown
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above), C and D preamplifiers fed A - 8 double-delay- 
line-clipping linear amplifiers and separate RCL 512 
channel analyzers. Overall energy resolution for all 
systems was ^1$. This proved adequate to satisfy the 
condition that the cx . group doublet be well resolved.

Fig, 3*20 illustrates representative spectra obtained 
by each detector, taken at the mean angular setting of the 
detector array. It is seen that in all cases, the 4.122 Mev 
doublet is well resolved, and that the background between 
alpha groups is generally insignificant, The group o< . is 
observable in each spectrum. However, at forward and back­
ward angles it is superimposed on a sharply rising proton 
cutoff "background", which introduces a large uncertainty 
into the corresponding yield estimate. No attempt was made, 
therefore, to extract the yield for this group from the 
original data.

The arguments concerning absolute cross section scales,
and relative yield accuracy proceed as in section 3*2. No
monitor was used. The measured yields for alpha groups
0< -C< were punched on cards and corrected by a computer

■£
program , for detector solid angle differences, pulse-height- 
analyzer dead time, and laboratory-to-center-of-mass-system

* Coded for the A.N.U. 1620 computer by the present writer.



27 24Fig. 3*20 Typical AI (p,cc)Mg spectra obtained by each 
array detector at a representative array 
setting.

As before, peak numbers refer to alpha
24groups populating the corresponding Mg levels. 

The proton cutoff "edge11 is seen at the left of 
all spectra.
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kinematics transformation, The converted and normalized 
yields are plotted in Figs. 3*21, 3*22, 3*23 and 3*24 
as functions of proton energy and center-of-mass angle.
For clarity, data points are not shown. The solid lines 
representing them have taken statistical uncertainties 
into account.

The converted sets of angular distribution for
Mrgroups oc, - o<. were fitted by a computer program to an 

expansion of the form ^r-A^?T(cos G), via the method of 
Rose (Ro53)* From these fits were extracted total cross 
section excitation functions, and excitation functions for 
the first four Legendre polynomical coefficients. The 
results are given in section 4.8.

Section 4* DISCUSSION OF RESULTS.

4.1. Literature Survey.

Several groups have studied the reaction 
27 24A1 (p,o()Mg in recent years. Much of the work has been 

performed with cyclotrons, using proton energy resolutions 
of ̂  50 kev. Fischer et al. (Fi58) have measured angular 
distributions for groups c* and c* > at 10.87 and 10.97 Mev 
(E^), and excitation functions for these groups from 
Er = 9.6 - 10.0 Mev. Yamashita, Ogata and their collaborators

*A.N.U. Library Program



Fig. 3.21 Angular distributions from = 8.00 to 8.34
27 24Mev for the A1 (p,a)Mg ground state reaction.
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P i g .  3*22 A ngu la r  d i s t r i b u t i o n s  f rom E = 8 . 0 0  to  8 . 3 4
P

27 24Mev f o r  t h e  A1 (pjOc)Mg f i r s t  e x c i t e d  s t a t e

r e a c t i o n
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Fig. 3.23 Angular distributions from = 8.00 to 8.34 
27 24*Mev for the A1 (p,a)Mg second excited state

reaction
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Pig. 3.24 Angular distributions from = 8.0 to 8.34 
27 24Mev for the A1 (p,a)Mg third excited state

reaction
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(Ya6l, 0g60) have measured angular distributions and 
excitation functions for oC. ando^ in the range 
E. = 10.0 - 14.5 Mev. Both sets of excitation functions 
show strong energy dependence. Attempts are made by both 
groups to fit some of the angular distributions with 
simple interaction mechanisms.

Before 1962 extensive precision work had been
reported only by Shoemaker et al.(Sh 51), who measured the

and oC, excitation functions at 164°, in the range
= 0.6 - 4.0 Mev. More recently Warsh et al. (Wa 63)

have measured the 90"' cx and differential excitationo 1
functions from E^ = 3*0 - 12.0 Mev, in 50 kev steps with
Tandem energy resolution (*<10 kev). They also report
angular distributions taken at energies in the range
10.0 - 12.0 Mev for o< and c* , .o 1

The following sections discuss the data presented 
in Section 3 in a general way. A quantitative analysis, 
based on recent developments in statistical model theory is 
given in Chapter VI.

4.2. Coarse Excitation Functions and Angular Distribution
Survey♦

The 100 kev step size excitation functions of
Eig. 3*6 all show strong energy dependence. The relative
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magnitude of the fluctuations or deviations from average
yield appears greatest in the oCQ ando<^ excitation

24functions. Spins of the corresponding Mg levels are 
"both 0. For groups oc , cx 1 i and9< . _b̂le fluctuations 
appear to he damped at higher energy; this is not the case 
for groups c< ̂ , and CX The sharp increase in yields
of the c* £ -j, cx , , cx p. and cX ̂ groups at E = 6.3, 7*6,
8.3 and 9*2 Mev, respectively is presumably due to Coulomb 
barrier effects. Since all excitation functions show sharp 
changes from point-to-point, it is clear that 100 kev is 
too large a step size to reveal the detailed structure.

A glance at the angular distribution survey of 
Fig. 3»7 indicates that there is little connection between 
contiguous distributions for any alpha group. Some show 
strong forward peaking; others are backward peaked; and a 
number show near symmetry about 90°. Although none approach 
isotropy many contain large isotropic components. The main 
conclusion to be drawn from this survey is that the angular 
distribution of all alpha groups is sharply energy dependent 
(at least over 1 Mev intervals).

4,3. Detailed Excitation Functions at 90° and 133°«

The 25 kev step-size excitation functions of 
Figs. 3.9 - 3.13 all show considerably more detailed structure
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than those measured in 100 kev steps. The overall 
agreement of the 90' c< and cx data with the work 
of Warsh et al. (Wa 63) is good. Prominent and broad 
maxima correspond closely; however, since their energy 
increment size is twice the value used in the present work, 
considerably less detailed structure is shown.

The apparent energy dependence of the yields for 
all alpha groups is very sharp and extremely complicated 
consisting of a set of broad maxima upon which narrower 
"resonances" are superimposed. Widths of the broad maxima 
are of order 100 - 200 kev. There are many one-point, 
narrow maxima and minima, indicating the probable existence 
of large yield changes within energy intervals less than 
25 kev. A simple count of the number of minima per Mev of 
excitation gives a figure of 12 - 2 independent of energy 
and alpha group. This implies an average width between yield 
minima of 85 - 15 kev, which must be treated as an upper
limit due to the minima missed by taking too large a step size.

Comparisons between excitation functions for 
different groups (same angle) and between functions for
different angles (same group) reveal little obvious correlation
in yield variation. It is clear from Pigs. 3*9 and 3*10 that
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t h e  r e l a t i v e  a m p l i t u d e  o f  y i e l d  f l u c t u a t i o n s  f rom t h e  

a v e r a g e  i s  c o n s i d e r a b l y  g r e a t e r  f o r  t h e  <x e x c i t a t i o n  

f u n c t i o n  t h a n  f o r  t h e  ot1 f u n c t i o n .  However, s i m i l a r  

c o m p a r i s o n s  f o r  h i g h e r  g r o u p s  a r e  n o t  obvious*  A q u a n t i ­

t a t i v e  e x a m in a t io n  o f  t h e  above a s p e c t s  i s  p r e s e n t e d  i n  

C h a p te r  VI,  and f u r t h e r  d i s c u s s i o n  i s  n o t  g iv e n  h e r e .

To d e t e r m i n e  t h e  g e n e r a l  t r e n d  o f  t h e  e x c i t a t i o n  

f u n c t i o n s ,  t h e  y i e l d s  were  a v e r a g e d  o v e r  0 .5  Mev i n t e r v a l s .  

R e s u l t s  f o r  a l l  g r o u p s  a r e  i n d i c a t e d  i n  P i g .  3*25« T h i s  

p l o t  r e v e a l s  t h a t  t h e  a v e r a g e  g roup  90u y i e l d  i s  

^ 2 0 $  -  30$ l e s s  t h a n  t h e  1 3 5 '  y i e l d  be tween  6 . 0  and 8 .5  Mev 

(E...) ,  and t h a t  a t  h i g h e r  en e rg y  t h e  two a r e  i n  c l o s e  a g re e m e n t .  

S i m i l a r  b e h a v i o u r  i s  n o t e d  f o r  t h e  crt group  a v e r a g e d  y i e l d s .  

P o r  g ro u p s  o i  cx . ändert  ̂ t h e  a v e ra g e d  90° d a t a  i s

g e n e r a l l y  20$ -  30$ l e s s  t h a n  t h e  a v e r a g e d  135° d a t a .  The 

l a c k  o f  co m p arab le  i n f o r m a t i o n  a t  a fo rw a rd  a n g le  n a t u r a l l y  

p l a c e s  s e v e r e  r e s t r i c t i o n s  on t h e  i n t e r p r e t a t i o n  o f  t h e s e  

r e s u l t s .  I n  g e n e r a l  however ,  t h e y  o f f e r  l i t t l e  e v id e n c e  

f o r  any o v e r a l l  s t r o n g  backward o r  fo rw a rd  p e a k i n g .

4 . 4 , Clo se i? / - s p a c e d  A n g u la r  D i s t r i b u t i o n  S e t s .

The s e t s  o f  c l o s e l y - s p a c e d  a n g u l a r  d i s t r i b u t i o n s  

o f  P i g s .  3 .1 4  and 3 .1 5  were  m easu red  a t  e n e r g i e s  c o r r e s p o n d i n g  

t o  p ro m in e n t  maxima i n  t h e  90v' cx e x c i t a t i o n  f u n c t i o n ,  i n



Fig. 3*25 Al2^(p,a)Mg2  ̂dcf/dfi (90°, 135°) excitation 
functions averaged over 500 kev intervals.

The average value of d<y/df\ (90°, 135°) 
is plotted at the midpoint of each averaging 
interval; straight line segments have been 
drawn simply as connecting links. The 90° 
averages are plotted as open circles, and the 
135° averages as closed circles. For convenience 
of presentation, some of the averaged excitation 
functions have been multiplied by scale factors,
as shown
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order to obtain information on the nature of the yield 
variations.

An inspection of the curves obtained near 
E^ = 8*725 Mev indicates considerable shape variation 
even between energetically contiguous angular distributions, 
and very marked differences between distributions separated 
by 40 - 50 kev in proton energy. While the relative shape 
is strongly energy dependent, certain features of the 
distributions appear to vary less rapidly. The oc set, 
for example, show persistent strong forward peaking and a 
maximum near 90° which moves forward as E^ is increased, 
while the set show persistent backward peaking and a
forward-moving maximum near 60°, The CX . set show general 
backward peaking*

The character of the angular distribution set taken 
near E =6,0 Mev is similar. Relative shapes vary signi­
ficantly over 12.5 kev energy intervals, but prominent 
features remain* The o(Q set shows a persistent peak 
between 95° and 120°, and a sharp fall-off at backward 
angles. The , set displays strong forward peaking coupled 
with a fall-off at backward angles.

The set of angular distributions at E = 3.65 Mevir
were measured to establish a connection with the work of
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Shoemaker et al. (Sh5l), at similar energy, who report
evidence for closely spaced single level resonances,
showing interference effects in the Alf ; (pr If )Si2'' and
A l " ) M g " ‘ differential excitation functions. The
relative shapes of the angular distributions at E = 3.65 MevI?
appear to vary less rapidly with energy than those taken at 
higher proton energies. The presence of large odd order 
components in some of them, indicated "by the strong asymmettry 
about 90°, lends support to the hypothesis that the reaction 
Al (p,o<)Mg'r proceeds through a compound nucleus mechanism 
in this region of excitation, involving interference between 
neighbouring levels.

4.5. Eine Structure Excitation Function.

The 2 kev step-size excitation functions of 
Pigs. 3*16 and 3.17 were measured to determine the minimum 
excitation energy increment for which strong yield variations

r\ ry q  a

in Al”1(p,o<)Mg^ occur. The regions investigated (3*65 Mev 
and 6.00 Mev) were chosen to coincide with points of previous 
interest. In particular the 3»65 Mev region was known from 
the work of Shoemaker et al. (Sh 51) to contain narrow 
resonances (^Skev EWHM) and was expected to provide a check 
on the experimental energy precision and a measure of the 
significance of small yield variations at higher energy (6.00 Mev)
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An examination of the 3*85 Mev data (Fig. 3.16) reveals 
a broad peak ( ̂ 50 kev FWHM) in the oC yield and 3 narrow 
peaks in the o< yield at E = 3*601, 3*630 and 3*665 Mev,-L P
having FWHM widths of 5, 7 and 8 Mev respectively. This 
data is in good agreement with that of Shoemaker et al. (Sh5l). 
If these peaks are assumed to correspond to single levels 
in the compound nucleus Si then a crude upper limit to 
the average level spacing at this excitation (15*23 Mev in

poSi ) of *v̂ 30 kev can be assigned. At the much higher 
excitations corresponding to proton energies between 6,00 
and 10.00 Mev, it is expected that the average compound nucleus 
level spacing is considerably reduced.

The 3*65 Mev data establishes the fact that apparent 
yield variations as narrow as 5 kev can be considered to be 
"real”. The 2 kev step-size excitation functions near 
6,00 Mev (Pig. 3*17) show that while major yield fluctuations 
are spaced at 40 - 60 kev intervals, significant variations 
can occur in intervals of 10-15 kev width. It is possible 
that small variations occur at even narrower intervals, but 
no evidence for this can be observed within the statistical 
uncertainty of the yield points.

4.6. Angular Distributions from E = 8,0 - 8,34 Mev.— — — —— —— —— ———— — p
The 8,0 - 8,34 Mev topographical "maps" of the
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reactions Al'~' (p, oOlvlg"̂  given in Figs. 3*21 - 3*24 
were measured in order to provide detailed information 
on the variation of angular distributions over a large 
range of excitation energy and on the variation with angle 
of the differential excitation functions over this range.

An inspection of the plots for all alpha groups 
indicates that, in general, neighbouring distributions 
(20 kev separation) show significant differences, and that 
distributions separated by 40 - 60 kev have little in 
common. This is particularly so for o< n and o< , plots, 
although less true for the C( plot, in which a 90° minimum 
characterizes several distributions near E = 8.24 Mev.

Jr

The relative deviation from isotropy appears 
considerably larger for the <X distributions than for the 
c* , , and to a lesser extent, for the o( ? and distri­
butions. Although differential excitation functions are not 
explicitly plotted, it is clear from the isometric maps for 
all alpha groups, that their detailed shape is a strong 
function of angle. Quantitative analysis of the above points 
is given in Chapter VI«
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4.7. Averaged Angular Distributions 8.00 - 8,34 Mev.
In order to determine the overall angular distri­

bution of groups and o<. in the energy range
= 8,0 - 8,34 Mev, the above sets of distributions were 

averaged, and the results are indicated in Pig. 3.26.
The (X and o(j averages both show minima at 90'‘, while the 
cx 9 and o ( , averages are forward peaked. The irregularity 
of the latter indicates that the averageing interval may not 
be sufficiently wide to remove local energy dependence. This 
could also account for the deviation from forward-backward 
symmetry, which is noted in all the averaged distributions.

4.8. Partial Cross Sections.
Partial (integrated) cross sections were extracted 

from the above angular distribution sets and the corres­
ponding excitation functions for groups <X - °<^ are given 
in Pig. 3.27. The plotted quantities are just 4TT x A. 
(coefficient of the zeroth order Legendre Polynomial) and 
have been checked by simple numerical integration (via Simpson*s 
Rule) of the distributions. It is seen that general agree­
ment between the two procedures is good.

It is clear that the integrated cross sections for 
all alpha groups show strong energy dependence similar to 
that of the differential excitation functions. The average



Fig. 27 24*3.26 AI (p,a)Mg~ angular distributions averaged

over the proton energy range 8.00 - 8.34 Mev.
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27 24F i g ,  3*27 AI (p,<x)Mg‘' i n t e g r a t e d  c r o s s  s e c t i o n  e x c i t a t i o n  

f u n c t i o n s ,  = 8 .0 0  -  8 . 3 4  Mev, f o r  t h e  g ro u n d  

s t a t e ,  f i r s t ,  s e c o n d ,  and t h i r d  e x c i t e d  s t a t e  

r e a c t i o n s .

Heavy c i r c u l a r  p o i n t s  r e p r e s e n t  v a l u e s  

o b t a i n e d  f rom  L e g e n d r e - P o ly n o m i a l  e x p a n s i o n  f i t s  

t o  t h e  r e l e v a n t  W(©) and c r o s s e s  i n d i c a t e  v a l u e s  

o b t a i n e d  by s im p le  n u m e r i c a l  i n t e g r a t i o n  o f  t h e

v ( e ) .
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interval between minima is 60 - 70 kev, which is slightly 
less than the figure obtained from the differential 
excitation functions. The integrated cross sections for 
different alpha groups appear uncorrelated in yield variation 
with energy, and the relative amplitudes of yield variation 
appear similar for äll groups. These points are treated 
quantitatively in Chapter VI.

Excitation functions for the first five Legendre 
Polynomial coefficients (obtained from the least squares 
fit of section 3*5) for alpha groups oc and oC. are plotted 
in Pig. 3*28. The residual and statistical errors are small 
for Aq> A., and A l? ( <  5$) but for A^ and A, can be as large 
as 30$. It is seen that all the coefficients A^ fluctuate 
in a manner similar to the differential excitation functions 
and integrated cross section excitation functions. Again, a 
quantitative analysis is given in Chapter VI.

4.9* Conclusions.
28Within the region of excitation in Si covered in 

the present study (17.6 Mev to 21.6 Mev) it seems likely that 
the compound nucleus (if formed) can be described by the 
relation P *>> D, where P and D are the average level width 
and spacing, respectively. Section 4*5 provides strong 
evidence for an average level spacing of less than 30 kev at 
15.2 Mev excitation in Si28; since the level density is a



Fig, 3*28 Excitation functions of the Legendre-Polynomial 
Coefficients Aq - obtained from least squares 
fits to the Al27(p,a)Mg24 W(e) of Figs. 3.21-3.24.

The coefficient excitation functions are 
plotted horizontally as a function of alpha group 
number and vertically as a function of Polynomial 
order, A few plots have been multiplied by scale 
factors, as indicated, for convenience of
representation
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rapidly increasing function of excitation, it is expected
pothat the average level spacing at the Si energies of 

17.6 to 21.6 Mev is considerably smaller - probably of 
order 1 kev. Excitation function yield variations reported 
in the previous sections show widths of 15 - 70 kev. It 
seems highly improbable, therefore, that the strong energy 
dependence can be attributed to single compound nucleus 
levels or even to interference between two or three levels. 
Rather, it would appear that many levels are excited at any 
given energy in Si"e (even for infinitely narrow experimental 
resolution) and contribute to the reaction yield.

As noted earlier, (section 4.1) a number of attempts 
have been made to analyze the Al1-' (p, oC)Mg reaction in 
terms of direct interaction mechanisms, such as triton pickup 
and heavy particle stripping. Reasonable fits can be obtained 
for isolated angular distributions, but cannot account for 
contiguous distributions separated by as little as 20 kev 
excitation energy. Moreover, direct interaction mechanisms 
cannot explain the very strong energy dependence exhibited 
in the present study by excitation functions and closely 
spaced angular distributions. It is suggested that forward 
or backward peaking of angular distributions (frequently 
taken as indicative of direct interaction) can be satisfactorily



91

accounted for "by interference between several compound 
nucleus levels.

It is presumed that some fraction of the 
A1 (p,oC)Mg reaction cross section proceeds via direct 
or semi-direct processes. However, the results of the 
previous sections offer little support for supposing the 
fraction to be large. Direct effects would be expected to 
be revealed in particular by departures from, backward-forward 
symmetry in the averaged angular distributions of section 4.7- 
While these certainly appear, it is difficult to see what 
sort of direct process could satisfactorily account for a 
backward peaked <X average distribution, and forward peaked 
04 _ , p andoĈ  average distributions.

27 74In general, it would appear that the A1 '' (p,0  ̂)Mg
reaction in the region E = 6.0 - 10.0 Mev proceeds dominantly3?
by a compound nucleus mechanism. Chapter VI gives a quanti­
tative analysis of the present results, which is based on ' 
this conclusion.

The results of Section 3,1 of this Chapter, on the 
energy level of Mg2 ,̂ have been published (Qu62). A paper 
containing the results of sections 3»2 - 3*5 is presently 
in preparation.



CHAPTER IV

THE REACTION C12(016, <*jMg24
EXPERIMENTAL PROCEDURES
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CHAPTER IV

Section 1 . INTRODUCTION.

The material of this chapter consists chiefly
of a description of the experimental apparatus and

12 16 24"procedures used in a study of the reaction 0^(0 , o()Mg , 
which was carried out with the A.N.U. Tandem Van de 
Graaff accelerator and associated facilities during the 
period September, 1962 - September, 1963- The 
experimental work was divided chronologically into three
parts: (a) a brief examination of the reaction at high
160 bombarding energy (32 Mev), conducted as a corollary

to Chalk River studies (Br60) at similar energies in the
0-LU-C“2 system; (b) a differential-cross-section survey

16of the reaction from 15.0 Mev to 29*5 Mev, 0 energy;
16and (c) a detailed study of the reaction in the 0 energy 

range 15.0 - 22.5 Mev. The preliminary work (a) was 
performed with the equipment described in Chapter III. 
Since this was unsuited to heavy ion studies, the work (b) 
and (c) was postponed until the completion of improved 
equipment (4 months interim).

The basic apparatus common to (b) and (c) is 
described in section 2. Equipment and procedures concerning
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(b) only are described in section 3, along with results. 
Equipment and procedure germane to (c) are discussed in 
section 4; the handling and analysis (semi-automated) 
methods applied to the very large body of data obtained 
in this detailed study constitute topics in their own 
right, and are treated in Chapter V. The high energy 
work (a) is considered an extension of (c), and relevant 
experimental details are included at the end of section 4.

Section 2. BASIC APPARATUS AND PROCEDURE.

2»1. The 20" Scattering Chamber.
A vertical section through the scattering chamber* 

used in the C12(0X°, o<)Mg2  ̂reaction survey and detailed 
study is shown in Pig. 4.1. The chamber body was a 
20" diam., Aluminium cylinder; wall thickness was 1^".
Top and bottom lids (also Aluminium) were rotatable with 
the chamber evacuated, low-friction bearing surfaces being 
provided by Teflon runners, and the drive being supplied 
via sprocket-and-chain from a worm-reduction gearbox (not 
shown). The top lid was demountable to permit easy access

*The scattering chamber was designed by Dr. G.G. Ohlsen 
of this laboratory, and assembled and tested by 
Dr. G. G. Ohlsen in collaboration with the writer and 
Mr. P. G. Young.



Fig* 4*1 Vertical section through 20” scattering chamber.

Numbered points are :

1. Beam collimating assembly 

2* Target strip

3. Top lid detector (monitor) assembly.

Vertical section.

4* Electron suppressor. Biassed permanent magnet. 

5* Ta backed Faraday cup

6. Rotating seal molded 0-ring, 20.5” diam.

7. Teflon bearing runners

8. Sprocket

9. Friction clamp for fixing center-boss

10. Target angular indicator

11. Centre-boss flange

12. Detector radial track

13. Typical array detector (section 4.2) in

vertical section

14. Detector array mounting plate.
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to the chamber interior; due to its weight (401b) an 
overhead hoist and grappling cables were employed for 
this procedure. Lid edges were held parallel with the 
chamber rim by Teflon bearing blocks fixed to the outer 
wall (not shown); these were loosened to permit easy 
lid remounting. To prevent the center-boss (containing 
target holder and insulating sheath) from rotating with 
the lid, its flange was rigidly clamped to the chamber 
wall via a steel bar holding a friction block.

Scattering chamber support was provided by an 
adjustable heavy steel mounting bracket bolted to the 
beam-line trestle. Alignment procedures were identical 
with those used for the 9" chamber of Chapter III. Perspex 
viewing ports (covered with A1 caps when detectors were 
in operation) were set at 30° intervals around one side of 
the chamber.

2.2. Target Holder.

The target holder was similar in construction to 
that of Chapter III, section 2.5. It was insulated from 
the chamber top lid by a 1" diam., Teflon sheath and held 
a vernier indicator reading on an angular scale inscribed 
on the top lid surface. The target holder could be set at
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any a n g le ,  w i t h  -  1° a c c u r a c y ,  and i t s  a l ig n m e n t  

w i th  t h e  o p t i c a l  c h a m b e r - c e n t e r l i n e  was checked  ( u s i n g  

c r o s s - h a i r s  on th e  t o p  t a r g e t  fram e  p o s i t i o n )  a t  s e v e r a l  

l i d  p o s i t i o n s .

2 .3*  T a r g e t s .

T a r g e t s  u se d  i n  t h i s  work were t h i n  s e l f - s u p p o r t i n g

Carbon f o i l s ,  s i m i l a r  t o  t h o s e  u se d  a s  b a c k in g s  i n  s e c t i o n

2 .6 ,  C h a p te r  I I I .  T a r g e t  t h i c k n e s s e s  w ere  10-25 f>g, t h e

m easu rem en ts  b e in g  made by t h e  o < - p a r t i c l e  e n e rg y -

d e g r a d a t i o n  m ethod d i s c u s s e d  i n  s e c t i o n  3 .1 ( b )  o f  C h a p te r
16I I I .  D uring  lo n g  c o n t in u o u s  bombardment w i th  0 beams 

o f  o r d e r  I p A  t h e  Carbon f o i l s  w ere g e n e r a l l y  removed and 

r e p l a c e d  by f r e s h  t a r g e t s  a t  15-20  h o u r  i n t e r v a l s ,  f o r  t h e  

f o l lo w in g  r e a s o n s :

( a )  The Carbon b u i ld u p  r a t e  due t o  t h e  c r a c k in g  o f  

r e s i d u a l  o r g a n ic  v a p o u r  on t h e  t a r g e t  f a c e  was 

v e ry  r a p i d  ( a s  much a s  4$ t h i c k n e s s  i n c r e a s e / h o u r ) ,  

so t h a t  i n  15-20  h o u r s  t h e  i n i t i a l  t a r g e t  t h i c k n e s s  

co u ld  be i n c r e a s e d  by >  50$, and t h e  0 beam 

e n e r g y - r e s o l u t i o n  a p p r e c i a b l y  b ro a d e n e d ;  s i n c e  t h e  

e n e rg y  s p r e a d  due t o  t h e  i n i t i a l  t a r g e t  t h i c k n e s s  

was o f  o r d e r  100 k e v ,  f u r t h e r  l a r g e  i n c r e a s e s  were
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undesirable. Although the Carbon buildup rate 
could have been reduced by a target shield held 
at liquid air temperature, this would have proved 
inconvenient for the target-detector geometry 
employed in much of the following work and it was 
simpler to account for Carbon buildup and 
differences in target thickness at change-points 
by the monitoring procedure described in section 
4.7.

(b) After 15-20 hours of bombardment targets were
always badly battered and frequently completely
destroyed. This appeared to be partly a result of
thermally-induced stresses (caused presumably by 

16large 0 beam energy losses in the foil, coupled 
with poor thermal conductivity) which produced 
rips and tears in the vicinity of the beam impact 
area.

The Carbon foils behaved effectively as electron 
strippers when traversed by the beam ions, and gave 
rise to the emission of intense fluxes of low energy 
electrons. This was first noted as an apparent x5 increase 
in the mean noise level (measured visually by cathode-ray- 
oscilloscope) of the observing surface-barrier detectors
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16when the 0 beam was passed through the target; the 
electron flux intensity appeared roughly independent 
of angle. It was found that a bias of +900v applied to 
the target strip was sufficient to provide nearly 
complete suppression.

The remarks on target thickness variation apply 
here as in Chapter III, section 2.6. The problem is 
more severe, in fact, due to the considerable wrinkling 
caused by the intense beam heating. This was of no 
account, in the detailed study of section 4, which relied 
on continuous monitoring of the effective foil thickness.

As in Chapter III, the targets contained a small 
but appreciable level of impurities, presumably introduced 
by the manufacturing procedure. The principal impurities 
were Hydrogen and Oxygen, but heavier elements were also 
present (sections 3*5 and 4.7).

2.4. The 0 ^  Beams.
T p 1 C p AThe C (0 , ®<)Mg 4 work was continuously hampered

16by difficulties encountered in accelerating the 0 ions. 
These are not detailed here. Beams of ions stripped at 
the Tandem terminal to both 4+ and 5+ charge states were 
used. The 4+ beam intensity* was greater than that of the

*See bottom of following page
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5+ w i t h i n  t h e  t e r m i n a l  v o l t a g e  r a n g e ,  so t h a t  4 + beams 

were p r e f e r e n t i a l l y  employed up t o  an 0 en e rg y  o f  

23 Mev; t h e  l i m i t  was imposed by s e v e r e  a c c e l e r a t o r  

i n s t a b i l i t y  due t o  h i g h  t e r m i n a l  p o t e n t i a l  ( 4 . 6  Mv)

a n d / o r  e x c e s s i v e  t o t a l  ( b e l t )  c h a r g i n g  c u r r e n t  ( 3 5 0 p A ) .
16 +0 * e n e r g i e s  h i g h e r  t h a n  23 Mev were  a c h i e v e d  w i t h  t h e  5

beam, t h e  e f f e c t i v e  l i m i t  b e i n g  a p p r o x i m a t e l y  30 Mev.

The maximum a v a i l a b l e  a n a l y z e d  beam i n t e n s i t y  ( t r a v e r s i n g

t h e  t a r g e t )  v a r i e d  s h a r p l y  from one r u n  t o  t h e  n e x t ,  and

even d u r i n g  t h e  c o u r s e  o f  a  s i n g l e  c o n t i n u o u s  r u n .  Under

b e s t  m achine  c o n d i t i o n s  i t  was p o s s i b l e  t o  o b t a i n  a s  much

a s  0 . 5 ^ / A* o f  4+ beam and 0 .2 /> A  o f  beam, b u t  a v e r a g e

o u t p u t  was w e l l  be low t h i s  l e v e l .  The s t e a d y  d e t e r i o r a t i o n

i n  o v e r a l l  a c c e l e r a t o r  p e r f o r m a n c e  w i t h  t h e  O '* beams

d u r i n g  t h e  d e t a i l e d  m easu rem en ts  o f  s e c t i o n  4 f o r c e d

p r e m a tu r e  c u r t a i l m e n t  o f  t h i s  work.

2 . 5 .  Beam C o l l i m a t i o n .

Beam c o l l i m a t i o n  a t  t h e  s c a t t e r i n g  chamber e n t r a n c e  

was p r o v id e d  by a d e m o u n tab le  a sse m b ly  ( F i g .  4 . 1 )  c o n t a i n i n g  

a s e t  o f  f o u r  .020"  t h i c k  Ta d i s c s .  The f i r s t  and t h i r d

*Beam i n t e n s i t y  i s  m easu red  i n  t e r m s  o f  " p a r t i c l e "  c u r r e n t  
i . e .  ( i / N  where  N i s  t h e  c h a rg e  s t a t e ,  and n o t  a c t u a l  
c h a r g e  c u r r e n t ^



9 9 .

d i s c s  ( s e t  1 0 M a p a r t )  c o n ta in e d  l / l 6 M diam . beam 

d e f i n i n g  h o l e s ,  and each  w ere backed  up by d i s c s  

c o n t a i n i n g  l / 8 "  d iam , a n t i - s c a t t e r  h o l e s .  The a ssem b ly  

made a  snug f i t  t o  t h e  w a l l s  o f  t h e  e n t r a n c e  tu b e  w hich  

c o u ld  be a d j u s t e d  t o  p e rm i t  p r e c i s e  c o l l i m a t o r  a l ig n m e n t ,  

v i a  t h e  p ro c e d u re  o f  C h a p te r  I I I .  T hat p a r t  o f  t h e  

a ssem b ly  e x te n d in g  i n t o  t h e  s c a t t e r i n g  chamber was t a p e r e d  

t o  a l lo w  d e t e c t o r s  t o  be r o t a t e d  t o  backw ard  a n g le s  n e a r  

1 8 0 ° .  E xperim en t showed t h a t  t h e  c o l l i m a t i n g  a ssem b ly  

r e s t r i c t e d  beam s p o t  s i z e  and s p a t i a l  “wander*' on th e  

t a r g e t  f a c e  t o  <  l / 8 " .

2 o6.  Beam C o l l e c t i o n  and I n t e g r a t i o n ,

Beam was c o l l e c t e d  i n  a  F a rad a y  cage  ( F i g .  4 . 1 ) ,  

a ro u n d  t h e  e n t r a n c e  o f  w h ich  was s e t  a  combined e l e c t r o ­

s t a t i c  and m a g n e t ic  e l e c t r o n  s u p p r e s s o r  c o n s i s t i n g  o f  a  

pe rm anen t ( r i n g )  m agnet i n s u l a t e d  and s u p p o r te d  by T e f lo n  

b r a c k e t s ,  and b i a s e d  a t  -3 0 0  V. C u r re n t  was m easu red  and 

i n t e g r a t e d  by an E lc o r  c u r r e n t  i n t e g r a t o r  ( a c c u r a t e  t o  1 $ ) ,  

w hich  was u se d  t o  g a t e  a l l  d e t e c t o r  o u tp u t  r e c o r d i n g  

e l e c t r o n i c s .

2 , 7 ,  Vacuum.

The s c a t t e r i n g  cham ber was m a in ta in e d  a t  a  p r e s s u r e  

o f  10” ^mm Hg by a 6" H g - d i f f u s i o n  pump l o c a t e d  3 • 5 f from
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the entrance port. Since pumping speed through the 
collimating assembly was low, an additional pumping 
line was provided downstream from the chamber. Vacuum 
requirements in both scattering chamber and beam line 
were considerably more stringent for the 0 beams than 
for conventional beams (p,d,«*,He^) due to the much 
higher cross section for charge exchange between beam
ions and residual gas molecules; these effects become

-5 -4appreciable for pressure between 10 and 10 mm Hg, and 
lead to errors in absolute beam current measurements.

Section 3. SURVEY OF THE REACTION C12(016, t* )Mg24.
13.0 - 29.5 Mev.

This section comprises a discussion of experimental
procedures pertinent to and the results of a survey of the
C12(016, oOMg24- reaction over the O1  ̂ energy range
15.0 - 29.5 Mev (lab.), in 0.5 Mev steps. The work was
performed mainly as a mapping operation, preliminary to
the detailed investigation described in section 4, with the
object of obtaining a rough idea of the general features of
the reaction and the variation of experimental conditions

16as a function of increasing 0 bombarding energy. The 
survey took the form of do'/dO. excitation functions, measured 
at 3 lab. angles (10°, 40°, 130°), for C12(016,©< )Mg24
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reactions proceeding to several final states in Mg2 .̂

3.1. Detectors and Detector Mounts.
A single detector mount was suspended from the

scattering chamber top lid (Fig.4.1) by a steel bracket
which could be driven along a radial track by a worm gear
operated from outside the chamber. Provision was made in
the assembly, as shown, for two .020" thick steel plates
containing collimating slits of various dimensions. This
mount was equipped with a surface-barrier detector* of 

2200 mm area, and 400/L-cm resistivity.

Two other detector mounts* (not shown in Fig.4.1)
were bolted to the bottom lid. These were normally used
for observation of reaction products from a gas target,
but upon removal of their complicated defining-slit system

2were suitable for the present work. A 50 mm area,
4,000X1 -cm resistivity surface-barrier detector was 
clamped in each of these mounts.

3*2. Detector Angular Settings.
Both top and bottom lid detector mounts were 

aligned along inscribed radial lines on the inner lid

*A11 detectors used in the C^2(02^ ) M g 2  ̂work were 
supplied by Oak Ridge Technical Enterprises Corp.

^Supplied by G. G. Ohlsen of this laboratory.
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surfaces. These matched precisely with inscribed 
lines on lid edges and outer surfaces. The absolute 
angular setting of the lids, and therefore the detectors, 
could be established to within 0.1° by perspex vernier 
scales reading on the lid edges, and bolted to the chamber 
wall at exactly 30° with respect to the optical 
chamber-centerline. The validity of the zero of this 
absolute scale was verified shortly after the scattering 
chamber became operational by the Rutherford scattering 
method of Chapter III, section 3.1(d).

During the measurement of the dö'/dXI excitation 
functions, the 2 bottom lid detectors were set at lab. 
angles of 10°(A) and 40°(B), and the top lid detector 
(on the opposite side of the beam line) at 130°(C). All 
were set at radii of 8M and were uncollimated, so that 
detectors A, B and C subtended angles of 2.5°, 2.5? and 5° 
respectively. Since the C1^(0ltD, o< )Mg^' kinematics are 
such that reaction products are emitted predominantly into 
forward angles it was considered advisable to place two 
detectors within the range 0° - 90°. Within this criterion, 
however, the choice of detector angles was arbitrary.

3*3* Detector Electronics.
Detector signals were led to BNC vacuum feed-
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throughs in -top and bottom lids, and electronics for 
each detector were as follows:

(a) Detector A: ORTEC 103-203 low-noise charge-sensitive 
amplification system (RC mode) feeding a 400 channel 
R.I.D.L. analyzer.

(b) Detector B: identical with system of detector A.

(c) Detector C: ORTEC 101-201 amplification system
feeding a 512 channel R.C.L. analyzer.

Biases applied to A and B were in the range 150 - 200 v 
and to C were 40 - 50 v. All preamplifier-amplifier 
systems could be supplied with calibrating pulses as 
described in Chapter III, section 2*7, and all system 
(detector + modified electronics) resolutions, as measured 
with a ThC’ - ThC" -source were of order 1$ or less 
(for 8.78 Mev line).

3*4. Reaction Kinematics, and Competing
Reactions.

Before discussing the procedure followed in 
obtaining the C1^(01°, o<)Mg2  ̂alpha-particle spectra, it 
is useful to consider the reaction kinematics in the lab. 
system, since these differ considerably from those 
characteristic of reactions involving light initiating
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particles and heavy targets. A 1620 computer program* 
was used to obtain plots of the following, at 2 Mev 
intervals in the 016 lab. energy range 15.0 - 35.0 Mev:

(a) The energy variation with angle ofo<-particles
and recoil Mg2  ̂nuclei from C12(01q ,cx)Mg2^
reactions populating the ground state and first

246 excited states of Mg .

(b) The energy variation with angle of O1  ̂nuclei 
and C12 recoils from 0^°-C^ elastic scattering.

A representative plot is given in Pig. 4.2. (for 
1621oO Mev 0 energy), showing all relations (a) and (b) 

with the exception of the curves for Mg2  ̂recoils 
corresponding to excited state reactions. It is seen 
that the large center-of-mass energy leads to great 
differences between energies of c* -particles emitted in 
forward and backward directions (e.g. in this plot o<o
particles have 25 Mev at 0° and 6 Mev at 180°), the 
corollary of which is that 5 e o(_./ ̂ 0 is very large over 
most of the angular range (between 60° and 90°,
200 kev/degree). Pig. 4.2 also indicates that the Mg2  ̂
recoils have energies at forward angles comparable with 
those of the c* -particles of interest. The foregoing



Fig. 4.2 Typical laboratory kinematics for alpha
O  /particles and Mg recoils from

C ^ ( 0 ^  ,a , and for 0^° and nuclei
from C ^ ( 0 ^ , 0 ^ ) C ^  elastic scattering.
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conditions presented the principal experimental 
obstacles in the present work.

Energetically possible charged-particle emitting 
reactions which can be observed in competition with 
C‘L2(0'lo, oc)Mg2  ̂are shown in Pig. 4.3, which represents

pQthe possible decay modes of the compound system Si in 
the range of excitation covered in the present experiment,

1 C IpIt is seen that, apart from the O'1" -C elastic scattering, 
the only serious competition arises from the 
C (0 ,p)Al reaction. The emitted protons have energies 
comparable with C12(01d, <^)Mg2  ̂©< -particles but can be 
discriminated against in the solid state detectors by the 
standard depletion depth adjustment method. The lowest 
threshold, above that for C22(02 ,̂ o<)Mg2 ,̂ at which heavily 
ionizing light particles are emitted is that of 
C "(0 , HeJ)Mg J, which occurs 13 Mev higher; this places
any spectral contributions due to He*̂  particles well below 
the region containing the -groups of interest.

3.5o Heavy Ion Stopping Poils.
Advantage was taken of the very high stopping cross 

section for heavy ions (relative to that of comparable 
energy ©<-particles) to reject them from the observed spectra, 
with the use of thin A1 foils interposed between target and



Fig. 4.3 Energetically possible Si decay modes 

within the range of excitation energy 

covered in this experiment.

Numbers in the left-hand column refer 
28

28

to excitation in Si



Si2® COMPOUND SYSTEM  

DECAY MODES

Al ^  t  (27.51 M«v)
---------------------------------- N14*  N14 (2722 M«v)

c1 assTcJTl “ coulo m b  b ar rier

25— A l*+ n +  p (24.65 Mtv)

— -----------------------------  Ma“+ H«3 (2 3 5 3  M«v)
—------------------------------ AI +  d (22.42 M«v)

20— ----------------------------------  Mg2\  2p (19.85 M«v)

Sj + n (17.20 M tv)
----------------------------------  0 IS+  C12(16.75 M*v)

15—

----------------------------------  AI27+ p  (1158 M«v)

10— ----------------------------------  Mg24+ « (9 .9 9  Mev)

5—

0 — SI28 GROUND STATE
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detectors. Experiment showed that it was necessary
to use foils sufficiently thick to completely stop the 
16 120 and C ions, since even with energies degraded to

well below those of the — °<g groups, their relatively
intense flux caused a pulse-pileup great enough to obscure
the weak cx-groups. The required thickness of A1 foil,

16as a function of 0 energy, was obtained from an
inspection of plots similar to Pig.4.2 and comparison
with the heavy-ion range-energy data of Roll and Steigert
(Ro60). It was found convenient to employ a minimum foil
thickness of .00025" Al(sufficient to stop 15 Mev C1 ,̂
160 ions); the thickness was increased in these increments 

16as 0 energy was raised. For reasons obvious from 
Pig. 4.2, the necessary increases were greater at the 
position of detector A(10°) than at that of detector 
B(40°); final foil thicknesses (at EfO1 )̂ = 29.5 Mev) 
covering detectors A and B were .00100" and .00075" 
respectively.

The kinematics of Pig. 4.2 indicate that the heavy 
16 12ion competition from 0 -C elastic scattering is 

nonexistent at angles backward of 90°, and it was initially 
expected that detector C (130°) would require no inter­
cepting foil. However, experiment revealed the existence
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of an 0 elastic scattering contribution, presumably 
from target impurities of A >16, sufficiently intense 
to obscure the c* -spectra at this angle; it was 
therefore necessary to employ an .00025” A1 stopping 
foil, although the relatively slow energy gain (at 130°) 
of this contaminant scattering with increasing ECO1^), 
permitted the same foil thickness to be used for the 
entire O-1-̂ energy range.

3*6. The Alpha-Particle Spectra from C^CO1'̂, o< .
c12(q16^^)Mg24 ^  _ spectra were obtained by

detectors A, B,and C at 0.5 Mev. (lab.) intervals in the 
16E(0 ) range 15.0 - 29*5 Mev; this corresponds to ranges

of 6.4 - 12.6 Mev in the c.m. system, and 23.2 - 29.4 Mev
28excitation in the Si compound system. The original

16intention was to reach an 0 bombarding energy of 35 Mev, 
but unstable accelerator behaviour made this impossible.
The 0.5 Mev step size (corresponding to 214 kev in the c.m. 
system) was thought to be sufficiently narrow to provide a 
crude idea of the cross section energy dependence, while 
large enough to enable the available energy range to be 
covered in a single run.

The initial energy of 15.00 Mev was chosen to be 
well below the "classical” Coulomb barrier (^24 Mev in the

16
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12 16lab. system) in the C" “-0 system for reasons given 
in Chapter Y. Below 15.0 Mev the - yield rapidly 
approached zero#

The 90° analyzing magnet proton-resonance
16frequencies corresponding to the chosen 0 energies 

were calculated from the relations given in Chapter III, 
section 3*l(c), using non-relativistic approximations 
throughout. The beam energy uncertainty due to magnet 
calibration error was -  50 kev and that due to effective 
target thickness (target at 70°) was estimated to be 
^  100 kev at midrange energy (^25 Mev). Integrated 
charge per spectrum, divided by the beam charge-state, 
was ^  100 y^C/N, and average accumulation time/spectrum
was 30 mins.

To reduce proton contributions to as low spectral 
energies as possible, the detector biases were set (at 
each 0 energy) to provide depletion layers just deep 
enough to stop the most energetic o< - particles. At 
forward angles this was not strictly necessary since the 
energies of ©<o - oĉ  groups were several Mev greater than 
that of the proton "edge", even at high detector bias*
At the backward angle, however, it was critical since 
the emitted c*Q - particles had energies of only 4-6 Mev,
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and after foil penetration, as much as 1 Mev less; 
this placed the - groups corresponding to M g ^  
excited states in the vicinity of the minimum proton 
'‘edge”.

A spectrum observed by detector A(10°) at
16E(0"i' ') = 28.5 Mev is shown in Pig. 4.4. The detector

foil was .00075” thick. The six highest energy groups
were identified by their energies and separations as
corresponding to D< - particles populating the low lying 

24levels of Mg . The©*,, ©< ; doublet is not resolved).
The ©C - group energy resolution (FWHM) was 300 kev,
the major part of which is due to: (a) finite observation
angle, combined with large ö E ^ / d ö  (section 3*4), and 
(b) energy loss variation in detector covering foil. It 
is seen that , and «*<̂  ^  450 kev separation) were
just resolved.

Inspection of the level scheme for Mg2^(En62b)

revealed that the spacing rapidly becomes narrower than the



12/ 16 \ 24Fig, 4»4 Spectrum of alpha particles from C (.0 ,a;Mg
_ 1 c

measured at 9 (lab,) = 10 and E (0 )= 28.50
Mev.
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experimental energy resolution above the level 
corresponding to O C . Therefore it was not possible 
to identify spectral groups below 20.5 Mev with 
individual levels. However, this portion of the 
spectrum exhibits a number of strong peaks, such as 
those near 17.5, 16.0, 13*8, and 13.0 Mev (lab.). 
Similarly strong peaks were observed at the same

1relative energies in spectra obtained at lower 0
energies, and may correspond to single levels or groups 

24of levels in Mg which are excited with anomalously 
high probability. The sharp rise in yield near 8.0 Mev 
was attributed to the proton "edge”, since an inspection 
of the range-bias-energy relationship of Blankenship 
(B160) showed that this was the maximum energy which 
protons could deposit in the detector. In combination 
with the considerations of section 3*4, this implies 
that the marked structure above 8 Mev is due only to 
o< - particles from 0^(0^, o^)Mg^. The M g ^  excitation 
corresponding to o<- particles observed at energies just 
above the proton "edge" is ^16 Mev.

The strong group at E = 6.5 Mev was identified 
1 16 16 1as proton recoils from H (0 , 0 )H elastic scattering,

arising from a hydrogenous target impurity (probably H^O).
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Examples of detector B(40°) and C(l30°) spectra
are not shown. The 40° spectra resemble those measured
at 10° with the exception that oc- energies are a few
Mev less, so that the lower energy portion of the
oc - spectrum is obscured by protons. The 130° spectra

16(over most of the 0 energy range) show only the °^0> 
c*, and groups; for reasons noted above, all lower
energy o<-groups are obscured by protons.

3o7* The doVd-Q. (10°,40°«130°) Excitation Functions.

As shown in Pig. 4.4, spectrum contributions lying 
between - groups were negligible, so that group yields 
were extracted from the spectra by direct summation of 
channels lying under the relevant peaks. Groups and 
<X6 (10° spectra) were generally not completely resolved 
and a simple unfolding procedure was used in their
separation. Yields were normalized to constant integrated
160 ion flux, and a correction accounting for Carbon buildup 
on the target was applied as follows: (a) target thickness
was measured at the beginning and end of the entire run;
(b) the rate of target thickness increase was assumed 
proportional to the 0 ion flux; (c) using (a), (b) and 
the ratio of integrated flux per point to the total 
integrated flux, the average target thickness at each 
energy point could be estimated. It is thought that the
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relative error between neighbouring yield points 
introduced by this procedure was < 5#, but the overall 
uncertainty was ^  15# (the target-thickness measurement 
uncertainty).

The survey d<*VdJL(l0°,40o,130o ) excitation
functions are shown in Pigs. 4.5 and 4.6. Pig. 4.5 gives
dcr/dJX(lO°) for groups o^o summed), while
Fig. 4.6 gives dc*/d-fL(40°)* and d d/dft (130°) for groups

-o<_. The absolute cross section scales contain an o 3
uncertainty due to: (a) detector solid angle measurement
error (^5#); (b) target thickness measurement error
(~15#); and (c) beam integration inaccuracy. The last is

16thought to be larger for the 0 beams than for light- 
particle beams due to charge exchange between beam ions 
and residual tube gas, and electron stripping by the 
target (sections 2.7 and 2.3). Target-in target-out current 
difference measurements were taken, and the 23.0 Mev 
C ^(0 ,oC)Mg * yield was obtained consecutively with both 
4+ and 5+ beams; neither measurement offered significant 
evidence for charge-exchange-induced beam integration 
errors >  2#.

*Although groups - o<̂  were observable in the 40°
spectra their relatively poor separation made yield 
extraction uncertainties very large.



Fig. 4*5 C12(0xl̂ ,a)Mg2  ̂do'/diX (l0°) excitation functions
from E(016, lab*) = 15*0 to 29.5 Mev, for the 
ground state and first, second + third, fourth,
fifth and sixth excited state reactions
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Fig. 4,6 C12(016,a)Mg24 do'/dS}, (40°, 130°) excitation functions
from E(0 , lab.) = 15.0 to 29.5 Mev, for the ground
state, and first and second + third excited state 
reactions.
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Statistical counting errors for the weaker
groups (c* , andoC) were > 10$ hut were less seriouso o
for other o< - groups* No error hars have been inserted 
in Figs. 4.5 and 4.6, but the smooth connecting lines 
have been drawn with statistical uncertainties taken 
into account.

3.8. Discussion of Excitation Function Survey.

Features common to nearly all the dO'/dfL excitation 
functions of Figs. 4.5, 4*6 are:-

(a) The average yield increases sharply above 6.5 Mev
16(0 c.m. energy); this is attributed to Coulomb 

barrier penetration effects, the "classical" Eg 
for C ^ - 0 ^  being 10.3 Mev.

(b) Differential yields for all o< show strong energy 
dependence in the form of peaks of irregular width 
and spacing. Minimum widths (FWHM) are of order 
200 kev.

(c) Little qualitative correlation exists between
do'/d.Q. for different o< at the same observationi
angle or between def/dö. at different observation 
angles for the same o< - group.
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(d) Many peaks are Msingle-point" maxima, implying 

that the precise der*/dll. energy dependence is 
probably considerably stronger than indicated 

by the large energy increments of the survey.

It is noted that the C^“(0"^,c*)Mg^ dtf/dA(0,°r)

excitation function characteristics are similar to those

of the Al^ 1 (p , oi )Mg^ reaction (Chapter III), where
28excitations of several Mev less in Si are involved. The

mean cross-section fluctuation amplitudes, relative to the

average cross-section values, are ^  those evident in the

Al~ (p, ot)Mg'/f data; since at the higher Si excitations

involved, the relation P*>> D is expected to be an even
27 24better approximation than for the A1 (p,°<)Mg work, it 

might at first be exx^ected that the C““(0“^, )Mg^ 

dcf/d-O. (ö, cross section fluctuations could be

explained in terms of recent extensions to Statistical 

Model theory (Chapter VI). This point is elaborated in 

Chapter V, section 5.

Section 4 . DETAILED STUDY OF C12(0l0, op Mg 2 4 REACTION
15.0 - 22.5 Mev.

The apparent compound-system interference effects 

(lack of correlation between measurements at different 

angles) evident in the above d<*/d-flL survey suggested that
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the ci2(cr6, oC)Mg2^ reaction could be more profitably
studied via integrated &  excitation functions. In
this connection, the results of Almqvist et al. (A163B
for CT (C , °ONer~ - showing similar strong interference
characteristics in the dcf/dJ0.(9, oc ) excitation
functions, but prominent and correlated (between«*- groups)
resonances in corresponding o'(cx^) excitation functions -

12 "12 20were particularly encouraging. The C *(C ',o<)Ne
resonances were attributed to Mquasi-molecular" states
of the C^2-C^2 system (A163ß> since the O ^ - C ^ 2 compound
system excitation energies and bombarding energies
(below Coulomb barrier) accessible in the present experiment

12 12were similar to those at which the C -C system was 
studied, it was anticipated that a detailed integrated cross 
section study of the C"‘2(0'L';, c*)Mg2^ reaction might reveal 
evidence for the existence of such states in the corres-

1 C IPponding 0 -C system. These points are elaborated in 
Chapter V, section 5*

4.1. Program Outline.

The initial program for the detailed study was to 
measure complete C*1 (0 , c<)Mg angular distributions at
01q energy (lab.) intervals of 250 kev (107 kev in c.m. 
system) over the range 15.0 - 30.0 Mev, for groups c*Q -o<6;
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the step size was l/2 that used in the survey of
section 3» and was expected (from section 3 results)
to be sufficiently small to reveal most significant
cross section detail, while large enough to permit the
measurements to be completed within a reasonable time
(several days). Unfortunately, the accelerator

16performance with 0 beams deteriorated sharply while 
the program was being carried out, and it proved impossible 
to proceed beyond E(0 ) = 22.5 Mev. The performance
decline was associated with excessive total charging 
currents at midrange (3 Mv) terminal potentials and it is 
expected that the installation (presently in progress) of 
inclined-field acceleration tubes may restore satisfactory 
performance and open the possibility of extending the 
measurements to higher energies.

The experimental arrangements and procedures used in 
the detailed study of C12( , oC)Mg2  ̂are described in the 
following sections. Data handling and analysis procedures 
and results are given in Chapter V.

4.2. The Detector Array.

An array of 4 detectors was employed in measuring 
the angular distributions. The geometry, shown in Fig.4.7,



Fig, 4*7 Horizontal section through 20M scattering chamber,
showing detector array geometry. Inset shows 
detector detail (horizontal section).

Numbered points are :

1. Array detectors - shown at edges of respective
angular sectors

2. Ortec detector
3. Aluminium foil 
4* Collimating slit
5. Detector array mounting plate
6. Beam collimating assembly 
Monitor detector detail.
7. l/l6M horizontal slit
8. l/32M vertical slit

29. 200 mm Ortec detector
10. Faraday cup
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which represents a horizontal section through the 20" 
scattering chamber. All detector mounts were identical 
and contained provision for collimating slits and stopping 
foils. A representative mount is shown in vertical section 
in Fig. 4.1, and details in horizontal section in the 
inset of Fig. 4.7. The mounts were rigidly fixed to an 
Aluminium plate (Fig. 4.1) which was bolted concentrically 
to the bottom lid, as shown. Relative angular positions 
of the detectors were chosen so that the total angular 
range 2° - 170° could be scanned without sector overlap. 
Detectors A and B covered the ranges 2° - 41° and 45° - 84°, 
respectively, and C and D covered the ranges 88° - 127° 
and 131° - 170° respectively, but in the opposite semi­
circle; thus, during angular distribution measurements A 
and B moved backward, while C and D moved forward, 
permitting the target to be held at a fixed angle (40°) for 
the entire experiment. The number of detector-plate 
settings was 9, giving a 36 point angular distribution; 
such ahigh point density was mandatory, due to the 
expectation that C12(0±o, )Mg24 o< - particles might be 
emitted with angular momenta as large as 8-10fr* (at least

i fat higher 0 energies), leading to rather complicated 
angular distributions.
*Based on the results of Kuehner et al.(Ku63V, for the 
c (cl2,®<)Ne2  ̂reaction.
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4*3. Detectors.

Different detector sets were employed for separate
1  C "Isections of the 0 energy range. From E(0±u) = 15*00 - 

17*25 Mev, detectors A, B, C, D were 50-500, 150-500 
and 200-100 respectively (where numbers indicate area and 
max. depletion depth in that order) and from 
E(01&) = 17.25 - 22.50 Mev, detectors A,B,C,D were 50-500 , 
50-500, 50-300, and 200-100. Deep depletion layer 
detectors were placed in the forward angle mounts, in order 
to stop the high energy c* - particles ( * *  30 Mev) emitted 
at forward angles.

4.4. Detector Solid-Angles and Angular Resolutions.

Detector mount radial positions (R) could be adjusted 
in increments of 0.5", and vertical collimating slits of 
width (W) ranging from 3/16" - l/l6" could be inserted 
directly in front of the detector faces (Fig. 4*7). The 
parameters R and W for each detector were chosen to 
compromise between the angular definition requirements of 
the corresponding sector and the necessity for providing 
the largest possible detector solid angle.

A glance at the lab. kinematics of Fig. 4*2 reveals 
that sectors B and C covered the angular range in which
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c^Ecrf/äö was greatest; detectors B and C accordingly- 
required the smallest W/R ratio. The general limits on 
W/R ^Air were set by the relation:

A E ( « 5, « 6) > [ ( ^ ^ A « ) 2 . ^ I S e,)2] *  (4.1)

where AE(oC^,o<g) was the lab. energy separation (f(0)) 
between spectral groups °<^> (the closest of the
observed <* - groups with the exception of the unresolvable 
0 *2 » doublet), and the quantities inside the right-hand 
square bracket are: (a) resolution broadening due to 
kinematics (i.e. finite W/R) alone, and (b) resolution 
broadening due to all other factors, such as foil, target, 
and detector + electronics. The <£ E^ factors were generally 
fixed parameters; in particular the resolution broadening 
due to detector foils was fixed (at a given 0 energy) 
by the foil thickness required to eliminate heavy ions - 
itself a fixed function of the heavy ion kinematics. 
Therefore, the required energy resolution could generally 
be obtained only by holding W/R to values corresponding 
to a kinematical resolution broadening of ^150 kev. For 
sector B, where CX - energy variation with angle was most 
severe, W and R were typically 0.125" and 8.5" respectively, 
giving an angular resolution (lab.) of ±0.5°.
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4-4(a) Solid-Angle Ratios«

The ratios of solid angles subtended by detectors
B, C, D with respect to that of detector A were measured
as follows. A planar ThC'-ThC" oC- particle source was
fixed at the target position, and set to face each
collimated detector in turn* Spectra were accumulated for
a fixed time and the integrated counts (corrected to
account for the finite source half-life) were taken as a
measure of the relative solid angle subtended by each
detector. Foils were removed for this procedure. Direct
geometrical measurements were also made, and agreement
between the two methods was within the 3$ statistical
counting uncertainty. Collimating slit widths, detector
mount radii, and the detectors themselves were changed

16several times as 0 energy was increased, as a result of 
changing kinematics (section 3*4), and solid angle ratios 
were measured for each configuration*

4o5. Detector Foils.

Thin A1 foils were clamped over the detector entrance 
ports as shown in Fig. 4.7. Foil thickness employed 
(at a given 0 energy) by each detector was the minimum 
(in the terms of section 3*5) which could be used to stop
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the most energetic heavy ions emitted at any angle of 

the corresponding sector.

4.6. Detector Array Electronics (Routing).

Electronics for the detector array were straight­

forward and are schematically indicated in Pig. 4.8. 

Detectors A and B fed OETEC 103-203 amplifying systems 

operating in the DDL mode, while detectors C and D fed 

ORTEC 101 preamps, (modified to “by-pass the differentiating- 

integrating circuits) and Franklin A-8 (DDL) amplifiers. 

System C and D preamp-power and detector bias were supplied 

from ORTEC 201 main amplifiers. All system resolutions 

were ^ 1 . 0  - 1.57° for the 8.78 Mev line of a ThC'-ThC" 

c< - source. Outputs of A, B and C, D respectively were 

coupled with a simple diode arrangement (Fig. 4.8 inset). 

Systems A, B outputs were taken from the biased post 

amplifiers to allow flexibility in selecting the portions 

of the corresponding spectra to be analyzed; this was 

unnecessary for the C, D (backward angle) systems since 

the corresponding spectra covered a narrower lab. energy 

range. Output pairs A, B and C, D were fed to the A.D.C. 

units of R.I.D.L. 400 channel pulse-height-analyzers, as 

shown, and pulses from each pair component were routed 

into separate blocks of 200 channels by the following

method:-



Fig. 4.8 Block diagram for electronics employed with detector 
array and monitor detector*



ELECTRONICS BLOCK DIAGRAM

COUPLER DETAIL
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Pulses from each of the A,B,C,D amplifiers were 
fed to the inputs of 4 identical single channel 
analyzers*, which supplied uniform square-topped +10V 
pulses of 3-5 /J sec duration and 1 jj sec delay to the 
R.I.D.L. routing networks; these-pulses exactly suited 
the R.I.D.L. requirements for switching the corresponding 
pulses arriving at the A.D.C. into the appropriate 
analyzer segments. Single-channel-analyzer discriminator 
levels were set to minimum (3*5V) and windows to maximum; 
amplifier pulses lower than 3-5V produced, of course, no 
corresponding routing pulses. This led to "cross-talk11 
between analyzer segments in the low energy portions of 
the spectra. The upper level of this meaningless region 
was held to < 1.5 Mev in all A, B, C, D spectra by using 
high amplifier gains coupled with maximum analyzer 
A.D.C. input attenuation factors. The correct operation 
of the routing system for pulses corresponding to higher 
energy portions of the spectrum was checked periodically 
with the Hg-relay pulsers supplied with the ORTEC amplifiers.

4.7. The Reaction Monitor.

The product of the effective number of Carbon target 
atoms within the beam dimensions, and the beam intensity,

-| p 1 c p /
and therefore the absolute yield of the C (0 , oC)Mg
*Sections of a Cosmic 800 Coincidence Unit.
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1 C  -ioreaction, was monitored by measuring the 0 -C elastic
12scattering, via observation of the C recoil nuclei at

0 1 A75 (lab, angle). These correspond to 0 nuclei
elastically scattered at a c.m. angle of 30°, and the
data of Bromley et al. (Br60) indicate that the
c!2(0^6,()16)C|1^ elastic scattering at this angle is pure
Coulomb for the 0 ' energies covered in this experiment.

12The C recoils were observed in preference to the
16corresponding 0 elastically scattered nuclei, due to

the complicated heavy ion spectrum at the equivalent forward
lab. angle. An inspection of the kinematics (Big. 4.2)
reveals that in this angular region 0 ^  nuclei and
recoils have similar energies; experiment showed that it

16 12was difficult to resolve the 0 and C heavy ion spectral 
groups sufficiently well to allow unambiguous counting

-j r(with a simple discriminator and scaler) of only the 0
nuclei. A summation of both groups would have proved

12valueless, since the high energy C recoils correspond to 
"I0 nuclei elastically scattered at backward angles
(in c.m. system), where strong departures from pure Coulomb
scattering are expected.

12 2 The C recoil monitor was a 200 mm -400IX-cm surface
barrier detector, mounted in the top lid assembly (Pigs.4.1
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and 4.7 show details), and collimated by crossed l/32H 
and l/l6" slits to reduce the count rate to an acceptable 
level. The detector mount was set at its maximum radial 
extension (8").

The monitor detector electronics are shown in 
Fig. 4.8. Amplified pulses were fed to a discriminator 
and recording scaler and the spectrum was periodically 
examined by a 512 channel R.C.L. analyzer. A typical 
spectrum (at E(01 )̂ = 18.00 Mev) is shown in Fig. 4.9.
The discriminator setting is indicated by a pulser line at 
the equivalent energy.

The appreciable low-energy tail and considerable 
12asymmettry in the C recoil peak are thought to be due 

to energy straggling of the relatively low energy 
(~l-2 Mev) ions in the Carbon target. The strong group 
near channel 50 is attributed to H^(0 ^ , 0 ^ )H^ elastic 
scattering proton recoils arising from target impurity 
(H^O), and the sharp rise near channel 30 to detection 
system noise. Uncertainties in the integrated monitor 
recording are due to:-

(a) the finite discriminator setting, which ignores the 
lowest fraction of the energy-degraded spectrum 
tail; this fraction is estimated to contain ^ 5$ of



IOFig, 4*9 Typical C recoil spectrum from C (O ,0 )C
elastic scattering measured at 75° (lab,) by
monitor detector
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12the integrated C spectrum, and decreases 
slowly as 0 ^  energy is raised.

(b) spectrum contributions arising from
elastic scattering, as a result of oxygen 
contamination in the target. The laboratory

1 c 1 ckinematics of 0 -0 scattering are almost
] pidentical with those of the C recoils at the 

monitor observation angle, so that it was not 
possible to directly determine the magnitude of 
the contamination contribution. If it is assumed

1 hthat the major portion of 0 in the target is 
due to trapped H^O molecules, then the proton 
recoil group in the spectrum of Pig. 4.9 provides 
a crude estimate of its magnitude, indicating that 
it probably causes an error in the integrated 
monitor yield of 2-3$.

Since errors (a) and (b) are both slowly varying 
16with 0 energy, and are in opposing directions, a partial

cancellation is expected. Statistical counting uncertainties
in monitor yield are a factor of 10 lower in magnitude
than uncertainties (a) and (b), due to the large number 

6 12( ^ 1 0 ;  of C counts recorded per measurement.
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As targets were frequently changed, and Carbon
buildup on target proceeded at high rates (section 2.3)»

12it was necessary to place complete reliance on the C 
recoil monitor as a direct measure, independent of target 
and beam conditions, of the absolute , oc)Mg^
reaction yield. The beam-current integration served only 
as a rough check on the monitor detector system, and was 
mainly employed to regulate the time for each measurement. 
Monitor corrections to measured C^(0^°, <X)Mg^ yields are 
discussed in Chapter V, section 2.3*

4.8. Spectra from Detector Array.

Typical spectra obtained from each detector of the
array are shown in Fig. 4.10, for midrange angular 

16setting and E(0 ) near the median of the covered region.
TP 1 6 PAThe C (0 ,crf)Mg ' oC - groups resolved in each spectrum

are labelled with their respective group numbers. It is 
seen that while groups oC - cx- are clearly observable 
in the forward angle detectors (A, B), progressively fewer 
are observable in the backward angle detectors (C, D); in 
C, o* and o< are obscured by protons and in D only ocq and 
t* are clear of the proton "edge". (The reasons for 
deterioration of spectra at backward angles are those of 
sections 3.5, 3*6). It was initially anticipated that the



Pig. 4.10 Typical C12(O1^,a)Mg2  ̂spectra obtained from
each array detector at a representative array

16scattering, for an 0 energy of 19.50 Mev 
(lab.)

Peak numbers refer to alpha groups popu-
24lating corresponding levels in Mg •
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lower energy spectral groups might he observed at
backward angles by suitable juggling of foils and
detector biases; however experiments showed that this
procedure offered only a slight extension of the
maximum angular range for observation of each c( - group.
Groups ©4 andoc^ could be clearly observed at all
angles, and the doublet 04^,04  ̂up to 130° - 140°, while
groups (X , o4s, oc. had progressivley smaller "cutoff“
angles. However, considerable care was taken (section 4.4) 

16at all 0 energies to ensure that all observable 
04.- groups should be well-resolved at all angles, in the 
expectation that even partial angular distributions for 
groups o4 — o4g would provide useful information on the 
nature of the C (0 " , oc )Mg  ̂reaction mechanism.

The spectra from the detector array were recorded
simultaneously in the two R.I.D.L. analyzers (section 4.5)
and printed out on paper tape. Tapes were inspected at
frequent intervals to prevent printout errors. The amount
of data obtained in even the abbreviated energy range
E(016) = 15.0 - 22.5 Mev was very considerable, the total
number of yield points being:

N(o<) N(E).z: y:
i j J

T 5,000 (4.2)
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where N(E) is the number of 0 bombarding energies 

contained in the covered range, N(oC) is the number of 

oC - groups, and N(0)^ . is the number of angles at which 

each c* . - group appeared in the spectrum taken at 

energy E.. Such a large quantity of data required
J

semi-automatic handling and processing and the relevant 

operations are described in Chapter V, along with 

preliminary analysis and results.

4.9. 32 Mev Angular Distribution.

In a preliminary experiment (section 1) performed 

prior to the assembly of the 20” scattering chamber, the 

C12(016,o< )Mg24 reaction was examined at ECO1^) = 32.0 Mev. 

The details of this work have been included in this section, 

since it provides information on the reaction mechanism 

at higher bombarding energies than were later attainable. 

Experimental procedures are given here and results in 

section 4.7} Chapter V.

The basic apparatus was the 9" scattering chamber

and associated equipment, described in Chapter III.

ORTEC 300«fl. - cm resistivity surface barrier detectors were
16inserted in the rotating and fixed mounts. An 0 beam of 

0.1^/A(5+ charge state) was used, and the Carbon target 

was ^  lOjug thick. A single partial angular distribution 

of - particles from C12(016, oC)Mg^ was measured at
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E(01 ’̂) = 32.0 Mev (13.70 Mev in c.m. system) in 5° steps; 

monitoring was provided by the fixed detector observing 

the elastic scattering at an angle of 30° (lab.)

The bombarding energy was chosen to correspond with a 

resonance observed by Bromley et al.(Br60) in the 30° 

elastic scattering &&/äJX • The C^“(0±L , o()Mg^ yields 

for were extracted from the spectra obtained

at each angle, and corrected by the monitor readings, for 

target thickness increase due to Carbon buildup.



CHAPTER V

THE REACTION C12(O16, <X )Mg24. 
DATA ANALYSIS AND RESULTS
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CHAPTER V

Section 1. INTRODUCTION.

The material of this chapter comprises a 
description of the procedures used for handling and 
analysis of the C^^O^, )Mg^ data of section 4,
Chapter IV, along with a brief discussion of results.
Part of the analysis (section 4.7) is presently in progress 
and it is stressed that the results given in section 4 
and the discussion connected with them (section 5) must 
be considered rather preliminary.

Section 2. DATA HANDLING PROCEDURE.

2.1. Reduction of Analyzer Tapes.
The extraction of -group yields from the 

R.I.D.L. analyzer printouts of the C ^ ( 0 ^ , o O M g ^  spectra 
was manual, and rather tedious. The following procedures 
were employed:-

(a) The yields for as many ©<-groups as were well resolved 
were extracted from each tape printout.

(b) For group pairs only partially resolved 
frequently fell in this category), simple unfolding 
criteria based on estimates of the average o<-group 
FWHM, were applied.
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(c) Yields were generally simple sums over the 
channels under corresponding peaks, with the 
average FWHM used to estimate the summation limits,
(For the weakest groups, c*Q , crtg, the selection of 
reasonable summation limits was critical, since small 
spurious Hbackground” contributions were scattered 
between spectral peaks).

(d) In some backward-angle spectra, the observable groups 
rested on a slowly rising background, and simple 
triangular subtractions were made.

(e) Relative spacings of apparent groups were checked to 
ensure correct correspondence with expected positions; 
this was necessary to avoid confusing weak ”real” 
groups with small spurious contributions.

In future extensions of the 0^(0^,®/ )Mg^
16measurements to higher 0 energies, analyzer outputs will 

be on punched tape* (in addition to printout), and an 
attempt will be made to extract group yields automatically, 
via a simple spectrum reduction program. This is expected 
to alleviate a large part of the laborious manual analysis.

* Tape punch outputs are presently being installed
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2.2. Raw Data Format.

The extracted group yields (for each 0 energy) 
were recorded as a matrix of numbers whose rows corresponded 
to lab. angles and columns to cX-group numbers. This was 
actually a composite of 4 sub-matrices, each containing 
the output of a single sector of the detector array.
Since tapes were reduced sequentially, yields in sub­
matrices A, B were recorded (for convenience) with angles
increasing from top to bottom, and the opposite way in

16submatrices C, D. Also recorded with each matrix E(0 )
were: (a) the 9 monitor readings corresponding to each
detector array setting; and (b) the detector solid angle 
ratios in use at that energy.

2.3. Data Conversion Computer Program.

The elements of the raw yield matrices (i.e. the 
angular distributions for each c*\ ) were corrected, 
normalized, set in sequential angular order, and transformed 
to the c.m. system by a program* written for the A.N.U. 1620 
computer; the operations of this program and the output 
obtained from it are described here.

*Coded by the writer in collaboration with D. E. Groce 
of this laboratory.
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The program input for each O1  ̂ energy, punched 
onto cards, took the following form:-

(a) The 36 x 6 matrix of raw yield elements (36 lab. 
angles and 6 o< -groups), one card per element.
For matrix positions where yields were not obtained, 
elements were assigned a 0 (dummy) value. The 
matrix was read into computer memory by rows.

(b) The detector solid angle ratios (single card), and 
the 9 monitor readings (one per card) for the 
relevant raw yield matrix.

(c) The lab. energy of the raw yield matrix.

As the yield matrix elements Y_^ were read into 
computer memory, corresponding standard deviations (^element ) 
were calculated and stored as a separate matrix (S.D.), 
having the same dimensions as Y. All following operations 
performed on Y were simultaneously performed on (S.D), so 
that the statistical uncertainties in the converted Y ^  were 
always proportional to that existing initially in the raw 
Y T h e  converted (S.D.)^ were later used as statistical 
weights in the Legendre-Polynomial analysis of the converted 
Yij, discussed in section 4.1. Program flow from this point



134.

was as follows:-

(a) Elements of each submatrix were divided by the
appropriate detector solid-angle ratio to normalize
all submatrices to submatrix A. (Actually to

"Lfisubmatrix A of the initial (15.00 Mev)0 energy).

(b) The ith row of each submatrix was divided by the 
monitor reading corresponding to each detector array 
setting, ©i , and multiplied by a constant equal to 
the monitor reading for the setting of 15.00 Mev,
i = 1.

(c) All Y. . were multiplied by a Rutherford scattering1 J o
scale factor equal to [E(0 )/l5.00 Mev.] . In
combination with (b), this operation normalized the
^ij a cons"tan"t (target-thickness) x (O1^ integrated-
flux) x (detector-solid-angle) product (i.e. that
existing for the initial measurement of the 15.00 Mev
angular distribution); this was based on the
assumption (section 4*6, Chapter IV) that, within the
small uncertainties discussed in that section, the

16monitor reading at E(0 ) could be expressed as:

M = k.dtfR/dn.(Elab,30°) (5.1)
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where d cf R/dJl (E - ^ , 30°) is the 016-C12 Rutherford 
scattering differential-cross-section (^l/E (0 ))
at E(016) and 30°(c.m.), T, F,ftM are the target 
thickness integrated flux and monitor solid-angle 
respectively, and k is a kinematical constant

■J C ip
introduced as a result of measuring the 0 -C

12scattering via the C recoils*

(d) The rows of submatrices C, D were inverted, so that 
the entire matrix was arranged with its rows in 
correct angular sequence.

The program now entered a kinematics subroutine 
which (a) computed c.m. energies for eachof -group;
(b) computed c.m* angles for each ; and (c) transformed 
each Y^j from the lab. system to the c.m. system, via the 
usual multiplication by appropriate Jacobians (computed 
for each Y^); in this operation all 0 Y^. were ignored.

The program then printed out the completely 
transformed and normalized Y matrix in the form shown in 
Pig. 5*1, where each element position contains a corrected 
Y ^  paired with its c.m. angle. Zeros correspond to missing 
input Y^. Similar printouts were obtained from all 0 ^  
bombarding energies in the range 15*0-22.50 Mev. At



Fig. 5.1 Typical printout of converted yield matrix 
(for energy of 19.50 Mev).

The top row, labelled "energies", gives
160 lab. energy and c.m. energies of alpha 

groups cxq - <Xg. Columns of the "output 
matrices" are (from left) the detector array 
laboratory angles, followed in alternation by 
c.m. angles and corresponding converted yield 
elements, for groups - a^.
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completion of printout, the same output was punched 
onto cards in the following sequence: paired with
corresponding (S.D.)^ were punched by columns,
(one element-pair per card), in alternation with columns 
of corresponding c.m. angles (also l/card), so that the 
output card deck took the form of a sequential set of 
oC± angular distributions, with yields (Y^) preceding 
c.m. angles. Yield zeros and corresponding angles were 
not punched. A final card contained the number of yield 
points/each e< angular distribution. The above output was 
in the form required for input to the Legendre-Polynomial 
angular distribution fitting program discussed in 
section 4.1.

Section 3. THE ANGULAR DISTRIBUTIONS.

The angular distributions, W(O), transformed by the
lßabove program have been plotted for all oc^ at each E(0 )

between 15.00 and 22.25 Mev. Representative oCQ and<X^

distributions at 2 different E(0"^) are shown in Fig. 5.2. 
Error bars are indicated for all points where the statistical 
uncertainties are greater than the dimensions of the points 
themselves, and the curves have been smoothly drawn through 
the corrected experimental points in the usual fashion.



12 16 24-Fig. 5*2 Representative C (o ,cc)Mg angular distributions
for the ground state and first excited state

16reactions, at several 0 lab. energies, showing 
typical statistical counting uncertainties.
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It is noted that average statistical errors are larger 

at midrange angles than for backward and forward angles; 

this is simply a reflection of the detector array 

geometry (section 4.2, Chapter IV) which required narrower 

detector angular definition (and therefore smaller 

solid angles and count rates) for the midrange angular 

sectors B, C than for the backward-forward sectors A, D.

The severe kinematical effects also appear in the 

considerable expansion of forward angles and compression 

of backward angles in the Big. 5.2. W(0).

The absolute cross section scales are based on a 

constant factor multiplying the c< -yield measured 
(in detector A) at the initial angular setting of the 

E(016) = 15.00 Mev distribution. The constant is computed
•1 C  -I o

from the theoretical 0X -C'L Rutherford scattering d** /d-0. 

at the monitor detector angle, and the solid angles 

subtended by the monitor, and oc -detector A; it contains 

an uncertainty, arising both from errors in the solid angle 

measurements and the statistical counting error in the 

normalizing yield, which is estimated to be 10$.

Pig. 5.2. indicates that the variation with angle 

of the W(9) is very strong, and that, particularly at
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16higher 0 bombarding energies, the use of a large 
number of points (36) to accurately display the detailed 
W(0) features is well justified.

3.1. Angular Distributions for a<c and o<  ̂Groups.

The complete sets of o<q and c<̂  W(0) measured 
16in the 0 energy range covered are given in Pigs. 5*3 

and 5.4 respectively. These are displayed in vertical 
columns, (rather than isometric plots) because of their 
complex structure; adjoining W(@) are displaced by scale 
factors of ten (log.). The lab. energies inserted at the 
left of the columns indicate the logarithmic baselines 
(each having a value of lpb) from which the correspondingly 
labelled W(0) are to be measured. All distributions in 
the right-hand columns are multiplied by a l/lO scale 
factor. For simplicity, all W(0) are shown without 
experimental points; the curves were drawn to account for 
statistical uncertainties in a fashion similar to those of 
Pig. 5.2.

The following qualitative features are evident in 

the plots of Pigs. 5*3 and 5.4s—

(a) Variation in amplitude with angle is much stronger 
in general for the © W(0) than for the®<1 W(0).



Fig. 5*3 C^(0^,a)Mg^ angular distributions from E(O^)
= 15*00 Mev to 22.25 Mev, for the ground state
reaction
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Fig, 5.4 C12(01^,a)Mg2<̂ angular distributions from E(O^)
= 15.00 Mev to 22.25 Mev for the first excited
state reaction
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(b) Although the detailed shape of the W(0) may change 
markedly in the minimum E(O^) interval (250 kev), 
prominent features dominate over intervals as large 
as 1 Mev. This is not much less true for higher 
energies (near 20 Mev) than for lower (near 15 Mev.). 
This relatively weak overall-shape energy dependence 
is particularly noticeable in the W(0) between 
E(016) = 15.25 and 16.25 Mev.

(c) The shape details of the W(0) become rapidly more
complex with increasing E(O^); e.g. in the o<Q set, 
the 16.00 Mev W(0) has only 2 distinct minima, 
whereas those at 18.00 Mev and 21.75 Mev possess 4 and 
6 respectively. The trend towards increasing numbers 
of minima with rising E(0 ) is less obvious in the
©C ̂  distribution set.

(d) The minima in thec<Q W(0) set are very marked, going 
in several distributions to values near zero. In 
particular, it is noted that the 2, 4 and 6 minima 
appearing in the 16.00, 18.00 and 21.75 Mev distri­
butions occur at angles corresponding closely to 
zeros of the P2, P^ and Pg Legendre Polynomials 
respectively; this suggests that the relevant W(0) 
contain strong contributions from such terms.
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(e) There appears to be little correspondence at any 
160 energy between shapes of W(0) for the two 
oC -groups, cxi#

3.2. Partial Angular Distributions for Higher -groups.

W(0) plots similar to the above for the higher 
groups c* °<5 cover angular ranges which
decrease in magnitude with increasing group number, but 
increase gradually with rising O1  ̂ energy. Experimental 
reasons for this behaviour are given in sections 3.4 and 
3.5, Chapter IV. These sets of partial W(0) are not 
presented here, but their general features can be described 
as followss-

(a) All sets show characteristics similar to those of
the c*0,c<^ sets; i.e. relatively weak shape energy
dependence (in .5 - 1.0 Mev intervals), coupled with

16rising complexity as E(0 ) is increased.

(b) The summed ^3 W(0 ) are particularly complicated,
as expected, since they include contributions for
2 oi-groups.

(c) The W(0) all show a sharp decrease at extreme forward 
angles, in accord with theory, (section 4.4)*

(d) The °< cj W(0) characteristics are qualitatively most
similar to those of the set.
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(e) The W(0) are particularly interesting in that
they reveal striking features similar to those of
the <XQ set. Although the detailed shapes of the^

W(0) are considerably different from the o< shapes 
16(at any E(0 )), marked minima appear at positions of

the P2, P^, and Pg Legendre-Polynomial zeros in c< 
W(0) corresponding to the same O1  ̂energies (16.00, 
18.00 and 21.75 Mev) at which the ö<q W(0) show this 
character.

Section 4. EXTRACTION OP INTEGRATED-CROSS-SECTION
EXCITATION FUNCTIONS.

Integrated-cross-section (^(c^) excitation 
functions were extracted from the c* W(0) sets. Por 
groups 0 - this was accomplished by fitting the
distributions with a Legendre-Polynomial (P-̂ ) expansion,
W(0) = 2ZalPl(cos 0), and for groups c*̂ ., o<^ by simple 
numerical integration of the W(0). The latter procedure 
was also employed to check the results of the former for 
groups c*Q -o^.

4.1 Least-Squares Legendre-Polynomial Pitting Program.

A modified version of an existing A.N.U. 1620 
computer program was used to fit the W(0) with P^ expansions,
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via the least-squares method of Rose (Ro53)* The 
existing program provided fits with P^ terms up to P^. 
For reasons noted in section 4.2, Chapter IV, it was 
expected that ©< -particles from )Mg^, within
the E(O^) range covered in the present experiment, could 
be emitted with angular momenta as high as 8-loK* Since 
the maximum Legendre-Polynomial order appearing in an 
angular distribution of particles having angular momentum 
L is P2L(B152), it appeared necessary to expand* the 
computer program to provide least-squares fits with terms 
up to P^Q*

The program input was angular distribution data 
in the form described in section 2.3* This was visually 
edited with the aid of the plotted W(0) sets, and a few 
questionable items of data were rejected. Data were 
considered questionable only if they both (a) fell well 
outside the smooth curve described by contiguous points, 
and (b) had been extracted from spectra obtained when the 
correct operation of the pulse-routing system (section 
4.5, Chapter IV) was in doubt.

Program printout was in the form of the least- 
square fit (compared with input W(0)), followed by the P^
*Program was expanded by D. E. Groce and B. A. Robson, 
of this laboratory.
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coefficients (A^) determined by the fit, and residual 
and statistical errors for these (showing goodness of 
fit) in the sense defined by Rose (Ro53).

To determine the highest order P^ required for 
a good fit to the experimental W(0), sample distributions 
for each oC-group (taken from different portions of the 
0 energy range) were test-fitted with cyclicly increasing 
maximum P^ number. Criteria for “goodness of fit*' were 
(a) that the residual errors should not be "> twice the 
statistical errors, and that both should be -4. 5$ of 1 A^| 
values; and (b) that the Aq coefficient should be changed 
only by very small amounts by further increases in maximum 
P^ number.

4.2. The <=<Q and Integrated cf from P^ Pits.

Integrated <J ( Ö is just 4"ITAo) excitation functions 
for groups ando< , extracted by the method of 4.1 areO A
presented in Pigs. 5*5 and 5.6. The highest order P^

16required for “best fit" at higher 0 energies was P^g, 
although at progressively lower energies P10 and finally Pg 
were sufficient.

The absolute cross-section scales are based on the 
scales of the Pig. 5.2, 5.3» 5.4 W(0) sets. Error bars



T O  "I fZ Oh.
Fig, 5*5 C (O ' ,a)Mg integrated <$ excitation function

16from E (0 ) = 6.4 Mev to 9.6 Mev, for thec.ra.
ground state reaction. Values of cf are obtained 

from P fits.Jj
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Fig. 5 6 C12(0^ü,a)Mg2  ̂integrated ö*

from E (0 ) = 6.4 Mev toc.m.
first excited state reaction, 

obtained from PT fits.ii
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shown are residual fitting errors, which were always
larger than the statistical errors. Crosses indicate
values of o' obtained via the simple integration procedure
of section 4.5, where they fall outside the residual errors
of the &  values obtained from the fits. The connecting
curves have been drawn to account only for the latter.
It is seen that both c* , and o< excitation functions showo 1
several distinct peaks; some widths (PWHM) are as low as 
200 kev (c.m.) and spacing between peaks is of order 
500 kev (c.m*). Both and average o' show a marked 
increase over the observed energy range, which is attributed 
to Coulomb barrier penetration effects.

4*3* The °*2+ Integrated O' Excitation Function from
P^ Fits.

The °*2+3 generally extended only to backward
c.m. angles of 140° - 150°. This, however, provided a 
sufficient range to permit reasonable P^ fits to be carried 
out with a reduced maximum Polynomial order (Pq-P-̂ q f°r 
higher energy distributions and Pg at lowest energies). The 
extracted o' ( <*2+3) excitation function is shown in Pig.5*7* 
It is seen that the residual fitting errors are considerably 
larger than those of the c*q, c x1, fits, reflecting the 
uncertainties introduced by the lack of experimental



12 16 24Fig. 5.7 C (O ,oc)Mg integrated &  excitation function
16from E (0 ) = 6.4 Mev to 9*6 Mev, for thec .m.

second + third excited state reactions. Values 

of Cf are obtained from PT fits.li
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Information at backward, angles; in addition, the 
agreement with &  values obtained by numerical integration 
is not as good as for ©C0, fits, as indicated by the 
larger number of crosses. The &  ( curve shows 
general characteristics similar to those of the o'(c<0) 
and o' ( ©Ĉ ) excitation functions*

4*4* The Integrated o' Excitation Functions from
Fits.

The angular range (c.m.) for which ©< W(0) data
was available was even less than that for the c<2+3 SrouP* 
However, advantage was taken of a selection rule applying 
to the C (0 , °^)Mg * reaction, to provide extra angular
information. Litherland (Li6l) has noted that reactions 
involving particles with all spins 0, and proceeding to 
“unnatural parity“ states (l+, 2"", 3+ etc.) in the final 
nucleus have the interesting property: do^/dA(0°,l80°)=0; 
this is a consequence of conservation of parity and angular 
momentum and is independent of the reaction mechanism or 
the nature of the compound system. Since the 4th excited 
state of Mg2  ̂has spin-parity 3+> and all reaction particles 
have spin 0, the C^2(0^, oc^)Mg2  ̂reaction satisfies these 
criteria, and the d^/dil(o<^) is expected to go to zero 
at 0° and 180°♦ Although experimental observations at 
exactly 0° were not performed, the rapid decrease in the
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W(0) at extreme forward angles, for all 0 energies 
(no exceptions), indicated that the selection rule held 
at 0°; on this evidence it was also assumed valid at 
180°. Hence, 0° and 180° values of 0 were introduced 
into the cx^ W(0) as additional points and heavily weighted 
in comparison with the existing experimental points.

Using this device it was possible to obtain 
reasonable P-̂  fits to the W(0) with the same maximum 

Polynomial order as used for the c*2+3 ^i^3 
The extracted &  (c<^) excitation function is given in 
Pig. 5.8., where the remarks of section 4.3 apply to 
residual error bars and numerical integration crosses. 
General characteristics of the excitation function
are similar to those for the lowered -groups.

4.5. The and Integrated o' Excitation Functions
Numerical Integration.

The maximum c.m. angular range for which and 
data were available was generally 100°-110°, and 

reasonable fits to the W(0) with Pt expansions could not 
be obtained. However, it appeared(from the consistency 

between PL-extracted o' (°<0>i»2+3’4^ values aXiäi 
cr'(c*o>i>2+3,4  ̂values obtained from direct integrations) 
that a good approximation to the cr(c*^,<Xg) values could



Fig. 5 8 (O ,a)Mg2  ̂integrated o'
1 6from E (0 ) = 6.4 Mev toc.m.

fourth excited state reaction

obtained from P fits.L

excitation function 

9.6 Mev, for the 

• Values of o' are
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■be obtained via simple numerical integration of the
<*5, 6 w(ö).

The numerical integrations were carried out for 
all o<^ W(9) by a 1620 computer program* whose basis was 
the Trapezoidal Rule* For the groups the 0°
and 180° W(9) end points were estimated by visual 
extrapolation, and for the group were fixed by theory. 
For the 0<k2+3 > 5 an<3- groups the no-data backward-angle
region of the W(9) was assigned a value, by the program, 
corresponding to the average amplitude in the forward-angle 
region. The d excitation functions for groups °<o -°<g, 
obtained by numerical integration, are shown in Fig. 5*9*

Of particular interest are the d ( c<̂ , ©^), since 
the curves for the lower -groups are essentially the same 
(except as noted in the appropriate section) as those of 
Figs. 5.5-5.8 . Although the uncertainties in relative 
values of the & (c<^,o<^) are estimated to be large 
(probably the major amplitude changes in the
(^(oc^, o<g) excitation functions are nevertheless thought 

to be meaningful. Fig. 5.9 indicates that the c*g 
curves show general characteristics similar to those of 
the curves for lower oc-groups.

*Written by D. E. Groce.



• i o  T (z 0 AFig« 5*9 C (O jCcjMĝ  integrated d  excitation functions
1 r

from E (o ) = 6.4 Mev to 9.6 Mev, for thec • m •
ground state, and first, second + third, fourth, 
fifth, and sixth excited state reactions. Values 
of Cf are obtained by numerical integration.
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4.6. Correlations Between Integrated o' (°<^) Excitation
Functions.

In order to determine the extent of correlation 
between the integrated &  excitation functions for different 

-groups, the c.m. energies of all cross section peaks 
have been listed in Table 5.1. For the obtained
from both fits and numerical integration, those energies 
for which prominences do not appear in both curves are 
labelled with an asterisk.

The approximate energies of very marked “shoulders” 
in the &  curves are also listed, and labelled with
crosses to distinguish them from clear-cut-peaks.
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TABLE 5,1,

<r(o^) **<•%)

6.7+ 6.7 6.7 6.7
7.1 7.1+ 7.1+ 7.0* 7.1 7.1+

7.5* 7.5
7.7 7.7+ 7.7* 7.8 7.7

8.1

8.3+ 8.3+ 8.2
8.6 8.6 8.6 8.5 8.6 8.5
8.8+ 8.8 8.8 8.8 8.8+
9.3 9.3 9.3+ 9.3 9.3 9.2

9.6

The uncertainty in Table 5.1 energies is ± 0..1 Mev, due
mainly to the relatively low density of curve points.
Entries have been made in such a way that "resonance” 
postions in each & ( ^ )  column are horizontally aligned 
if their energies are the same within this uncertainty.

An inspection of Table 5.1 reveals the followings- 
(a) Nearly all <f (<*^) excitation functions show resonance­

like behaviour at c.m. energies (within - .1 Mev) of
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7*1» 7*7» 8.6, 8*8 and 9*3 Mev.

(b) At several of the remaining energies (6#7* 7#5,
8.3 Mev), resonance-like behaviour occurs in a 
smaller but still significant number of the 
curves.

(c) . Only for two instances (8.1 and 9-6 Mev), both in
the CJ'(oĈ ) excitation function, are there no 
corresponding peaks in other ^(cx^) curves.

4.7. Analysis of Integrated €f Excitation Function.
--------- u r r  I-------------- o ---------------------------- r T l ... ■ ' 1 ' - ........... ’ —

It has been noted, in connection with a study of 
C12(C12,o()Ne20 (Ku63ti that alpha-particles emitted from 
reactions involving only spinless particles and zero 
entrance and exit channel spins have a particularly simple 
angular distribution, which can be written as:

W(6) = |5"~(2L.l)*(AL.iBL)PL(cos e)j 2 (5.2)

where the angular momenta L carried by the alpha particles 
are just the spins J of the contributing states of the 
intermediate compound system. If the reaction proceeds 
through only a single isolated compound system level (in 
the Breit-Wigner sense), this expression reduces to:-
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W(e)j = \ (2J+l)*(Aj+iBJ)l>j(COsö) 1 2 (5.3)

which directly connects the level spin J with the form 
of the angular distribution.

The ground state and 6th excited state of Mg 4 
have spin-parity 0+(En62b), so that alpha particles from 
both the corresponding reactions C; (Cr , OCQ,<*g)Mg 4 
must have angular distributions which can be represented 
by the general form (5.2).

An inspection of the oCQ W(0)fE(O^)=:15.O-22.5 Mev. 
(lab. )jof Pig. 5*3 and the distribution set (not shown) 
revealed that the possibility of obtaining good fits with 
the reduced expression (5*3) was negligible, the implication 
being that the C ^ ( 0 ^ , oc )Mg^ reaction (in the given 0 ^  
energy range) does not in fact proceed through isolated 
single compound system levels. However, it seemed clear 
that direct information on the relative amplitudes with 
which compound states of different spins J are excited in 
the C12(01 ,̂ oC)Mg2  ̂reaction (as function of E(01 )̂ could 
be obtained by fitting the W(0) with the general
expression (5.2.). Such work is presently being carried 
out, using an iteration computer program*, similar to that

*Basic program was supplied by D. H. Hebbard and 
considerably expanded by D. E. Groce.
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employed by Kuehner et al. (Ku63j in fitting 
C12(C12,<*o)Ne20 w(e) with the expression (5.2).
This work is not complete and no results are given here.

Although, in principle, the distributions 
could be treated in the same fashion and should yield 
similarly useful information, it is thought that their 
incomplete angular range will not permit meaningful 
unambiguous fits with (5.2) to be obtained.

The behaviour (as a function of energy) of the 
relative amplitude (Aj+iB^) extracted from the (5.2) fits 
to the o<0 W(9), is expected to partially indicate the 
nature of the ö'(oc) excitation function ’’resonance" 
structure, and in particular my show whether these peaks 
are produced by a compound-system reaction mechanism 
characterized (at each peak) by dominant spins J.

It is appropriate to note here that, as recorded 
earlier, several of the c*Q and c><g W(6) show structure 
strongly indicative of dominant Legendre-Polynomial 
(Aj+iB^) amplitudes. These distributions occur, significantly, 
at c.m. energies of 6.7, 7*7, and 9*3 Mev, which correspond 
to peak positions in most of the excitation functions
(Table 5*1); the important Polynomial terms at these energies
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appear to be P^» P^ and Pg respectively, leading to
the tentative suggestion that the C^(0^, o<)Mg^
reaction mechanism is dominated at the corresponding 

28Si excitations by compound-system resonances characterized 
by spins J = 2, 4 and 6 respectively. At some of the 
remaining Table 5*1 energies, the and angular 
distributions show behaviour reminiscent of strong P^ and 
P^ contributions, suggesting the possibility that other

peaks might be due to compound-system resonances 
of odd spins J=3*5. However, the qualitative angular 
distribution evidence for these is much weaker than that 
for the even spins. In the absence of quantitative 
confirmation via the (5.2) fitting program, the foregoing 
remarks must in any case be treated as little more than 
speculation.

As additional information bearing on the 
0^(0 “̂ , c*Q)Mg^ reaction mechanism, the results of the 
E(O^) = 32.00 Mev (lab.) preliminary experiment described 
in section 4.8, Chapter IV are introduced at this point*.
The OCQ angular distribution at backward angles is shown 
in Pig. 5.10, along with an attempted fit of the simplified 
form (5.3), W(0) Pg(cos Ö); the theoretical curve is

*These have been published in Physics Letters (Qu63)»
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normalized to the experimental angular distribution 
at 155° (c.m.). The fit is not very satisfactory at 
angles near 135°, and the missing forward-angle data 
introduce a large uncertainty. However, in the sense 
outlined above, these 32.00 Mev (13*70 Mev in c.m. system) 
results do indicate the probable dominance of the Pg 
relative amplitude (Ag+iBg) in the more general fit (5.2), 
and suggest that a Si compound-system state (or states) 
of J = 8 is strongly excited in the C*^(0^, )Mg^ 
reaction at this energy.

Section 5. DISCUSSION OP PRESENT RESULTS.

5.1. Previous Work on the )Mg2  ̂Reaction.
12 16 paThe C (0 , c*)Mg ^ reaction has been previously

investigated with Tandem Van de Graaff energies and
precision by (a) Hinds, Middleton, and Litherland (Hi6l),
who measured a single angular distribution at 24 Mev 0 ^
bombarding energy (using a multigap magnetic spectrograph);
(b) Evans et al.(Ev63) who measured the 0° and 12° daf/d-Q.
excitation functions between E(0 ) = 16.0 and 19.0 Mev
for the -groups feeding the g.s. and 1st 4 excited states 

24in Mg , and verified the application of the selection rule
discussed in section 4.4 to the (3+ ) 4th excited state 
reaction; (c) Halbert et al.(Ha63), who have measured the
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o^> °^2+3 * and ^ 4  d o f /d / l  e x c i ta t io n  fu n c tio n s  a t

30° , 149° ( l a b . )  over th e  0^  energy ranges 16.8  -  21.6  

Mev and 3 0 .0 . -  32.8 Mev. (100 kev s te p s  in  la b . sy s tem ).

The l a s t  experim ent (c )  i s  o f p a r t i c u la r  i n t e r e s t  

s in c e  th e  low er energy range co in c id e s  alm ost e x a c tly  w ith  

th a t  o f  th e  main body o f th e  p re se n t work, and th e  h ig h e r  

i n t e r v a l  in c lu d e s  th e  energy (3 2 .0  Mev l a b . )  a t  which 

th e  p re lim in a ry  an g u la r  d i s t r ib u t io n  d a ta  ( s e c t io n  4 . 8 , 

C hapter IV) were o b ta in e d . The dor/dJCL o f H a lb e rt e t  a l .  

(Hao3) show s tro n g  energy dependence s im ila r  to  th a t  o f 

th o se  p re se n ted  in  s e c t io n  3 .6 , C hapter IV. T h e ir  energy 

s te p  s iz e  o f 100 kev ( l a b . ) ,  however, was much sm a lle r  

th an  th a t  employed in  our d o '/d  CL r e a c t io n  survey  (500  kev) 

and even th a t  used in  th e  d e ta i le d  an g u la r  d i s t r i b u t io n  

study  (250 k ev ); a c o n s id e ra b le  amount of th e  d c f/d Q . 

s t r u c tu r e  observed in  t h e i r  work p o sse sse s  w id th  o f ^ 1 0 0  

kev, which su g g ests  th a t  th e  p o in t d e n s ity  in  th e  ( ^ ( o C )  

e x c i ta t io n  fu n c tio n s  o f F ig s . 5 .5  -  5*9 may n o t have been 

adequate to  re v e a l a l l  d e t a i l s  o f th e  c ro s s - s e c t io n  energy 

dependence.

5 .2 . S t a t i s t i c a l  Cross S ec tio n  F lu c tu a tio n s  I n t e r p r e t a t i o n .

H a lb e rt e t .  a l.(H a6 3 ) have analyzed  th e  marked 

energy dependence o f t h e i r  dc'/dXX(30o > 149°) in  te rm s o f
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the recently developed Statistical Fluctuation Theory 
(Er60, 62, 63), assuming that P in the compound

pO
system Si at the high excitations involved (24-31 Mev),
and that the Statistical Model therefore applies.
(See Chapter VI for elaboration of these and following
points). They have performed autocorrelation and
cross-correlation calculations on all dd/dil(30°,149°)
for all -groups, and find (a) an average compound system
"width" r  of 116 kev; (b) no apparent correlations between
dO'/dXX( 30°, 149°) for different o< (some exceptions ini
lower energy range). These results are questionable on 
the grounds that (a) the average dö/dil( 30°,149°, )
amplitudes are not at all independent of energy within the 
intervals over which the correlation functions are taken 
(this is a fundamental requirement for application of 
Fluctuation Theory); in fact they are very sharply rising, 
since the Coulomb barrier falls within this energy region; 
and (b) the detailed work of Chapter VI on Al^(p, <x)Mg2  ̂

cross-section fluctuations indicates that, due to the 
possible breakdown of one of the main Fluctuation Theory 
(Er63) assumptions (that P is independent of compound-system 
spin, J), correlation analyses of differential-cross-section 
excitation functions may not be very meaningful (i.e. may 
be strongly dependent on the angles at which the döf/d£L(ö)
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are measured)*

The integrated O' (ot ) excitation functions 
obtained in the present work have not been subjected to 
statistical fluctuation correlation-function analysis, 
for the operational reason (a) given above. In any case, 
it is thought that Table 5.1 provides sufficiently strong 
evidence for large correlations between the 0*(o<^) 
excitation functions to enable the statistical-fluctuation 
interpretation of their resonant behaviour to be rejected - 
one of the important predictions of the Statistical 
Fluctuation model being that there should be essentially 
no correlation between amplitude-fluctuations in cross 
sections corresponding to different states in the final 
nucleus.

Moreover, the C1^(01^,o<)Mg^ W(0) (Figs. 5*3» 5*4) 
are relatively slowly varying with energy, showing only 
gradual changes over 300-400 kev (c.m.) intervals; this 
behaviour is not consistent with that predicted by 
statistical fluctuation theory, which expects strong W(0) 
energy dependence within energy intervals ^  the widths 
of cross-3ection peaks (in this case * * 200 kev, c.m.).

A statistical fluctuation interpretation of the
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(0^ , ©t)Mg2  ̂cross sections is not, of course, ruled 
X6out at higher 0 energies than those covered in the 

present work.

5*2. Quasi-molecular Resonance Interpretation.

The lack of clear statistical behaviour for the 
C ^ ( 0 ^ # ©OMg2  ̂reaction at Si^^ excitations where T  »  D 
is expected to be a good approximation, indicates that the 
reaction may proceed via a mechanism in which a '•classical" 
compound nucleus is not actually formed; i.e. since the 
relative K.E. of target and incident nuclei is below the 
Coulomb barrier for the system, and large orbital angular 
momenta (up to 8fi) can be involved, the two nuclei may be 
prevented by the net repulsion from dissolving into a 
compound system.

This leads directly to the suggestion that the 
resonant behaviour observed in the &  {°t^) excitation 
functions may be similar to the"quasi-molecular" resonances 
of 100-200 kev width reported by Almqyist et al. (A163D in
the C^(C"^, °^)Ne^ CT'to^) c*m* energies in the
12 12 24*C +CX system near 6.0 Mev (Mg 4 compound-system excitations

12 12of 20 Mev)* Such states in the C +C system were initially
revealed in the total reaction cross section, the elastic
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scattering, and in the total n, p, and & yields
(Br60, A160), and are characterized "by very large C
emission reduced widths (more than 10 times that for

-emission, and 100 times the average nucleon width).
In the ’’molecular'1 states, the target and incident nuclei
are thought to be connected by surface interactions, while
Coulomb repulsion, the angular momentum barrier, and
re-arrangement energy inhibit immediate collapse into a
compound nucleus of small radius. Theoretical explanations
have been given by a number of authors (Vo60, Da60fc Wi61,
A160), but these are not discussed here. Similar phenomena
have not been observed at Coulomb barrier energies in the 

16 16nearby 0 + 0  system in either the elastic scattering or
12 16total (n,p,c*, JT) yields. In the C +0 system, which is 

of primary interest in the present work, no resonant 
behaviour has been observed in the elastic scattering near 
barrier energies (Br60), but strong resonant behaviour 
appears at higher energies (12-15 Mev c.m.). However, this 
is thought to be different from the lower-energy quasi- 
mo lecular resonances, (Ku63a) and explainable in terms of 
statistical fluctuations due to overlapping compound 
nucleus state.

If the C12(01 ,̂ oc )Mg2  ̂ excitation function
resonances observed in the present work are in fact due to
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a quasi-molecular reaction mechanism, precise compound- 
system spins should be associated with them (as demonstrated 
for the C (C ,o<)Ne c? (c<^) resonances by Almqvist et al. 
(A163Ü). Whether or not this is the case is expected to 
be revealed by the behaviour (in the neighbourhood of the 
Cf (oCo) peaks) of the (Aj+iB^) parameters extracted 

from the (5.2) fits to the c*Q (Pig. 5*3) angular 
distributions. Until these have been completed, no further 
conclusions can be drawn.



CHAPTER VI

STATISTICAL FLUCTUATIONS IN 
Al27(p,ot)Mg24 CROSS SECTIONS.
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CHAPTER VI

Section 1. INTRODUCTION.

With the advent in recent years of variable high 
energy and high resolution charged particle beams, 
provided by Tandem Van de Graaf accelerators, it has 
become possible to examine in detail the excitation energy 
range 15 - 30 Mev in light and medium weight nuclei. Much 
of the data obtained in this region show the following 
characteristics, independent of bombarding particle, target 
nucleus, and reaction type:

(a) Differential and integrated cross sections 
reveal strong energy dependence. Excitation 
functions take the form of series of pronounced 
maxima having irregular width and spacing. Average 
widths and spacings are of order 10 - 100 kev.
The fluctuations are of the same order of magni­
tude as the average cross sections, which are 
slowly varying functions of energy.

(b) Angular distributions show very strong energy 
dependence, and contain large fractions of odd 
order Legendre Polynomial terms. Isolated angular 
distributions can be fitted with combinations of
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sim p le  d ir e c t  in t e r a c t io n  m echanism s, but 

param eters e x tr a c te d  are un ab le  to  p ro v id e  

f i t s  fo r  n e ig h b o u r in g  d i s t r ib u t io n s  

d i f f e r in g  in  energy by as l i t t l e  as 20 k ev .

1 .1 .  E xp erim enta l E vidence fo r  C ross S e c t io n  F lu c t u a t io n s .

The A1 ' ( p ,  o()Mg^ d a ta  whose broad f e a tu r e s  are  

d is c u s s e d  in  Chapter I I I ,  shows th e  behaviou r n oted  

ab o v e . S im ila r  r e s u l t s  have been rep o rted  by many 

w orkers in  r e c e n t  y e a r s ,  and a p a r t ia l  l i s t  i s  g iv e n  h e r e .  

Only th e  e x c i t a t io n  fu n c t io n  d a ta  are  reco rd ed .

Warsh, e t  a l .  (Wa63) have measured th e  Al^^(p^x)Mg2^

andoC^ dCf/dJ0L(90°) e x c i t a t io n  fu n c t io n s  a t E^=3“ 12 Mev

in  50 kev s t e p s ,  A lla r d y c e  e t  al.(A 163<i have measured

d O f /d H (s e v e r a l  a n g le s )  fo r  th e  same r e a c t io n s  in  th e  range

E = 9 -1 2  Mev, and Ogata e t  a l . ( 0 g 6 0 )  have o b ta in ed  s im ila r  
3?

d a ta  a t  proton  e n e r g ie s  o f  10 -14  Mev. The f i r s t  two 

exp erim en ts were perform ed w ith  Tandems (few  kev r e s o lu t io n ) ,  

but th e  th ir d  was perform ed w ith  a v a r ia b le  energy  

c y c lo tr o n  (25 kev r e s o l u t io n ) .

Jenkin  e t  a l . ( J e 6 3 )  have m easured th e  E1^ (p ,n )N e1  ̂

t o t a l  in  th e  range E = 4 .9 -1 1 * 0  Mev, and Warsh e t  a l.(W a63)  

have o b ta in ed  dcf /d X l ( 7 0 ° ,1 6 5 ° )  fo r  P^^(p, cxq)0^^ in

th e  range E = 3 -12  Mev. Lawrence and Hay(La63) r ep o r t
3?

Mg26(P ,<* )N a ^  c*o a n d o ^  d cr/d l3L (90°’ 135°) e x c i t a t io n
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functions in the range E = 6 - 9 Mev. A heavy ion 
experiment showing cross section fluctuations is reported 
hy Halbert et al.(Ha63) who have measured ,oOMg'"^
ocQ, oc , o< , oO 1 cx dor/dfL ( 3°, 149°) excitation functions 
in the E(CH0) ranges 16,8 - 21.6 Mev and 30*0 - 32*8 Mev; 
because entrance and exit channel spins are 0 for
I P  I fZ n 4C (0 ‘,oc)Mg and all reaction particles have 0 spin, 

this work is of particular interest (see Chapter V).

Owing to the simple experimental conditions obtaining
(described in Chapter II), extensive data have been obtained
for neutron-induced charged particle reactions in the
Silicon isotopes. Colli et al. (C063, Co62a:b:c) report
integratedcX excitation functions for Si2^(n, öC )Mg^ (oc, ”°£)
in the neutron energy range 12.5 - 18.5 Mev. Potenza (Poo3)
has measured CT for Si^°(n, ©c )Mg2'" (00,0c,) between
E^ = 3»5 and 5.5 Mev, and Andersson-Lindström reports
similar data between En= 6.00 and 9*00 Mev. The
Si y(n, oc)Mg (of >Of^) integrated cross sections have
been measured by Potenza (P063) for En= 3*5 - 5*5 Mev.

28 28Similar work on Si °(n,p)A± , feeding the lowest states of
28Al^ , has been reported by Potenza (P063) and Andersson-

Lindström (An63) in the ranges E = 3«5 - 5.5 Mev and
Er = 6*0 - 9.0 Mev, respectively. Tsukada (Ts63) has measured
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28the total Si neutron cross section in the range 
En= 3.0 -5*0 Mev. Neutron energy resolutions for the 
above work were typically 20 kev, and all total and partial 
cross sections for the listed reactions show strong 
fluctuating energy dependence.

The only cross section fluctuation data reported 
for nuclei heavier than the mass range 20 - 30 is that of

C O (- oLee and Schiffer (Le63) who have measured Ni'' (pipjNi*' , 
and Ni^( p,p)Ni^ dc5 /dA-( 90°) excitation functions in the 
range E^= 7.0 - 12.0 Mev.

The above survey serves only to indicate the great 
variety of reactions which exhibit strongly fluctuating 
cross section energy dependence; the single common feature 
is that all compound system excitations lie in the range 
E = 15 - 30 Mev. Since experimental resolution sufficiently 
narrow to reveal the detailed nature of the fluctuations 
has only recently become available at the corresponding 
bombarding energies, it is only now becoming clear that such 
phenomena are the rule, rather than the exception, at high 
compound excitations.

1.2 Direct and Compound System Reaction Mechanisms.
Questions which immediately arise are:- (a) What 

reaction mechanisms are responsible for the cross section
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fluctuations; and (b) What nuclear information can be 
obtained from data of this type.

The general situation is extremely complex, since 
the following competing processes contribute to the cross 
sections: (a) Simple direct interaction (D.I.), singly or 
in combination; (b) Compound nucleus reactions; (c) Inter­
ference between compound nucleus and direct reactions; 
and (d) Semi-compound processes, in which only a few nucleons 
of the target nucleus are excited. The nuclear reaction 
time scale extends from 10 sec (simple direct interaction) 
to 10 sec ("classical” compound nucleus formation), and 
in principle it should be possible to distinguish reaction 
type via the time involved. However, direct measurements 
of such small time magnitudes are not yet feasible, and 
indirect methods must be applied (Bo62<£.

It is evident that existing experimental information 
on the precise reaction conditions leading to long lived 
compound nucleus formation (in the 15 - 30 Mev excitation 
region) is rather meager (Bo62öi, and somewhat ambiguous.
There have been few serious attempts to distinguish reaction 
mechanisms in this region, and it would appear that a great 
deal of experimental and theoretical work will be required 
before the situation becomes much clearer.
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It seems obvious, however, that the strongly 
fluctuating cross sections, and rapidly varying angular 
distributions cannot be explained in terms of pure D.I. 
mechanisms (either singly or in combination), as these 
predict only a weak energy dependence. In the following 
sections, D.I. effects are largely ignored. This is 
admittedly an arbitrary procedure, the main supporting 
argument being that the data accumulated so far tend to 
indicate (Bo62<J that the probability, in most reactions, 
for formation of some sort of intermediate compound system 
is very large (80-95#)« Although it was formerly thought 
that this was more true for medium weight and heavy nuclei 
than for nuclei in the A = 20 - 30 range, the recent 
experiment of Glover and Weigold (G161), which finds 85-90# 
compound nucleus formation probability for A1 '(p,n)Mg , 
indicates the applicability of the argument in the mass range 
considered here. If, in a given reaction, a large D.I. 
contribution exists, it would be expected to be revealed in 
cross sections and angular distributions averaged over energy 
intervals large with respect to the fluctuation width. The 
data analyzed in this chapter are the Al^(p,e< )Mg^ 
excitation functions presented in Chapter III, and appropriate 
cross section averages and angular distribution averages 
provide little substantial support for the existence of a 
large D.I. contribution.
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Section 2. THEORY OF FLUCTUATIONS.

This section presents a brief summary of the 
main points and predictions of theories developed in 
recent years to treat the cross section fluctuations.
The two general approaches are based on: (a) The "classical” 
Statistical Model - separation of the reaction into 
independent formation and decay modes, and a long lived 
compound system. This has been developed chiefly by 
Ericson (Er60,62,63) and extended by Brink and Stephen (Br6^); 
(b) the assumption that only a few of the target nucleons 
participate in the reaction (i.e. only a partial equilibrium 
occurs). This hypothesis has been developed by Izumo 
C Iz6 1,62 ).

2.1. Statistical Theory (Ericson)*
Ericson*s central thesis is that the cross section 

energy dependence arises from the fluctuations associated 
with the average quantities of the Statistical Model. At 
high excitations, many reaction channels are open, (so that 
the average width of compound nuclear states is large) and 
level density is high. This produces a situation in which 
levels are expected to be strongly overlapping and P» D 
(where P is average level width, and D the average spacing). 
The width P is just the energy uncertainty in the compound

* ~ .Notation used here follows that of Encson.
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nucleus and contains a large number of compound states 
U > .  A reaction at excitation energy E proceeds 
simultaneously through all states IO within P (centered 
on E). Due to the many final states, the width P 
(effectively the compound nucleus width) is expected to 
be slowly varying with energy, and can be considered as a 
"coherence energy" within which compound state 1 0  matrix 
elements must be treated as coherent. Using the compound 
assumption, which permits the separation of the scattering 
matrix S into parts leading into and out of the compound 
states ) iO > the cross section for a reaction proceeding

ffrom stated to stated , can be written as:

O ^ r  | T X * d  v l  ±y> ^CE,Ei)<±l (6.1)
The bracketed quantities are the matrix elements connecting 
initial, compound, and final states, and f(E,Ei) is the 
probability (a Lorentzian function of E, E^, and P ) of the 
reaction proceeding through compound state j i^ • f(E,E_. ) is 
large within P , and small outside, so that only states ( i^ 
within an energy P of E will participate effectively in the 
sum.

2.1(a) Random Phase Assumption.
The assumption now introduced is that since the 

number of intermediate states ) i^ is very large, the relative 
phases with which they are excited can be treated as random.
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This leads directly to a Gaussian distribution for 
the matrix elements and the well known Porter-Thomas 
distribution for the transition probabilities:

-y.j /  2y
P(y.) = — L _  . ----  (6.2)

(2TTy)* (yj*
This is similar to the expression for the Random Walk 
problem and is strongly fluctuating. It successfully 
predicts the width distribution of levels observed in 
the region of neutron capture energies, indicating that 
the random phase assumption seems justified at these 
excitations. However, this is several Mev below the 
region of ^ » D ,  with which we are concerned; little 
supporting evidence exists for the validity of the assum­
ption in the 15 - 30 Mev excitation range.

Since the sum of matrix elements of random phase 
is also a random number, the sum over contributing states 
J i^ in (6.1) is a Gaussian distribution, and the cross 
sectionö^^is expected to fluctuate with a Porter-Thomas 
distribution. However, strong fluctuations in to
individual final states are expected only for energy 
differences y P  • If the beam resolution is infinitely 
narrow, and the energy is changed by S E < P, then the 
matrix element sum in (6.1) will be essentially unchanged as



170

the 1 i*> are nearly identical. Consequently O'«*«*' 
changes little for & E < P ,  Ericson(Er60) notes that 
this leads to the possibility of experimental measure­
ment of P from the excitation functions, and a method
of determining the compound nucleus lifetime (which is
just t  = n / r ).

2.1(b). The R.M.S. Fluctuation Amplitude.
The two important quantities measurable from cross 

section excitation functions showing fluctuations are:
(a) the R.M.S. fluctuation amplitude (f); and (b) the 
average fluctuation width (P). Expressions for the former 
are given here, and for the latter in section (2.1(c)).

Eor a Porter-Thomas cross section distribution, and 
for P">*> D, Ericson obtains (Er60):

f = —  ~  l/nN (6.3)<d>
where n is the number of final states included in the cross 
section, and N is the number of ’’coherence widths" P  within 
A  E, the averageing interval. In the region ofP^^D,
(i.e. single, separate levels), N is just the number of 
states I i^ in the compound nucleus within A e ; some recent 
experiments have erroneously interpreted N in this manner 
for the P» E region. It is noted that (6.3) implies that
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the total reaction cross section (where n is large) 
will have only small fluctuations*

If angular distributions for the reactionoCoc#, are 
written as (B152):

d a ^ / d n . ^ ^ r B L( oc1 s* ;oC s)PL(c°s 0) (6.4)
I

where s, s are channel spins), Ericson (Er60) shows that 
the even B^ fluctuate as much as the int egratedc*,**' . The 
same is true in absolute terms for the odd B^, but their 
mean value is zero. In general, therefore, in spite of 
the many intermediate levels ( included in P  , it is 
predicted that the dCJ^^/dJViö) will show no symmetry about 
90°* The asymmettry is expected to disappear, however, 
upon averageing the dc3rV'/cL0..(9) over A E  » T .

2.1(c). Cross-section Correlation Functions.
This section sketches the development of theoretical 

expressions connecting P and the D.I. and compound nucleus 
cross section contributions which can be used for the 
quantitative analysis of the cross section fluctuations.

In first approximation angular momentum effects are 
ignored (i.e. spinless particles, and s-wave interactions 
only). The reaction cross section is then:
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where S (Fe62tf (6,5)

is the total scattering amplitude for the reaction 
oo«/. which is divisible into a slowly varying part
/ ( p 'x(S0<öC'J associated with D.I., and a part associated with 
the formation of compound states \ (complex energy E^), 
which varies rapidly with energy. The a^ are just 
(If . ) (Jf^) f the width amplitudes leading into and out 
of the intermediate states | i^ (Fe621), and can be 
expressed as â  = ̂ a ^  + Aa^. This is the sum of the 
average resonance amplitude, and the fluctuating part 
which varies from resonance to resonance. Also:

where D is the average level spacing (Bo39), so that 
altogether

where S ( E )  is the fluctuating part of the scattering

(6.7)

(6.8)
(fl)
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amplitude (i.e. the fluctuating compound contributions 
to the scattering matrix are identified with the 
fluctuations in the resonant amplitudes. This holds 
only for P » D ,  and is more general definition of D.I. 
and compound nuclear processes than that customarily used 
in D.W.B.A. theories).

Using (6.8), Ericson finds that the averaged cross
sections decompose into incoherent contributions from the 
D.I. and compound (fluctuating) nuclear amplitudes so that:

Introduction of the random phase approximation leads to:

Autocorrelation Function (no angular momentum).
The above expressions are connected to the experi 

mentally measured cross sections via the self-or-auto- 
correlation function, defined as:

(6.9)

r (6.10)

F(E) -<(<*(E + e) -<<*»(<* (E) - < d » > (6.11)
By carrying out the prescribed averages, using (6.7)i(6.1l), 
and the continuum assumption for the real parts of the
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resonance energies E^, one obtains explicitly:
(fl)

&  r (D.I.) (fl)-] *F(e ) = ---------- O 2<T + cr (6.12)
1 + ( € / D 2 L J

Near6 = 0, this expression has a Lorentzian shape,
and should provide a quantitative measure of P , and thus
of the compound system lifetime. For physical reasons
discussed in section (2.1(a)), one expects: lim F(E) = 0

E —> 00
(D.I) (fl)

If O' is «O' , then at 6 = 0, one obtains
the relation:

F(o) = <(d(E) (6.13)

which is just the R.M.S. value of the cross section 
fluctuations, and is identical with the expression (6.3) 
except for a f a c t o r . Thus, a measurement of F(o) 
provides an experimental check on the validity of (6.3)«

Cross-correlation Function.

A correlation comparison between cross sections 
for different final states should (Er62) provide a rigorous 
test of the Statistical Model explanation of cross section 
fluctuations. The appropriate function (symmetrized) for 
measuring the correlation between cross sections to final 
states i and j is given as:

^Subscripts have been dropped.
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F(e) = i^C^CE + 6 )  -<<5.> )(<r.(E) - < < . >  )^ + (6.14)

i ̂  (<̂i (E) - <^7^ )(<.(E +6) )̂> (Ha63)

If the Model assumptions are correct (random-

phase assumption in particular), then peaks and valleys

in the two cross sections should coincide only accidentally
id

(Er62), and one expects F(£) = 0, independent of € , and 

i, j. This follows specifically from the fact that a 

change of reaction exit channel changes all the factors 

a^(6.5); and if these possess a random distribution, no 

two sets will be correlated.

Autocorrelation Functions with Angular Momentum Included.

A generalization of the above theory to include 

angular momentum effects leads to rather more complicated 

relations. Via extensive algebraic manipulation, Ericson 

(Er63) obtains an expression for the fluctuation cross 

section contribution associated with each coefficient 

(Equ. 6.4), which is similar to equation (6.10):

J r _ 27T ^ l ^  otsLj.cV A ^« sL; o/s* L D T ri (6.15)
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The a v e r a g e  s p a c i n g  D and w i d t h  P  , a r e  r e p l a c e d  by 

Dj  and P j ,  t h e  a v e r a g e  s p a c i n g  and w i d t h  f o r  compound 

s t a t e s  o f  a n g u l a r  momentum J ,  The a u t o c o r r e l a t i o n  

f u n c t i o n  f o r  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  a t  an a n g le  

9 ,  can  t h e n  be w r i t t e n  a s :

F(€)= <(!£ (E + 6> -<i&> -<!£»> (6-16>

( 2 i + l ) 2 ( 2I + l ) 2 l‘1u2
j )P t ( c o s 9 ) P j  (cosQ)

where  FT T (©<,©<',€) i s  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  
L1L2

a sym m etr ic  c o m b in a t io n  o f  t h e  c o e f f i c i e n t s  BT , BT , and
L1 L2

i s  an  e x c e e d i n g l y  l e n g t h y  e x p r e s s i o n  c o n t a i n i n g  p r o d u c t s  

o f  2 .  (B152) c o e f f i c i e n t s  and L o r e n t z i a n  f a c t o r s  o f  t h e  

t y p e  ( Tj- + f j  )•  F o r  c r o s s  s e c t i o n s  i n t e g r a t e d  o v e r  0 

s i m p l i f i c a t i o n s  o c c u r ,  and t h e  a u t o c o r r e l a t i o n  f u n c t i o n  

b e co m es :

P(e)=^(<5^ , ( E + e )  - < q l <)>)(q^<.(E) (6 .17 )

*■ ( 2 i + l ) ( 2 X + l ) J J

■'|X'v— p Hr .(fl) (D.I.)(fl)
• 2 _ ( 2 J + l ) 2 - 5— w (2Cf + 6 t )

C o n t r i b u t i o n s  due t o  each  J  v a l u e  add i n c o h e r e n t l y . i f  f \



177

is assumed constant (independent of J), then the 
Lorentzian factor can be taken outside the summation 
and a meaningful Hcoherence width” may be extracted from 
experimental cross sections. A similar reduction occurs 
in equation 6,16 for the dc*/d.O_(0) autocorrelation 
function, if this assumption is made.

The main condition imposed on the application of 
the correlation functions given here is that the averages 
prescribed should be insensitive to the choice of /VE, 
the averageing interval. The well known existence of 
optical model ”giant” resonances indicate that cross 
section averages show strong energy dependence over inter­
vals of a few Mev. Since the fluctuation widths P are 
expected to vary from 50 kev (A=30) to a few ev (A=200), 
this should leave a large range of acceptable values for 
/\E(Er63). However, in addition to the single nucleon 
optical model resonances, there may also exist resonant 
structure of a few hundred kev width, involving excitation 
of a small number of the target nucleons, which would 
impose severe restrictions on the averageing procedure. 
Little information is at present available on such secondary 
optical resonances; they are treated theoretically by 
Izumo (Iz6l) (see section 2.2).
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Normalized Correlation Functions.

In general it is more useful to measure 
correlation functions for '’normalized** fluctuation 
cross sections (i.e. in which the amplitude fluctuations 
are divided by their mean values), so that in following 
sections F( * ) is replaced by R(€ ) = F( G )/<cO>2 andid id id
F(e ) by R(e ) = F(e )/^Ö S  <^d\0 In particular,

o

comparisons between R(o) for cross sections with different
idmean values, and between R(o) and R(o) become independent

of absolute values. Ericson shows that (Er63) R(o) and 
id

R(o) are always< I , and also that: (a) R(o) for dcf/diX
excitation functions at backward and forward angles is 
expected to be considerably larger than R(o) for the 
integrated cross section; (b) largest fluctuations, i.e. 
largest R(o), for integrated cross sections will occur for 
small channel spins; and (c) for P independent of J, the 
behaviour of all the autocorrelation function ratios 
R(€ )(d<3> /dXX e**»» and totaled) near* = 0, is
given by the simple Lorentzian T /(€ + T  ), so that the 
P measurement should be independent of the type of 
excitation function used*
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2.2. Izumc^s Model.

To describe the cross section fluctuations Izumo 
(Iz6.1,6 2) has proposed a model possessing the following 
characteristics:
(a) The reaction proceeds by a mechanism involving 
emission of the products before statistical equilibrium 
is achieved (i.e. in a time^ relaxation time (Er60)); 
this is referred to as a partial equilibrium process.

(b) The incident nucleon excites compound states in a 
few nucleon cluster; the predicted level spacing for such 
states i s ^  800 kev for A=30, and the number of participating 
nucleons is expected to be * * 6.

(c) The model predicts weak energy dependence of angular
distributions within energy ranges A  E where P G is
the width of the few nucleon states

(d) Strong correlations between cross sections to 
different final states are expected.

Although, as noted previously, it is likely that 
such a reaction mechanism can account for a fraction of the 
cross section amplitude, little supporting experimental 
data is available. In the following analysis of the
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27 24Al (p»fct)Mg‘ data of Chapter III, Izumo's model is 
not applied. This seems qualitatively well justified 
in that the angular distributions (contrary to Izumo's 
prediction) show marked variation within 20 kev intervals, 
and that cross sections to be different final states 
appear uncorrelated.

Section 3. CORRELATION FUNCTION ANALYSIS OF Al27(p,o<)Mg2!'f
DATA

3*1. Basis for Analysis.
The conditions for application of Ericson's

statistical model approach to cross section fluctuation
data are mainly: (a) that the reaction proceeds dominantly
via a compound nucleus mechanism; (b) that the excitation
energy of the compound system is high enough for P*>>D
to be a good approximation; and (c) channel spins are low.

27 24Evidence in support of condition (a) for the A1 !(p,oc)Mg 
reaction has been given in section (1.2) of this chapter 
and in Chapter III. In general the results of similar 
(Pi °0 experiments (Br63dl indicate that the D.I. contri­
bution is usually small in comparison with compound nucleus 
formation. The arguments used in Chapter III indicate
that condition (b) is expected to be satisfied in the Si 
excitation region treated. Lawrence and Hay (La6ß),

28
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26 2 3investigating the reaction Mg (p,c()Na° at slightly 
lower compound system excitation, argue that the rough 
agreement between some of the fluctuation maxima in the 
oCo and oC 1 cross sections, and the existence of large 
amounts of odd Legendre-Polynomial terms in the dt^/diXCö) 
for these groups, suggests a situation involving inter­
ference between only a small number of compound nucleus 
levels (i*e.rnot»D in this region), However, the 
dC*/d-Q-(9) phenomena are in agreement with Ericson*s 
predictions forP*>>D, and rough agreement between a few 
cross section maxima cannot be claimed as significant
positive correlation. Condition (c) is not very well

27 24satisfied by A1 (p,cx)Mg , inasmuch as channel spins as 
high as 3 are involved. This does not obviate the analysis, 
but does place restrictions on the interpretation of 
results.

3.2. Computation of Correlation Functions.
With the aid of the A.N.U. 1620 computer, a

correlation function analysis was performed on the 
27 24Al (p, c<)Mg data of Chapter III. Relevant procedures 

and results for each type of calculation are given in the 
following sections. The data handling method was similar
for all computations and is described here*.

*All programs were coded by the writer.
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Input data (punched cards) for the correlation 
function programs were in the following forms:-
(a) d<*/dil(90°, 135°) excitation functions (6-10 Mev); 
one set of cards/o<-group/angle; 25 kev energy interval 
between points.

(b) Al coefficient excitation functions (from Legendre- 
Polynomial fit to 8.0 - 8.34 Mev data); one set of cards/ 
oc-group/A^; 20 kev energy interval between points.

(c) Angular distribution excitation functions (8.0 - 
8.34 Mev data); one set of cards/c<-group/excitation 
energy; A ö  = 5°, and 20 kev energy interval between 
points.

These data sets were stored in computer memory as 
2 or 3 dimensional matrices, where indices represented 
ot-group number, angle, and energy. Arithmetic operations 
required by the autocorrelation and crosscorrelation 
functions (6.12, 6.14) were simple, involving sequences of 
sums over, multiplication of, and averageing of data items. 
The heart of the calculation lay in the data indexing 
arrangement which enabled the repetitive operations to be 
performed on successive appropriate set of data items, via 
simple manipulation of the indices. Energy variables E 
and € were cycled in units equal to the smallest step 
involved (i.e. 20 or 25 kev). The averaging region, A e ,
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c o m p r i s e d  e i t h e r  t h e  f u l l  en e rg y  r a n g e  (per©(-group) 

f o r  w h ich  d a t a  were a v a i l a b l e ,  o r  l a r g e  f r a c t i o n s  o f  

the  f u l l  r a n g e  ( f o r  r e a s o n s  g i v e n  b e lo w ) ,

3*3« The D i f f e r e n t i a l  C ro ss  S e c t i o n  E x c i t a t i o n
F u n c t i o n s  6 -  10 Mev.

3 . 3 ( a )  C o r r e l a t i o n - F u n c t i o n  Dependence on A  E .

S in c e  t h e  d <3/d-flL(90°,135°) d a t a  c o v e red  an 

e x c i t a t i o n  r a n g e  o f  s e v e r a l  Mev, i n c l u d i n g  many c r o s s  

s e c t i o n  maxima and minima,  i t  was e x p e c te d  t o  p r o v i d e  an 

a d e q u a t e  t e s t  o f  t h e  a p p l i c a b i l i t y  o f  t h e  c o r r e l a t i o n  

f u n c t i o n s .  I n  o r d e r  t o  examine t h e  d e p e n d e n c e ^ o f  t h e  

a u t o c o r r e l a t i o n  on t h e  w i d t h  o f  t h e  a v e r a g e i n g  r e g i o n  

^ E ,  R(6- ) f o r  /d iX ( 1 3 5 ° ,  c*^)  was m easured  o v e r  A  E = 

K x ( l6 0 ,  80 and 40 p o i n t s ) ,  where  K = 25 k e v .  The same 

i n i t i a l  en e rg y  was u s e d  i n  each  c a l c u l a t i o n .  R e s u l t s  a r e  

i n d i c a t e d  i n  F i g .  6 . 1 .  The 160 p o i n t  R ( € : )  f a l l s  s h a r p l y  

f rom 0 .2 2 0  -  0 .1 4 0  i n  t h e  r a n g e  E = 0 -  50 k e v ,  and 

t h e r e a f t e r  d e c r e a s e s  v e r y  s l o w l y .  B e h a v io u r  o f  t h e  80 p o i n t  

and 40 p o i n t  R ( £  ) i s  c o n s i d e r a b l y  d i f f e r e n t ,  b o t h  showing 

a  r a p i d  f a l l o f f  t o  0 ( w i t h i n  E = 0 -  50 kev )  f rom an R(o)  

v a l u e  o f  ^  0 .0 7 5 ,  f o l l o w e d  by s m a l l - a m p l i t u d e  o s c i l l a t i o n s  

a b o u t  0 f o r  l a r g e r  &  .



F i g .  6*1 T y p ic a l  a u t o c o r r e l a t i o n  and c r o s s - c o r r e l a t i o n
27 2  a

f u n c t i o n s ,  computed from A1 (p>a)Mg ground 

s t a t e  and f i r s t  e x c i t e d  s t a t e  d d / d i X  (135°)

e x c i t a t i o n  f u n c t i o n s .



TYPICAL CORRELATION FUNCTIONS
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As noted earlier, a necessary condition for
the validity of the correlation function analysis is
that <<^>he energy independent over the range taken into
the computation, A glance at Fig, (3*25) of Chapter III
shows that the condition is not satisfied in the range
E = 6 - 1 0  Mev, and it is to this that the behaviour P
of the 160 point R(^)(Fig. 6.1) is attributed. For the 
80 point and 40 point R(^= ), the condition is much more 
nearly satisfied, and in fact their behaviour (for small 
G )  is quantitatively that predicted by Ericson (Er63)* 
Inasmuch as R(o) and P  (FWHM near G. = 0) for the 80 and 
40 point R(^ ) are approximately the same, it would appear 
that these autocorrelation function parameters are not 
very sensitive to the averageing range ( A  E), within the 
restrictions Ca)<jdT> = const, over A E ,  and ( b ) A ^ E ^ P  
Fig. 6.1 also shows that the amplitude of oscillations 
about 0 in R(€ ) for large G  is greater for the 40 point 
function than for the 80 point function. This is to be 
expected, on the grounds that fewer data items are included 
in the averages.

In the top half of Fig. 6.1 is shown the cross­
correlation function R(G ) between dcf /dlX( 135°, cXq ) and 
d<5/dlXi 135°, oC-, ), taken over the first 40 points of the
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energy range. The general form is typical of most 
id iJ

H(€ ) measured in this study. R(o) is small and negative,
and the curve shape near ̂  = 0 is clearly non-Lorentzian*
The fluctuation about 0 for large € is thought to be due,
as before, to the finite number of points included in the
averages.

The measured values of R(o 5 are meaningful only
in comparison with the R(o) for groups i and j taken
separately. A significant cross-correlation between
groups was considered to exist if the val\ie | R(o) |
was of the same order as the smaller of the two R(o), and

id
if the shape of the R ( ) curve for smalls was approximately 
Lorentzian. Although this criterion is rather arbitrary, 
it is expected to provide at least a lower limit.

id
Both the R(€: ) and R(^ ) functions have been 

applied to ,c<)Mg^^ data by Halbert et al. (Ha63),
and curves similar to those of Pig. 6.1 are obtained.

3.3(b). Autocorrelation Function Results for 
d<5/dH.(90°, 135°).

R( fe ) functions were measured for all dc* /dA( 90°, 
135°, Ot± ) excitation functions given in Chapter III, 
section (3* 3) > and the parameters R(o), and P  extracted 
from each curve. In extracting P , the first few R(€ )
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points were plotted and the FWHM (near 6 = 0) visually 
estimated from the connecting curve. The error in this 
estimate is thought to be ^  10$.

For reasons given in Chapter III, the measured 
d<r/dl\ energy range decreases with increasing o(-group 
number; but all terminate at 10 Mev. For computational 
convenience, therefore, the do^/dilwere broken into 
30 point segments, beginning at 10.00 Mev and running 
downward in energy. (All points in excess of integral 
sets of 30 were ignored). Each 30 point segment was 
treated as a separate excitation function, so that 4 
contiguous Rfe) were computed for groups c*o and
3 for o a n d  c* ., 2 for o<. , and 1 foro< _. This2 3 4 5
procedure ensured that the c r i t e r i o n c o n s t ,  within 
J^E was satisfied; however, it is possible that the 30 
point segments were too short for the restraint A  E}>P to 
be satisfactory. Results are given in Table 6.1, where 
the columns (reading left-to-right) contain: alpha group 
number; observation angle; R(o) and V for each energy 
interval, E.. ; and, average values of R(o) and P • The
energy intervals are:A = 7.025 - 7.750 Mev,
A e 2 = 7.775 - 8.500 Mev, /^E. = 8.525 - 9.250, and 
/vyE4 = 9.275 - 10.000 Mev.
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TABLE 6 .1

B(e) for dgVdlX(90ot 135°).

GROUP

OBS.

ANGLE

A e, 
R(o)  P

£> e 2

r ( o ) r
* E 3 

R(o)  P r (o ) r
AVERAGE

< R ( o i> < r >

0 9 °° .216  20 .189  30 .316  25 .140  29 .215  26
135° .177  19 .199 24 .190  30 .205 27 .193  25

1 90° .0 8 4  23 .062  39 .1 9 8  20 .048  33 .098  29
135 .068  19 .066  22 .055 19 .062  40 .062  25

2 90° .067  40 .084  33 .030  12 .0 6 0  28
135 .077  20 .056  23 .129 33 .088  25

3 90° .102  56 .096  28 .0 4 3  34 .0 8 1  39
135° .047  21 .0 6 7  27 .092  28 .069 25

4 90° .089  32 .026  26 .0 5 8  29
135° .094  24 .055 19 .072  22

5 90° .079  26 .079 26
135° .049 25 .049 25

It is seen that there is a considerable scatter 
in the several P values measured for each dof/dDl(or )#
The magnitude of deviations from the mean is similar for 
each oc group, and^P^takes a value of ^  25 kev, independent 
of oc group. The 90° T are consistently somewhat higher 
than those measured at 135°. It is worth noting that^P^ 
found here is close to the energy step size used in obtaining 
the differential cross sections.
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Tabulated values of R(o) for the different 
A  also show considerable scatter, for all alpha 
groups. However, the average values ^  R ( o d i s p l a y  the 
following general characteristics: (a) ^ R ( o ) ^  forc*^ 
is times the values for all higher o< -groups. This 
is in rough qualitative agreement with the prediction 
(section 2.1(b)) that ^Rtoj/^l/n, where n in this case 
is just the number of magnetic sub-states (2J+1) for the 
relevant level of spin J in Mg2^. The Mg2^ ground state 
has J = 0, and all higher states considered here have 
J 2; therefore the ratios of (l/n) (i.e. ^R(o)^ ) 
factors foro<o and o<  ̂ (i / 0) are expected to be ^  5.
It is possible that the experimental values are too low 
because of cross section maxima and minima missed by 
taking too large a step size; if this is not the case the 
lack of agreement would seem to be evidence for the 
existence of a significant D.I. component in the Al^' (p,<x)Mg^ 
reaction, (see equation 6.12), and for a partial failure 
of the random phase approximation. An inspection of ratios 
of the ^ R ( o ) ^  for higher o< ̂  reveals no quantitative 
correspondence with theoretical values of (l/n) ratios 
expected from spin assignments.

(b) Values of ^ R ( o ) ^  are greater at 9 = 90°, than at 135° 
in more than half the cases. This is in disagreement with 
the predictions of Ericson (Er63), which suggest that
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fluctuations should be greater at backward-forward 
angles than at angles near 90°.

Two additional observations appropriate to this 
section are: (a) As compound nucleus excitation energy 
is increased, more reaction channels are opened and the 
compound nucleus lifetime is expected to decrease, with 
a corresponding increase in T  . Within the excitation 
range studied in this work, there is no clear evidence 
for such a trend in P  .
(b) Similarly, no marked change is observed in R(o) 
values as excitation energy is increased. This implies 
that the fluctuations are not damped by the inclusion of 
increasing numbers of contributing compound levels within 
the "coherence energy", P  , in agreement with theory, (Bo62i. 
It is interesting to note that the cross section data of 
Ogata et al. (0g60), at compound excitations higher than 
those of the present work, do reveal considerable fluctuation 
damping.

i j
3.3(c) Cross-correlations R(€) for dc* /d-Q» (90°«135u , )

Cross-correlation functions R( ), were obtained 
for all possible pairs ofcx-groups i, j at Ö = 90°, and 
135°. In R( €) where one or both groups are higher than
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, the number of 30 point excitation function segments 
is less than 4 for reasons given in section (3.3(h))). 
Results are shown in Table 6,2., where the leftmost 
column indicates the groups i, j, used in the calculation, 
and the remaining columns contain the computed values of 
R(o) for each/^E^, and the average, ̂ R(o)^ .
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R ( o ) f o r  dC*/a/X(9Q°, 135°«Q <. ) .

GROUP NO. OBS.

ANGLE

A E l
i j

R(o)

A E 2
i j

R(o)

Ä E 3

i j
R(o)

E4

i d
R(o)

AVERAGE

< R ( o ) >

0 , 1 90° ,0 1 1 .037 .017 .0 2 3 ,022
135° .020 ,001 .019 .056 ,024

0 ,2 90° - .0 3 6 .0 8 3 - .0 3 6 .004
135 .001 .0 2 8 - .0 0 1 .009

0 ,3 9 °° .011 .009 .007 .009
135 .009 .0 2 3 .047 .027

0 ,4 90° .033 .001 .017
135° .040 .009 .025

0 ,5 90° - .0 0 7 - .0 0 7
135 .015 .015

1 ,2 90° - .0 2 1 .003 - .1 2 0 - .0 4 6
135° - .0 1 1 - .0 0 2 - .0 0 3 - .0 0 6

1 ,3 90° - .0 0 1 .012 - .0 0 2 - .0 0 3
135 .007 ,025 .021 .018

1 ,4 90° .001 - .0 0 7 - .0 0 3
135 .045 .034 .039

1 ,5 90o - . 0 0 7 - .0 0 7
135° .036 .0 3 6

2 ,3 90° - .0 3 9 .004 .077 ,021
135 - .0 0 7 - .0 0 2 .069 .019

2 ,4 90° .009 .077 .0 4 3
135 .001 .021 .010

2 ,5 90° - .0 5 4 - .0 5 4
135 .042 .042

3 ,4 90° .026 .039 .032
135 .022 .0 2 8 .025

3 ,5 90° .032 .032
135 .026 .026

4 ,5 90° .048 .048
135° .046 .046
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ijIn general, it is seen that the R(o) values 
are of order l/lO the values of corresponding R(o) in 
Table 6,1 if positive, and are sometimes negative. A 
few cases occur in which R(o) is comparable in magnitude 
with the corresponding R(o); however, it is thought that 
these are fortuitous, since they involve only isolated 
30 point segments AE^. The overall conclusion to be 
drawn from Table 6.2 is that no significant correlation 
exists between any pairs of alpha groups i, i, at either 
angle (90°, 135°).

3.3(d) R(o) for dtf /d-Q.(900.135°) Summed Over
c*. by Stages.

In order to test Ericson*s prediction that
R(o)~l/n, where n is the total number of magnetic-sub states
included in the cross section, the dd/dXX. (90°, 135°, oi )
for each©* group were consecutively summed, and the value
of R(o) was computed at each stage of the sum. Results
are shown in Table 6.3» where column 1 (reading from left)
contains the c* groups included in the separate sum stages,
column 2 gives the total number of substates included,
n s=Ül (2J.+1), and the remaining columns give R(o) for each l 1
A  E . , and R( o ) ;> •
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R( o ) for d 6*/d-0-( 90°. 135°. )

GROUP
NUMBERS

NO.
STATES

OBS.
ANGLE

A  Ei 
E(o)

AE2
R(o)

A  E 3  

R(o)
A e4
R(o)

AVERAGE
<R(o)>

0 , 1 6 9°° .060 . 1 2 8 . 0 4 0 .058 .072
135 .063 .053 .063 .075 .064

0 ,1 , 2 15 90° .067 .037 .046 .050
135° . 0 3 2 . 0 3 8 . 0 9 8 .055

0,1,2, 20 90° .046 .030 .042 .039
3 135° .023 .032 .076 .043
0,1,2, 27 9°° .026 .039 .032
3,4 135° .031 .062 .047
0,1,2, 36 90° .037 .037
3,4,5 135° .058 .058

Although, it is clear that the R(o) measurements 
corresponding to individual ̂  E^ show considerable scatter, 
the averages ^ R ( o ) ^  show a definite decrease as the 
summation proceeds. The measured overall decrease in 
^R(o)^ is approximately a factor of 2; this is much less 
than the theoretically expected (n(final)/n(initial)) 
decrease of a factor of 6. The same conclusions regarding 
D.I. contributions, and failure of the random phase 
assumption can be drawn as in section (3«3(b)).

3.4. Correlation Function Analysis of 8.00-8.34 Mev Data.
The 8.00-8.34 Mev data of section (3*5), Chapter 

III, allow a partial investigation of the angular
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dependence of P and R(o) in a representative range
28of excitation in Si . Since the averageing interval 

is relatively short (340 kev), a rather large statistical 
error (possibly as high as 20 - 25$) is expected; this 
is due both to the "finite data range" discussed by 
Allardyce et al. (A163i» and to the criteria of 
section (3*3(a)). This uncertainty necessarily limits 
the conclusions to be drawn from the correlation analysis.

3.4(a) Autocorrelation for dof /dlX(9, ).

R(€ ) were computed for all alpha groups, at 
0 = 15°-165°(in 5° steps). The parameters P and R(o) 
were extracted as described in section (3.3(b)). The 
distribution of measured P are plotted in Rig. 6.2 as f(9).
The values of P  averaged over angle are^P^a= 27kev(©< ),
17 kev («*.,), 25 kev (c*^), and 15 kev (0 ^). The scatter 
about^P^Q is of the same order of magnitude as 0  and 
in all cases shows a relatively smooth angular dependence.
It seems clear that, within the noted statistical uncertainty, 
the compound nucleus width P computed from dtf/d-CL 
excitation functions is not constant or independent of 
the angle of measurement. This suggests that the approxi­
mation Pj = const, (section (2.1(c)) is not satisfactoryj 
so that the mathematical simplification of section (2.1(c))



Fig, 6.2 Angular dependence of the ’’coherence" width P

obtained from autocorrelation calculations on the

8.00 - 8.34 Mev (E ) Al27(p,a. )Mg24 dcf/dCL (Q)P
excitation functions, (i = 0 - 3)*
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cannot be justified. Further implications are noted in 
section (4).

The angular dependence of R(o) is plotted in 
Fig. 6.3» Relatively smooth variation with angle is 
observed for alle*. groups, and in general the R(o) are 
small near 90° and large at backward and forward angles, 
as predicted by Ericson. However, the o< a n d R ( o )  
distributions show a marked peak near the middle of the 
angular range. The significance of this anomaly is not 
understood#

3.4(b) Cross-correlations for /dü,(Q» , c*  ̂)
ij

Cross-correlations R(6r ) were computed for all
possible c* ., oC., combinations at the sample angles * J
(chosen arbitrarily) 0 25°, 45°, 90°, 135°, 165°.id
Results are given in Table 6.4. Values of R(S ) for 
^  = 0, 20, 40 kev are shown. Column 1 (from left) contains

ij
the sampling angle, and remaining columns contain the R(^ ) 
for the indicated oc group combinations#



Fig. 6.3 Angular dependence of the R.M.S. fluctuations 
amplitude (r (o )) measured in autocorrelation 
calculations on the 8.00 - 8.34 Mev (E^) 
Al2^(p,a^)Mg2  ̂dcf/diX ($) excitation functions, 
(i = 0 - 3) •
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TABLE 6.4.
id

R(fe) for dg,/d-Q-(9.cx ,oO  8.00-8.14 Mev Data.

Sample
Angle

(oV°V
id

H(«)

(oC ,<x ) o ’
id

R(e)

(tv ° y
idR(e)

(0<l>tX2)
id

R(e)

(oi’ö 3)

R $

( ° W
id

R(e)

25° .021 .011 -.018 .001 -.006 .008
-.035 .009 ,004 -.005 .004 .015
-.024 .021 -.002 -.003 .003 .009

45° .020 .029 .030 -.006 .003 .054
.012 .037 .053 -.004 -.001 .046

-.002 .045 .067 .002 -.002 .025
90° -.002 .001 .003 -.009 .019 .003-.006 -.001 .001 -.010 .008 .004

-.004 .007 .008 -.011 .003 -.002
135° .020 -.013 -.010 -.008 -.009 -.029.016 .004 -.006 -.006 .004 -.025

.024 .013 -.001 -.002 -.004 -.008
165° ,012 .101 .016 -.012 -.017 .010

-.022 .089 .008 -.017 -.020 .015
-.023 .065 .015 -.021 -.009 .016

id
Values of R(o) in this table must be compared with

the R(o) of Fig, 6.3, for significance. It is seen that
the R ^ ( ^  small) are non-Lorentzian in shape and are
generally small. A few i, j combinations result in

idsignificant positive values for R(o), but only at one or 
two sampling angles; for the same i, d set, other angles

idgive negative R(o). This behaviour is thought to imply 
overall lack of correlation, and it is therefore concluded
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t h a t  t h e  8 .0 0  -  8 .3 4  Mev m u l t i p l e  dcf/d-CX.(9) r e v e a l  

no e v id e n c e  f o r  t h e  e x i s t e n c e  o f  c o r r e l a t i o n s  be tw een  

c r o s s  s e c t i o n s  c o r r e s p o n d i n g  t o  d i f f e r e n t  f i n a l  s t a t e s .

3 . 4 ( c ) .  I n t e g r a t e d ^  C o r r e l a t i o n  F u n c t io n  A n a l y s i s
8 .0 0  -  8 .3 4  Mev. '

I n  o r d e r  t o  compare t h e  p r o p e r t i e s  o f  t h e

&<& / d J X ( 9 ,  c< . ) e x c i t a t i o n  f u n c t i o n s  w i t h  t h o s e  o f  t h e  
1 id

i n t e g r a t e d  &  ( °< , ) » R ( € ) and R (e )  c o r r e l a t i o n s  were

computed f o r  t h e  c o e f f i c i e n t  e x c i t a t i o n  f u n c t i o n s

e x t r a c t e d  f rom  t h e  L eg e n d re -P o ly n o m ia l  f i t s  o f  s e c t i o n

( 4 . 8 ) ,  C h a p te r  I I I .  The v a l u e s  o f  R (o )  f o r  t h e  A (whicho
a r e  j u s t  t h e  i n t e g r a t e d  of ) a r e :  .028  (o< ) ,  .018 ( o < ^ ) f 

.027(  anc* • 0 1 0 ( c<^)  r e s p e c t i v e l y .  A co m p ar iso n  o f  

t h e s e  r e s u l t s  w i t h  t h o s e  o f  P ig  6 . 3  i n d i c a t e s  t h a t  a l l  

f a l l  be low o r  c o i n c i d e  w i t h  t h e  l o w e s t  R ( o ) ( ö )  v a l u e s  f o r  

e ac h  a l p h a  g r o u p ,  which  i s  i n  a g reem en t  w i t h  t h e  p r e d i c t i o n  

t h a t  ( s e c t i o n  2 . 1 ( c ) )  t h e  mean f l u c t u a t i o n  a m p l i t u d e  i s  

much s m a l l e r  f o r  t h e  i n t e g r a t e d  (o<_^) "than f o r  t h e

dcr/dJX(0, ) .

The e x t r a c t e d  P  f o r  t h e  v a r i o u s  A ^ ( o ^ )  a r e  g iv e n  

i n  T a b le  6 . 5 .  A l th o u g h  t h e  v a r i a t i o n  i n  v a l u e s  i s  

c o n s i d e r a b l e  i t  a p p e a r s  t h a t  P i s  r o u g h l y  i n d e p e n d e n t  o f
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Polynomial number for eachc* group* The P ( A  ) is 
just the ’’coherence width” for the integrated & , and 
can be compared with the results of Pig. 6.2 for the 
dcf/dJV(0 ) values. It is seen that the P  (A ), 
which agree closely with the^P^, are rather different 
for each group. Ericson’s model, on the contrary, 
predicts a P independent of o< group.

TABLE 6*5
P(kev) for A^(c< ) Excitation Functions 8.00-8*34 Mev.

COEFFICIENT (o<0) ( - V

Ao 17 19 30 11

A1 41 18 30 15

A2 21 21 28 17

A 3 62 20 33 22

A4 63 23 30 48

id
The cross correlation R(£) was computed for the 

integrated^ <x.), using all possible i, j combinations.
1 * Li

Results are given in Table 6.6., which shows the R(€. ) 
values for €. = 0 ,  20 and 40 kev.
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TABLE 6.6ioR(^) for integrated^ («< ) 8.00 - 8.34 Mev. --------- -------- 1 -̂----------------

(°v°y (°2-°V
.008 -.001 -.008 -.005 .001 .004

-.001 .002 -.001 -.007 .001 .001
-.003 .005 .004 -.006 -.003 -.003

It is clear that the Rio'( smalls) are non-
idLorentzian, and that any positive values for R(o)are 

much smaller than the R(o) for the corresponding ( °Ci) 
(given above). There would thus appear to be no signi­
ficant correlation between integrated cross sections 
corresponding to different °< groups.

In order to further test the theoretical relation 
RCoJ^l/n (see section (3* 3(d)), the integratedc^(oC ) were 
summed in sets of 2, 3 and 4, using all possible o< group 
permutations for each set. The parameter R(o) was computed 
for each partial sum, and results are shown in Table 6.7. 
Numbers in brackets correspond to the o< groups included in 
the sum. As in section (3*3(d)), a qualitative agreement 
with theory is obtained; i.e. the sums over 2 ck groups have 
larger R(o) values than the sums over 3 and 4 groups 
respectively. However, there is no quantitative
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proportionality between R(o) and the exact number of 
states (magnetic substates) included in each sum.

TABLE 6.T*

R(o) forg(c<.) Summed By Stages 8.00 - 8.34 Mev.

The R(o) for (ö'toC ) + (©<«)) is 0.16 and R(o) for3 O 1
&  (°<. ) is .005. This is a factor of 2.6 decrease in 

i = 0 1
R(o) values, to be compared with a theoretical expectation 
of 6 (section 3.3(d))* The discrepancy is somewhat less 
than that found in connection with the dc^/d-OL( 90*', 135°) 
excitation functions (section3*3(d)), but is still large 
enough to suggest the previous conclusions.
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Section 4. CONCLUSIONS.

The Statistical Fluctuation model of Ericson 
is only partially successful in accounting for the

9*7 Q AAl*'' (p, c< )Mg 1 cross section data of Chapter III. 
Significant results of the analysis are the following:-

(a) All cross-correlation calculations indicate that
there is no appreciable level of correlation between
cross sections corresponding to different final states in 

24Mg ' '. This is a strong argument for the correctness of the 
Statistical Model approach, and directly contradicts the 
predictions of Izumo's Partial Equilibrium Model. Results 
of sections (3.3(d), 3.4(c)) indicate that the R(o) ^  l/n 
rule is not well satisfied; this can be explained either 
by the existence of strong correlations between compound 
nucleus cross sections leading to different final states, 
or by the presence of significant D.I. contributions. In 
view of the cross-correlation evidence, the latter appears 
more plausible.

(b) Section (3.4(a)) indicates that P extracted from 
d<7/<Ut(e) excitation functions may be a strong function 
of 0, implying that Vj £ constant, and hence that the 
simplifications introduced into equation (6.16, 6.17) are
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not permissible. The recent P measurements of groups
(Ha63, A163i who have performed single angle döf/d/L(0)
correlation calculations (using the assumption P = const.)

d

would therefore appear to be questionable. It is noted 
that (see equation 6.17), under the restriction 
Pj / const., the P values extracted from integrated 
cross sections represent weighted averages of the 
different 1"̂ ; such measurements may therefore constitute 
at least an approximation to the average (over levels of 
‘different J) compound nucleus width. The integrated cross 
section P values measured in this chapter for the

07 Q A-A.1 (p,o()Mg^ reaction are ̂  20 - 30 kev, which correspond
-20to compound nucleus lifetimes of 2.1 - 3*1 x 10 sec. 

.Since the energy step size (20 kev) used in measuring the 
cross sections was relatively large, some fluctuation 
maxima and minima may have been missed; hence the quoted 
lifetime is expected to be merely a lower limit.

Although the results of this chapter suggest that 
Statistical Fluctuation Theory can be usefully applied in 
the A = 20 - 30 mass region, more unambiguous tests are 
expected in the region of medium weight and heavy nuclei, 
where the "classical" Statistical Model has had greater 
success. The only data of this type so far reported is
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that of Lee and Schiffer (Le63) on Ni5 , Ni60(p,p)Ni58,Ni60. 
It appears that much information on the nature of compound 
nuclear systems and reaction mechanisms can he obtained 
from studies of cross section fluctuations, but that a 
:great deal of experimental data covering a variety of 
reaction types will be required before any general 
conclusions can be drawn.
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