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I. INTRODUCTION 

This, the third annual report from the University of Melbourne 
Pclletron Accelerator Group, is somewhat more detailed and bulky than 
previous reports, thus reflecting the development of our programmes and 
the expansion of our interests. 

The 5U Pelletron accelerator has now been in operation for 3 
years and initial programmes are proving productive; later programmes 
are developing rapidly and there is no shortage of future research 
plans, if we have a serious shortage it is one of manpower. It is 
impossible to predict research student numbers and a large influx in 
1977 was followed by an equally large efflux of terminating students in 
1978. A more serious shortage is that of Research Fellows; one 
temporary appointment is grossly inadequate for such a facility in view 
of the small staff numbers, wide interests and ever increasing 
administrative loads. 

In view of the above manpower shortages, it is particularly 
gratifying to see the growing number of collaborative projects on the 
accelerator, involving staff from the School's Betatron, Diffraction 
and Theory groups and many other departments inside this university or 
in other universities and institutions. These are listed at the end of 
this report. The increasing degree of collaboration with outside staff 
has arisen mostly from the growing number of interdisciplinary projects 
and applications which the group is tackling. This is a measure of the 
versatility of such an accelerator and future growth in such areas seems 
limited only by manpower. 

The facility is fairly well equipped and was generously supported 
in 1977. However 1978 is a difficult financial year for the university 
and maintenance funding is tight. We watch this situation with concern 
because any further drop in maintenance funds would have drastic effects 
on current research programmes. 

The experimental Doppler Shift Attenuation and Recoil-Distance 
methods lifetimes programs continued to be productive during the year. 
The DSAM investigations were conducted at the University of Melbourne 
5U Pelletron accelerator and employed 10-MeV a beams and the (a,py) 
reaction, while the RDM studies were carried out using heavy-ion 
induced Coulomb excitation at both the AVF cyclotron at the Research 
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Center for Nuclear Physics, Osaka University and the 14UD Pelletron 
accelerator at the Australian National University. Extensions of our 
computer data analysis codes made during this reporting period have 
proven quite useful and valuable. 

During the year an aggressive program of proton and alpha 
capture reaction studies was sustained. Long standing discrepancies in 
the literature of (p,y) resonance strengths have been resolved by careful 
attention to, and direct measurement of, the stoichiometric composition 
of the target. The expertise acquired from the laboratory's traditional 
interest in y-ray yield measurements has been efficiently applied to 
cross section measurements of reactions which are more appropriately 
discussed in terms of a statistical model. The program of observation 
of threshold phenomena continues with large cusps now having been 
observed for the reactions 6 5Cu(p,y) 6 6Zn, 6 5Cu(p,a) 6 2Ni, 5t*Cr(p,y)55Mn, 
U 9Ti(p,y) 5 0V and 5 6Fe(a,y) 6 0Ni. A copy of the Hauser-Feshbach statistical 
model code, Hauser *4, has been acquired from Westinghouse-Hanford and 
is now extensively in use locally. 

A collaborative program has been initiated in the study of the 
properties of thin film black solar absorbers using applied nuclear 
techniques. Once again having recognized the applicability and versatility 
of resonant and non-resonant (p,y) nuclear reactions for elemental analysis 
the group has performed numerous measurements of the chromium and oxygen 
surface depth profiles of chrome black absorbers. It is anticipated that 
these pioneering measurements togecher with physical data on photothermal 
properties will help to elucidate the crucial parameters of efficient 
black absorbers. 

The Pelletron accelerator with its r-f ion source proved to be an 
efficient generator of some heavy ion beams and a limited program of 
heavy ion reaction studies has been underway. At the moment, it appears 
that the analyzing magnet with ME/q2 < 60 will restrict the possibilities 
for future work in this area because intensity requirements demand the 
use of singly-charged beams. 

The Melbourne Proton Micro Probe, MP, has extended its fields 
of application from botany and environmental pollution to agriculture, 
medicine and geology. A total data collection and scanning analysis 
system developed for MP has been very successful, yielding vast amounts 
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of quantitative data in a single exposure of the specimen. The 
continuous background associated with PIXE analysis has been investigated 
both theoretically and experimentally and considerable improvement has 
been made in fitting and understanding this spectrum which is the ultimate 
limitation on the sensitivity of elemental analysis by PIXE. Any trace 
element analysis requires considerable care in the handling of specimens 
and our facilities now include a well equipped clean room. 

Professor H.H. Bolotin spent September - November 1977 as a 
Visiting Professor at the Research Center for Nuclear Physics (RCNP) of 
Osaka University, Japan at the invitation and sponsorship of the Japan 
Society for the Promotion of Science. Utilizing heavy-ion beams from 
the new RCNP AVF cyclotron, the early stages of the RDM lifetime 
measurements of excited states in 1 9 6Pt and 1 9 7Au (described elsewhere 
in this report) were carried out in collaboration with a number of 
research workers at the RCNP host institution. The hospitality and 
courtesies extended by Professors S. Yamabe and H. Ikegami arp greatly 
appreciated, as is the co-operation offered by the entire research staff 
at RCNP. 

Dr. Z.E. Switkowski was a Visiting Associate at the Kellogg 
Radiation Laboratory, Caltech during May - August 1977. Whilst there he 
continued his long standing collaboration with Kellogg staff and students 
in studies of low energy heavy ion nuclear reactions and ion implantations 
and radiation damage experiments. We congratulate him on election to 
scientific membership of the Bohmische Physical Society "for contributions 
to the field of particle-solid interactions and sputtering phenomena." 

Dr. D.G. Sargood has been at the California Institute of 
Technology since January 1978 on a year's study leave. While there he 
is participating in experiments of relevance to nuclear astrophysics and 
assisting in the development of a 4TT total neutron detector. 

Professor C. A. Barnes of Caltech was a distinguished guest of 
the Pelletrcm group for six weeks during November and December 1977 as 
the Sir Thomas Lyle Fellow. His participation in seve *al working sessions 
of group members was invaluable as was his detailed and critical evaluation 
of the potential of the Pelletron facility for nuclear parity mixing 
studies. 



- 8 -

The accelerator performed satisfactorily over the year. Several 
improvements were made to equipment, leading to considerable economies 
in time or cost. However it is notable that more than half the year's 
down time arose from external causes. It may be possible to ensure that 
we do not again lose 29 days from an inadequate supply of cooling water, 
but one can only hope that improved community relations will avoid 
another 26 days lost through a power strike. 

Despite the interruptions, we can look back over a very successful 
year. 

The Nuclear Structure, Nuclear Reaction, Nucleosynthesis and 
Proton Microprobe facets of the research reported are supported, in 
part, by the Australian Research Grants Committee. 

N.B. All zxpufumzntal KZMiltA which appzaA in thib 
KzpoKt should be taktn 04 pudUminajiy only, and may not 
6e quoted i^-ithout pexmi&Aion ofa the aitfhow. 



RESEARCH PROGRAMMES 

2. LIFETIME DETERMINATIONS OF EXCITED NUCLEAR STATES 

2.1 THE LOW EXCITATION SPECTROSCOPY OF 56,57,58^ 
11.li. Bolotin, A.E. Stuchbery with K. Amos and I. Morrison (Theoretical 
Physics Group, School of Physics) 

The lifetimes of 21 states in 5 8Fe up to an excitation energy of 
4213 keV have been determined by means of the Dopper-shift-attenuation 
method using the 55Mn(a,py) reaction. These results complement other 
experimental data in an analysis of the structures of the 56,57,58pe 

nuclides. A shell-model study has also been carried out in which the 
protons are constrained to the f7,_ shell while valence neutrons are 
restricted to the ^r/j'^x/i'^x/l s u^8 r o uP- Good agreement with most 
low excitation data is found, as well as with the triaxial rotor model 
description for these nuclides. 

2.2 STUDY OF THE LEVEL STRUCTURE OF 6 2Ni 
D.L. Kennedy, H.H. Bolotin with I. Morrison and K. Amos (Theoretical Physics 
Group, School of Physics) 

The properties of excited states in ~Ni populated by means of 
the 59Co(a,py)62Ni reaction were investigated. The Doppler-shift 
attenuation method was employed to determine the mean lives of 20 levels 
up to an excitation energy of 4151 keV. A comprehensive level and decay 
scheme is proposed. Detailed shell-model calculations have been made of 
the Ml and E2 transition matrix elements for depopulation of states 
which, when compared with experiment, do not support an interpretation 
based on an inert 28 N i28 c o r e - T n i s i s strongly confirmed by use of 
this model spectroscopy in the analyses of inelastic proton scattering 
data to the 2* and 3~ states in 6 2Ni. 
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DIRECT LIFETIME DETERMINATIONS OF THE LOW-LYING EXCITED STATES IN 1 9 7Au 
H.ll. Bolotin, A.E. Stuchbery, D.L. Kennedy, B.J. Linard, S. Sie (A.N.U.), 
I. Katayama (Osaka) and H. Sakai (Osaka) 

Due to the appealing simplicity of the weak coupling core 
excitation model and the definite and straightforward sum rules and 
transition probabilities predicted by it, this model has been applied 
to he spectroscopy of the low lying excited states of nuclei which 
have been considered most appropriate for the conditions of the model 
to be applicable. Perhaps no nuclide has been the focus of more attempts 
to interpret the structure of its low lying states in this context than 
has 1 9 7Au. In an effort to resolve several ambiguities and seeming 
inconsistencies in the analysis of the B(E2t) values obtained in previous 
Coulomb excitation studies in terms of this model, we have directly 
measured (for the first time) the meanlives of the upper three level 
members of the excited multiplet considered to be based upon the various 
couplings of a odd d ^ proton coupled to the first 2 state of the 
even-even core ( 1 9 6Pt) of the odd-A 1 9 7Au nucleus. 

Lifetimes were measured for levels populated by Coulomb 
excitation using 120 MeV 3 5C1 projectiles at the 14UD Pelletron tandem 
at the Australian National University and 90-MeV ? 0Ne ions at the A.V.F. 
cyclotron at the Osaka University Research Center for Nuclear Physics by 
means of standard recoil-distance-method techniques. Final meanlives were 
obtained after correction of the extracted lifetimes for a variety of 
attendant effects associated with recoil-distance measurements. 

The results listed in the accompanying table for the lifetimes 
of these states infer somewhat smaller B(E2+) values for the transitions 
from the multiplet states to the ground state than have the earlier Coulomb 
excitation studies results. Final analysis of these data and 
comparison of them with the predictions of the weak-coupling core-
excitation model are now in their final stages. 
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Table 1 

Measured meanlives in l 9 7 A u 

(keV) 

77.4 j + 2.73 ± 0.02 nsec 

269 !* 22.1 ± 1.4 psec 

279 5+ 
2 2 6 . 8 + 1 . 9 psec 

503 <4 psec 

548 j* 9.8 ± 0.5 psec 

855 (f+) 7.3 ±3.0 psec 

2.4 LIFETIME DETERMINATIONS OF THE LOW-LYING LEVELS IN 196* 1 9 6Pt ISOTOPES 
II.H. Bolotin, I. Katayama (Osaka), H. Sakai (Osaka), D.L. Kennedy, 
A.E. Stuchbery, and S. Sie (A.N.U.) 

Because of the inherent interest in the level structures of the 
transitional nuclei, we have undertaken to measure the lifetimes of the 
low-lying levels in I96»l98pt. Preliminary measurements on 1 9 6Pt were 
carried out at the Research Center for Nuclear Physics, University of 
Osaka, Japan using standard recoil-distance-methods. The levels of 
interest were populated via Coulomb excitation using a 90-MeV 2 0Ne beam 
at the RCNP AVF cyclotron. To achieve somewhat higher recoil velocities 
and to seek to populate higher excited states, the 1 9 6Pt measurements are 
to be repeated using 220-MeV 5 8Ni ions from the Australian National 
University and, at the same time, to extend these studies to the levels 
in 1 9 8Pt. 
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MEASUREMENTS OF THE GYROMAGNETIC RATIOS OF SRORT-LIVED EXCITED NUCLEAR 
STATES. 
H.H. Bolotin, A.E. Stuchbery and D.L. Kennedy 

The relatively recent observation and parameterization of large 
enhanced transient magnetic hyperfine fields acting on t̂ e nuclei of 
fast ions recoiling in magnetized ferromagnetics provides the basis of 
a technique for the measurement of static magnetic moments of short
lived (psec) excited nuclear states. For ion recoil velocities in the 
range v/c : 1 - 5 %, this dynamic field has been shown to be linearly 
dependent on the velocity. Consequently, the angular precession of the 
alignment of the nucleus in a particular excited state in this field 
for a given recoil velocity as the ion traverses a thin magnetized foil 
is independent of the level lifetime and depends upon the transit time 
of the ion through the foil. So long as the lifetime of the level exceeds 
this transit time, this enhanced transient hyperfine field produces A 

fixed precession of the angular distribution of the de-excitation 
radiative transition from the level of interest. 

This method has now made it practical to measure the gyromagnctic 
ratio of short-lived excited states with lifetimes ranging from - 1 to 
20 or so psec - a domain of level lifetimes not hitherto readily accessible 
for magnetic moment determinations by other commonly employed standard 
techniques. 

These studies are now in their initial stages in this laboratory 
where beam-bending and related effects are being evaluated for the 
special magnetic set-up developed for this purpose. The slow a , 3He and 
H ions available from the 5U Pelletron accelerator are being 
employed to evaluate these quantities, to allow accurate extrapolation 
to the case of heavy-ion induced reactions which will serve to populate 
the levels studied and to provide the fast recoil velocities required. 
It is planned that these studies will then be transferred 
to the 14UD Pelletron accelerator at the Australian National University 
in a collaborative g-factor program with Dr. S. Sie of A.N.U. 
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RF.ArriON STUDIES AND NUCLEAR ASTROPHYSICS 

SUB-BARRIER NEUTRON TRANSFER REACTIONS BETWEEN HEAVY IONS 
C.G. Ryan, I.E. Switkowski with A. Winther (Niels Bohr Institute, Copenhagen) 

The mechanism of heavy ion reactions at low energies can often bo 
described by compound nucleus formation followed by particle evaporation. 
However, direct reactions which bypass the compound nucleus provide an 
alternative path for some reactions to follow. Significant contributions 
to reaction cross sections from direct processes involving the transfer 
of single nucleons or clusters of nucleons were first identified by 
Breit and Ebel . They postulated that a neutron could 'tunnel' from 
one nucleus to another in an inelastic collision characterized by large 

2") separation distances. May and Clayton applied this idea to the reaction 
He( He, 4He) 2 *H which is an important nucleosynthetic source of ^He 
in early phases of stellar evolution. 

3) More recently Switkowski et̂  al_. developed a simple analytical 
formula for the energy dependence of transfer reactions having optimum 
Q-value. Their expression has been found to describe well several low 

3 4 51 energy neutron transfer reactions between heavy ions ' . In the present 
work we have undertaken a study of the near optimum Q-value reaction 
9Be( 1 2C, 1 3C*) 8Be in an attempt to verify this theoretical model over a 
wide energy range. 

A thin 9Be target was bombarded by singly-charged 1 2C beams 
delivered by the Pelletron accelerator. The n-transfer reaction populating 
the first excited state of 1 3C (at 3.086 MeV) was investigated by detecting 
the 3.086 MeV y-rays with a large volume Ge(Li) detector positioned at 90° 
and close to the target. An excitation function was obtained for the cm 
energy range 1.15 - 2.12 MeV overlapping published data at the higher 
energies and exter 
magnitude to 5.6 pb. 

5) energies and extending the cross section down a further order of 

The cross sections are shown in Fig. 6 together with the 
3) theoretical prediction of Switkowski et_ al_. in which 

1 K 
a-p- exp (-4n arctan r-). (1) 

This is shown by the dashed line which evidently fails to account for 
the trend of the data at low energies. This is not too surprising as 
this reaction does not have optimum Q-value (in which case eqn. (1) is 
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expected to hold) and also because of the extremely low neutron binding 
energy in yBe the inequality (which is basic to eqn. (1)) K > k has not 
been satisified. For the experimental case under study, we have shown 

that the following expression is more appropriate 

a - =• exp (-8n arctan •—) (2) 

and this is shown by the solid line which accounts for the data rather 
nicely. Eqn. (2) is 
Buttle and Goldfarb 
nicely. Eqn. (2) is consistent with an earlier result obtained by 

6) 

1) 

2) 

3) 

4) 

5) 

6) 

G. Breit and M.E. Ebel, Phys. Rev. 103 (1956) 679 

R.M. May and D.D. Clayton, Astrophys. J. 153_ (1968) 855 

Z.E. Switkowski, R.M. Wieland and A. Winther, Phys. Rev. Lett. 
33_ (1974) 840. 

Z.E. Switkowski, R.G. Stokstad and R.M. Wieland, Nucl. Phys. A274 
(1976) 202 

Z.E. Switkowski, S-C. Wu, J.C. Overley and C.A. Barnes, Nucl. Phys 
A289 (1977) 236 

P.A.J. Buttle and L.J.B. Goldfarb, Nucl. Phys. A176 (1971) 299. 

THRESHOLD EFFECTS IN CAPTURE REACTIONS 
S.R. Kennett, M. Anderson, B.M. Paine, R.J. Wilkinson, Z.E. Switkowski, 
and D.G. Sargood with F.M. Mann (Hanford Engineering and Development 
Laboratories, Washington, U.S.A.) 

An experimental program was initiated last year to study proton 
and alpha capture reactions whose cross sections have been predicted to 
show pronounced threshold effects at the opening of the neutron channel. 
Data on proton-induced reactions on the copper isotopes were discussed 
in the 76/77 progress report and the results have since been published . 
Since then measurements have been undertaken on the following reactions: 
51»Cr(p,Y)55Mn, 1+8Ca(p,Y)l|9Sc, 48Ca(p,n)1|8Sc, Ti(p,Y)V and 5 6Fe(a,Y) 6 0Ni. 
Representative results for Y-ray yields of the 5l*Cr(p,Y)55Mn reaction are 
shown in Fig. 7. The solid curves are the results of Hauser-Feshbach 
statistical model calculation using global parameter sets for the optical 
potentials . These reaction yields show pronounced cusps at the 
crossing of the (p,n) theshold at E p = 2.2 MeV and the data are satisfact
orily described by the statistical model calculations. 
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Figure 7: 

Excitation functions of proton-
induced reactions on 51*Cr. 
Absolute cross sections are 
shown for the production of 
individual Y-rays de-exciting 
the 5 5Mn low-lying states. 
The curves are the results of 
Hauser-Feshbach statistical 
model calculations. The 
threshold for the 5 4Cr(p,n) 5 1 +Mn 
reaction is at 2.20 MeV. 

3 4 1 2 
PROTON ENERGY I MeV I 

10'3 ~ 

C 
s 
u a> to 
in </> o 
t_ o 
10 3 r 

10'6 -

z 1 1 1 1 1 1 1 1 1 -

-

" T (p.P,7»47Ti /-_ 
~ y „o -
— So o° -
-

o X 0 / o ° 
</'o // o 

// ° 
n/O O 

~ 

-

s?~r 

> > 

^~ / -
- / : 
- . /o / 

/ 
/ 

~ 0 

/ 
/ 

/ 
/ 
/ J 1 1 / i i i i i i i -

.8 1.0 1.2 1,4 1.6 1.8 2.0 2.2 2.4 
Ep(MeV) 

Figure 8: 
Energy variation of the 
1*7Ti(p,p1Y)'*7Ti reaction 
cross section. The solid 
curve is a theoretical 
prediction and is the sum 
of the two dashed curves. 
At low energies the data 
are well accounted for by 
a standard Coulomb 
excitation calculation 
using the published B(E2) 
value. At higher energies, 
the reaction is 
satisfactorily described 
by a statistical n.odel 
calculation with global 
parameters. 



- 22 -

During the year, a copy of the Hauser-Feshbach statistical model 
code, Mauser *4, was obtained from the Hanford Engineering and 
Development Laboratories, Washington U.S.A. courtesy of Dr. F.M. Mann. 
This code is now running on our Cyber computer. The ability to perform 
our own theoretical calculations has proved invaluable and has permitted 
.1 moil- complete investigation of the sensitivity of theoretical 
predictions to the numerous input parameters that characterize statistical 
model calculations (i.e. optical potentials, level density parameters, 
width fluctuation corrections, etc.). We plan to extend this code in 
the near future to calculate angular distributions of reaction products. 
At present, the code generates only angle-integrated cross sections. 

Data obtained from the study of proton-induced reactions on 
the titanium isotopes revealed a number of interesting features, one of 
which is illustrated in Fig. 8. This figure shows the cross sections of 
the 1+7Ti(p,p1Y)'t7Ti (Ey = 160 keV) reaction over an energy range 
characterized by two different reaction mechanisms. At higher energies, 
the measured total (p,p,) cross section is consistent with compound 
inelastic reactions which are calculated with the statistical model. 
However, at the lowest energies the observed cross section is much larger 
than predicted by a compound statistical mechanism and is found to be 
due primarily to Coulomb excitation of the 5/2" g.s. vo the 7/2" first 
excited state. The magnitude of the cross section is well accounted for 
by a standard Coulomb excitation calculation using published B(E2) values 
for the transition. 

An interim conclusion at this stage is that the Hauser-Feshbach 
statistical model of nuclear reactions together with global parameter 
sets successfully accounts for the measured (p,y) cross sections, usually 
to much better than a "act.-r of 2. This agreement is especially 
impressive for those reactions dominated by large threshold cusps. For 
the case of 48Ca(p,Y)'*9Sc, the level density at - 11 MeV excitation in 
4 9Sc is sufficiently low that the (p,Y) yield is dominated by individual 
resonances giving rise to a sharply fluctuating cross section. The 
validity of a statistical model description in this case could be 
doubtful. Nevertheless, theoretical calculations account for the average 
(p,Y) and (p,n) cross sections to a factor of about 2 for proton energies 
in the range 500 - 2500 keV. Additional measurements on low-Z targets 
are suggested. 

1) Z.E. Switkowski, J.C.P. Heggie and F.M. Mann, Phys. Rev. C17 (1978) 
392; Aust. J. Phys. (1978) in press. 
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4.3 CROSS SECTION MEASUREMENTS FOR 6Li(p,,)7Be 
Z.E. Switkowski, D.L. Kennedy and D.G. Sargood with J.C.P. Heggie (Dept. 
of Physical Sciences, St. Vincent's Hospital), R.A. Spear (A.N.U.) and 
F. Barker (A.N.U.) 

Cross section measurements of the 6Li(p,Y)7Be (Q = 5.606 MeV) 
direct capture reaction at low proton energies provide information on 
i) nuclear spectroscopy of the ground and first excited states of 7Be, 
ii) production rates of the relatively long-lived radio isotope 7Be 
in a controlled thermonuclear reactor plasma burning lithium and hydrogen, 
and iii) indirectly, the validity of low energy extrapolations of the 
solar neutrino-producing reaction 7Be(p,Y)8B. While the energy 
dependence of this (p,Y) cross section and the Yl/ir0 branching ratio 
appear relatively well determined, the absolute magnitude of the cross 
section is not known with confidence. Values for the total cross section 
at 800 keV include (3 + 0.9) pb1^, (0.34 + 0.2) yb2^, (0.56 i 0.2) yb3-*, 

4) and (2.5 ± 0.3) pb . We have set out to resolve this discrepancy. 

Having recently acquired a high-volume (128 cm3) Ge(Li) counter, 
we were able to perform measurements with this Ge(Li) detector and so 
unambiguously resolve the high-energy Y 0> Yj peaks and the ubiquitous 
1 9F(p,aY) 1 60 contaminant Y-rays. The efficiency of the detector was 
measured with the technique of Kennedy et_ al_. and is shown in Fig. 9. 
For the 6Li(p,Y) measurement the target was lithium oxide, enriched to 
99.9% 6!,i, evaporated onto a gold substrate. The detector was mounted 
at 0 with its front face - 17 mm from the target. A Y-ray yield curve 
was traced out for proton energies in the range 200 - 1200 keV. The 
absolute 6Li target thickness was inferred by comparison of the 6Li(a,Y) 
yield curves at the E = 1172 keV resonance with that from a sintered 
thick 6Li F target of known composition. 

A preliminary analysis of the isotropic 430 keV Y-ray yield 
resulted in the excitation function shown in Fig.10. These dat. point 
to a cross section near 3 yb for Ep = 800 keV in agreement with two 
earlier measurements ' but differing strongly from two other results ' 
Analysis of the YQ yield is proceeding and the cross section is obviously 
consistent with the 430 keV data. The implications of the present results 
are being explored. 
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Figure 9: 

Absolute Y-ray photopeak 
detection efficiency for the 
128 cm3 Ge(Li) detector. 
The filled circles are data 
from calibrated radioactive 
sources. The open circles 
are the results of the 
27, • 28 Al(p,Y) Si reaction 

- technique of Kennedy et al. 

Figure 10: 
Energy dependence of the 
6Li(p,y)7Be cross section. 
The cross section is based 
upon an analysis of the 
isotropic 430 keV Y-ray 
yield and is plotted against 
the proton energy at the 
centre of the target. 
Error bars reflect 
statistical uncertainties 
only. Data with the large 
error bars near 800, 900 
and 1000 MeV were obtained 
with proton beams. All 
other data refer to results 
of molecular HH beam 
experiments. 
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(p,y) YIELDS IN THE s,d SHELL 
B.M. Paine and D.G. Sargood 

Our program of measurements of relative (p,Y) resonance strengths 
has been continued, with the reactions 2 6Mg(p,Y) 2 7Al, 3 0Si(p,Y) 3 1P and 
3 9K(p,Y) 4 0Ca being included in the last 12 months In this work, 
composite targets containing two of the nuclei of interest are employed. 
A single (P,Y) resonance is selected for each nucleus and their relative 
strengths are measured with the composition of the targets being 
determined by Rutherford scattering of a-particles. 

Special techniques were developed in order to prepare isotopically 
enriched targets for the measurements on 26Mg(p,Y)27A1 and 3 0Si(p,Y) 3 1P 
Since we aim to normalize all of our measurements to independent absolute 
measurements on 2 7Al(p,Y) 2 8Si it is desirable to relate the strength of 
each resonance directly to the strength of a resonance in 27A1(p,Y)28Si. 
This was possible for all reactions studied previously but it was not 
attempted for 26Mg(p,Y)27A1 because of the difficulty in resolving Mg 
from 2 7A1 in the Rutherford scattering spectrum. It also proved 
impossible for 3 9K(p,Y) 4 0Ca because of the presence of a strong resonance 
in 2 7Al(p,Y) 2 8Si only 2 keV below the resonance of interest in 3 9K + p. 
Consequently both of these reactions were measured relative to the 
3 0Si(p,Y) 3 1P reaction which in turn had earlier been precisely related to 
the reaction on 2 7A1. In addition, 2 6Mg(p,Y) 2 7A1 was related to 3 1 P ( P , Y ) 3 

which had also been previously linked to 2 7A1. The two resulting figures 
for 2 6Mg(p,Y) 2 7A1 were in excellent agreement. 
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Figure 11 shows the network of comparisons covered so far. The 
table gives absolute strengths, based on a strength of 3.26 ± 0.4 eV for 
the E = 633 keV resonance in 2 7A1(p,y) 2 8Si which is the average of three 
concurring recently published values. Our results are in excellent 
agreement with the independent absolute strength measurements of 
2 3 N a ( P > Y ) 2 I t M g 2 ) , 2 fMg(p,») 2 7Al and 3 0Si(p, Y) 3 1 P 3 ) , and 3 1P(p, Y) 3 2 S 5 ) but 
are in generally poor agreement with the results of the relative measure
ments of Engelbertink and Endt ' . As described in the last annual report, 
we attribute this to their lack of knowledge of the composition of their 
targets. Engelbertink and Endt assumed that chemical compounds retained 
their initial composition when evaporated to make targets and also when 
bombarded with protons, whereas our Rutherford scattering analyses 
demonstrated that many compounds changed drastically in composition 
during both processes. As an example of this, we find that targets made 

by evaporating K 2 S 0 4 contain K and S i r. a ratio of nearly 4:1 instead 
of the ratio of 2:1 present in the original compound. Since Engelbertink 
and Endt link 3 9K(p,Y) l , 0Ca to their network via the reaction 3 2S(p,Y) 3 3Cl 
using targets made from K 2S0 4,we believe this to be the reason for the 
factor of 2 discrepency between the two values for the strength of 
the 3 9K(p,Y) u oCa reaction. 

Work is proceeding on (P,Y) reactions on other s,d shell nuclei 
The results for 2 3Na(p, Y) z l 4Mg, 2 7 A 1 (p,y) 2 8Si , 3 1 P ( P , Y ) 3 2 S and 
3 5C1(p,Y) 3 6Ar have been reported in a paper in Physical Review. 

1) G.A.P. Engelbertink and P.M. Endt, Nucl. Phys. 88_ (1966) 12. 

2) Z.E. Switkowski, K. O'Brien, A.K. Smich and D.G. Sargood. 
Aust. J. Phys. 2j3 (1975) 141. 

3) P.B. Lyons, J.W. Toevs, and D.G. Sargood, Nucl. Phys. A130 (1969) 1. 

4) P.B. Smith and P.M. Endt, Phys. Rev. U0_ (1958) 1442. 

5) R. O'Brien, Z.E. Switkowski, A.K. Smith and D.G. Sargood, Aust. J. 
Phys. 28̂  (1975) 155. 

6) W.F. Coetzee, M. A. Meyer, and D. Reitmann, Nucl. Phys. A185 (1972) 644 

7) F.C. Erne and P.M. Endt, Nucl. Phys. 1\_ (1965) 593. 

8) M.M. Aleonard, C. Bousiquot, P. Hubert and P. Mennrath, Phys. Lett. 
49B, (1974) 40. 
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Table 2 

Absolute Resonance Strengths derived by normalizing relative 
measurements to a strength of 3.26 ± 0.4 eV for the E p = 633 keV 
resonance in 2 7Al(p,Y) 2 8Si. 

Reaction Ep(keV) S = (2Jr + 1) rpry/r (eV) 
Present 
Work 

Other 
Work 

Reference 

2 7Al(p, Y) 2 8Si 633 3.26 ± 0.4a 5.3 ± 0.8 1 

23Na(p,Y)21*Mg 512 0.68 ± 0.14 0.85 ± 0.18 
1.05 ± 0.16 

2 
1 

2 6Mg(p, Y) 2 7Al 1966 10.8 ± 2.1 9.7 ± 0.8 
5.7 ± 0.8 

3 
1 

3 0Si(p,Y) 3 1P 621 4.1 ± 0.7 3.93 ± 0.40 3 

3 1P(p, Y) 3 2S 811 0.95 ± 0.20 1.06 ± 0.11 5 
2.2+0.7 6 b 

3 5Cl(p,Y) 3 6Ar 860 5.5 ±1.3 5 ± 2 7 
4.9 ± 0.7 1 

39K(p,Y)1*0Ca 2043 15.2 ±3.4 31 ± 5 1 

Standard derived from concurring results in References 2,3 and 8. 

These authors made relative measurements and normalized them to 
the value of 0.52 ± 0.08 given in Ref. 1 for the strength of the 
Ep = 642 keV resonance. 
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Figure 11: Diagram showing network of comparisons of (p,y) 
resonance strengths. 
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THERMAL EQUILIBRIUM OF U 5Sc EXCITED STATES UNDER STELLAR CONDITIONS 
S.B. Solomon and D.G. Sargood 

A computer model of the radiative transitions between the low 
lying levels in l | 5Sc was devised to study the effect of the 0.47 second 
isomeric state in 4 5Sc at 12.4 keV on the attainment of a thermal 
equilibrium of excited states during explosive silicon burning. 

The energies, spins and lifetimes for the 4 5Sc excited states 
are available in the literature. The temperatures, densities and main 
'*5Sc producing reactions were determined from the work of Woosley et al. 
The l|5Sc excited state production rates via these reactions were 
calculated usii 
model code HF5 
calculated using F.Mann's advanced form of the Hauser-Feshbach statistical 

2) 

The computer calculations show that the thermal equilibrium is 
established on a time scale short compared with the lifetime of l | 5Sc 
against nuclear reactions. 

The prescription of Woosley et al. therefore can be used to 
correct the 45Sc(p,Y)'*6Ti reaction rates for the effect of the 1 + 5Sc 
excited states. 

The calculated reaction rates were fitted by a functional form 
given by Holmes et al. . 

i - t K 

N < o v> = — ~ A exp C — ~ - [1 • BT9 • CT 9
2 • DTg

3]} 
T ' 3 T ' 3 
» 9 » 9 

with 
A = 5.77 x 1 0 + 1 5 

B = 1.997 x 10"2 

C = 9.259 x 10"3 

D =-6.487 x 10" 4 

The fit to the data is good, being accurate to better than 
40% between T g = 1 and T g = 10. 

A paper covering the thermal equilibrium calculation in more 
detail has been published . 
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231 2(>, i 1973J 231 . 

I-. Mann (1977) Private communication 

S.E. Woosley, W.A. Fowler, J.A. Holmes, and B.A. Zimmerman, 
Caltech Prepring OAP 422 (1975). 

J.A. Holmes, S.E. Woosley, W.A. Fowler and B.A. Zimmerman, 
Nucl. Data Tables ̂ 8 (1976) 305. 

S.B. Solomon and D.G. Sargood, Ap. J. 223 (1978) 697, 
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LLEMENTAL MICROANALYSIS AND DEPTH PROFILING 

PROTON MICROPROBE 
G.J.F. Legge, C D . Mckenzie and A. Mazzolini 

The Melbourne Proton Micro Probe, MP, which came into operation 
in 1976, has performed reliably and is the foundation for several research 
programmes in biology and geology. It seems appropriate at this stage to 
comment on several features of the system. The four standard quadrupole 
magnets, salvaged from a beam line on our old cyclotron and with current 
stabilized to a part in 10 5, have continued to give a beam spot of 10 vm 

diameter. They are mounted individually on a rail aligned with the beam 
axis fsee fig. 12). The water cooled aperture, selectable from a row of 
holes in a t!iin electron microscope aperture strip and normally set at 
20 vim diameter shows no sign of blockage and low wear after 2 years of 
operation. The absence of blockage or contamination we attribute to the 
cleanliness of the ultra high vacuum system; all pumping is by ion or 
turbomolecular pumps and hydrocarbons (grease, O-rings, plastics) are 
excluded from the system. The low wear we attribute to the presence of a 
pre-aperture which forms the back of a water-cooled Faraday cup. This 
intercepts the major part of the beam and hence protects the defining 
aperture. This Faraday cup also provides a continuous monitor on 
available beam. The only other collimator in the line is an iris 
diaphragm which controls lens aberrations. A feature of the design upon 
which we have relied heavily is the mounting and support system. The 
critical components of the system - monitor cup, aperture, iris 
diaphragm, magnet base and specimen holder - are each mounted directly 
on a long box girder, independent of the stainless steel vacuum line 
and specimen chamber, thus giving mechanical stability to the system. 
The box girder is supported on two pedestals, one directly beneath the 
defining aperture. Adjusting screws on these pedestals allow the 
microprobe line as a whole to be readily aligned with the beam from the 
accelerator. 

The specimen chamber seen at the left of Fig. 12, above the 
micrometer specimen stage, was designed as the simplest method of 
obtaining several ports at 45 to the beam. It is machined out of a 
solid cylinder of stainless steel and externally comprises an octagon 
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..!' standard knife-edge seals. One of the two octagonal faces is sealed 
with a glass plate and this has been of inestimable value, providing an 
unrestricted view of the entire chamber (fig. 13). In fig. 13, the 
l.c.-im enters from the left, the specimen is supported on the central 

plate from be low and both Si(Li J and surface barrier detectors are 
mounted at 135°. The apparatus on the right enables a Faraday cup to 
be replaced by either cf two objective lenses, the binocular eyepiece 
of the microscope being external to the chamber (fig. 12). The holder 
for a second surface barrier detector sits above the Faraday cup, at 
45°. This simple system has proved to be very useful and reliable. 

The scanning coils and electronics assembled in 1976 are still 
in use and standard methods are still used in imaging a new specimen 
when it is positioned, but scanning data are now collected and stored 
quantitatively with a system described below. 

MP SCANNING ANALYSIS SYSTEM 
G.J.F. Legge and I. Hammond 

Proton and electron microprobes normally collect data in one of 
three possible modes - spot, line scan or mapping. In mapping mode the 
beam is swept over the specimen in synchronism with the sweep of an 
oscilloscope beam. The oscilloscope is gated on by the detection of 
radiation characteristic of the element of interest. The map of elemental 
distribution so formed is stored by means of a storage screen on the 
oscilloscope or by exposing a film to the oscilloscope screen during the 
process of data collection. Such a system was set up in 1976 on MP. 
It can provide valuable data, but a separate scan is required for every 
element of interest. This is very time consuming and greatly increases 
the possibility of damage to the specimen. This in turn makes comparison 
of different elemental distributions less reliable since they must have 
been measured at different times. Thus, the mapping of many elements by 
direct recording on storage oscilloscopes is impractical unless an 
unlimited number of such oscilloscopes is available for simultaneous use. 
Lven then there remains the problem that spectra can only be obtained for 
the whole area scanned; there is no means of relating spectra to the 
details of a map. 



- 34 -

These programs have been overcome with MP by storing all information 
on magnetic tape as it is generated. (See fig. 14). Thus, whenever an 
x-ray is detected, the X and Y deflections of the proton beam are immediately 
measured. A triplet of information words is then stored on the magnetic 
tape - the energy of the x-ray, the X deflection of the proton beam and 
the Y deflection of the proton beam. The total spectrum and map 
can be monitored during the scanning process. At the conclusion the events 
stored on tape are sorted, following which 
(i) the map of any element can be called up and displayed on an 

oscilloscope (fig. 15) 
(ii) any subarea of a map can be designated and the corresponding 

spectrum called up for display (fig. 16) 
(iii) the distribution of elements along a line drawn on any map 

can be displayed or the entire distribution ot an element 
can be displayed in scan mode (fig. 17) 

(iv) a complete record of the experiment is maintained in time 
sequence and can be readily recnalysed for further information. 

The main advantages of such an event-by-event record and analysis 

technique are that 
(i) all information is collected in one run, saving time and 

minimising the possibility of beam damage to the specimen, 
(ii) the information for different elements is collected 

simultaneously and hence is directly comparable 
(iii) the experimenter can interact with the data collection 

process during the sort and filter stages and can extract 
further information without additional operation of the probe. 

Figures 15 to 17 show a series rf displays by the MP analysis 
system, generated from the one set of data, accumulated while a 10 ym 
diameter beam of 3 MeV protons scanning a 1 mm square containing 3 human 
hairs. Beam current was 4 x 10~ 1 0 A for 1500 seconds. 
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Figure 15: Maps of elemental d i s t r ibu t ions over three h a i r s . Area i s 1 mm2, 

Figure 16: a) 
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g) 

Five KZ%i.onl> oft inttxeAt are designated by markers. 
The spectrum from each region is extracted from the 
data. 
The total spectrum is shown for comparison. 

Figure 17: Elemental distributions displayed in ican mode, showing the 
subtraction of background and the effect of scan averaging. 
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MEASUREMENTS OF BEAM PROFILE AND SPREAD FOR A PROTON MICROPROBE 
Anne Roczniok and G.J.F. Legge 

When mapping distributions of trace elements with the proton 
microprobe MP, the size of the beam, as well as the distribution of protons 
within the beam are of importance. 

The present method of focussing the beam relics on the visible 
light produced when the beam passes through a thin piece of glass. The 
beam spot is examined by means of an objective lens inside the chamber and 
an external eyepiece. The settings on the quadrupole magnets are varied 
to obtain the best possible focus. This method can obviously not reveal 
much about the current distribution within the observable intense spot, 
nor anything of any weak halo that might surround this spot. Such a 
halo would be masked by the effects of light scattering in the glass and 
of a shallow depth of focus of the high powered objective lens. 

An edge of nickel was used to trace across the beam spot, the 
graph of x-rays produced, plotted against distance, has a similar shape 
to one side of a thick target resonance yield, in nuclear studies. 
Advantage is taken of the MP scanning facility. Rather than moving the 
edge progressively through the beam-spot, the beam is scanned across the 
edge. The scanning is effected by two sets of coils, one scanning the 
beam in the X (horizontal) direction, the other in the Y (vertical) 
direction. >,hen an x-ray is detected the computer records its energy, X 
and Y positions. As data is collected, three spectra are built up. 
Firstly, a total count verses energy spectrum, then two spatial distributions 
one in the X, the other in the Y direction. With the edge placed 
horizontally and the beam scanned vertically, a profile of the edge is 
produced in the Y spectrum. 

Figure 18 shows the scan of a Ni edge taken in the Y direction, 
the beam spot used to produce this particular scan was seen optically to 
be circular and have an apparent diameter of 15 microns. The spread of 
the edge on the spectrum is due largely to the shape and profile of the 
beam spot. By examining the profile of the edge, a measurement of size 
and beam distribution can be made. A step function can be used to represent 
the shape of the edge. Instead of trying to de-convolute the beam profile 
from the step function, different shapes are convoluted with a step 
function and the resulting curves examined. In Fig. 18 the dotted line 
is the result of convoluting a circular plateau (of 20 pm diameter) with 
a step function, and the dashed line the result of convoluting a rotated 
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Gaussian (of 16 urn diameter at half height) with a step function. It 
can be seen that the spread of the edge profile is due to more than just 
the circular shape of the beam spot, in that the Gaussian shaped beam 
profile fits the spectrum better than a circular plateau. 

Scattering of the beam is also important when considering 
spatial resolution. As the beam passes through a thin target it will 
undergo multiple Coulomb scattering, giving worse resolution as the beam 
spot becomes larger. The same effect will also be produced by thin 
containment foils, or differentially pumped canals, employed in any 
system to extract a microbeam into the atmosphere. Moliere's theory of 
multiple Coulomb scattering ' has a simple, well documented final form 
which can be easily used to calculate angular spread for such situations. 
It was therefore decided to look at scattering in thin foils and to compare 
the result with Moliere's theory. 

The same Ni edge as before was used and thin foils were placed 
in the path of the sea. ning beam. The distance from the foil to the 
edge was not known accurately, but the distance between two different 
foil positions w;is known to better than one micron. Spectra such as that 
in Fig. 19 were collected as previously. By measuring a feature on each 
of the spectra, and knowing accurately the distance between foil positions, 
we can derive a characteristic scattering angle. Moliere's equation for 
the angular distribution of multiple scattered protons was convoluted with 
a step function to yield the curve fitted to the data in Fig 19. 

Thus, the technique of beam scanning and measurement of line 
spectra was found to be an accurate and rapid method of measuring intensity 
distribution within a microbeam. Minimization of this distribution was 
also found to be an accurate method of finding the focal plane. The 
multiple scattering theory of Moliere was found to provide an accurate 
prediction of beam spread in specimens or extraction systems. 

1) 
G. Moliere. Z. Naturforschg. 3a (1948) 78. 
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PROTON PP.OBL ANALYSIS FOR RARE EARTHS IN MINERALS 
C. McKenzie and J. Waschl with T. Hughes 5 J. Lovering (Geology Department) 

The distribution of the rare earth elements between phases and 
across grain boundaries is of considerable geological interest, and at 
present little information is available. Electron and ion probes are 
important analytical tools but both face difficulties in the rare-eartr. 
region- the electron probe from high bremsstrahlung background and the 
ion probe from doubtful sputtering rates and interfering oxide ions 
from lower-Z elements. 

It was therefore decided to investigate the possibilities of 
analysis by PIXE using the proton microbeam. Thick targets of monazites, 
allanite and xenotime were prepared on epoxy resin. The 
improvement in signal/background ratio compared to the electron probe 
is conr.iderable, and is most dramatically shown for xenotime - see Fig. 
JO. As can be seen there, the L X-rays from the many rare earths 
present give a complex spectrum. Computer programmes exist which would 
aid in the analysis, and their use would seem to be essential for future 
progress. Although the K X-rays were observed in one trial the count 
rate was predictably very low, and it is not practicable to exploit the 
very low background and good peak separation that hold in that higher-
energy region. 

Spectra have just been obtained from targets consisting of 
separated groups of rare earth elements, at known concentrations, in a 
synthetic glass base. They should give more quantitative information. 

INVEST IGATIOM OF LI-AD AND RUBIDIUM DISTRIBUTION Bi-TtVEEN ALBITE AND 
MICROCLINE PHASES IN AT1AZ0NITE 
J. Waschl and CD. McKenzie with J.E. Tibballs (Diffraction Group) 

Amazonite is a green-coloured potassium feldspar which may be 
bleached by heating to approximately 500°C. It has been suggested 
that the colour results from electron-deficient centres formed by 
Pb ions substituting for K + ions which have similar radius. The 
bleaching follows a diffusion law which suggests that migration of 
the centre occurs until the electron-deficiency is compensated. 
Electron microscopy using X-ray analysis failed to detect the 60 ppm. 
found by mass spectroscopy; it did reveal the distribution of albite 
precipitates at a 1 pm scale using 2 nm resolution. 



- 43 

• 500 

o 
X 

•6 

c 3 O 

100 

300 

200 

• 100 

100 
— i 

o 
o 

c 
§ 
•5 

S 
o u 

- 500 

- 400 

200 

—T~ 
200 Channel Number 

Xenotime 
Electron probe at 35 keV 
10 mins. 

300 

6 keV 

Channel number 
1 • i 

10 keV 

200 
i _ 

Xenotime 
Proton probe ct 3 MeV 
25 mins. Beam current * 1 nA. 
Absorbers: Be • AJt 
Calibration: 32.2 eV/ch 

(1.5uC) 

Jy 
I 

0,4 +Ho 

15 keV 

JUL i — i — 7 
Channel number 

Figure 20: A comparison between the x-ray spectra generated from the same specimen 
of xznot'.jne when examined with an electron microprobe (above) and a proton 
microprobe (below). There is a small difference in energy scale for 
the two plots. 



44 

10" i 1 1 1 i 1 i i i r 

AMAZONITE 

•UCROCLINE PHASE 

> . 1 6 eV/Ch. 

Wik, I-
Q! • L 

200 400 £00 800 1000 1200 1400 1600 16U0 2000 2200 

10' 

JO" 

10' 

io-

10' 

1 0 ' 

1 i 1 r i—i—i—j 1 — n 

AHAZ0N1TE 

ALB1TE 6 MICROCUNE 

8 . 1 6 eV/Ch. 

I 

It 
1 *l *.' 

11 1 , 1 I 
I 

fflUiii II .111 
200 100 600 800 1000 1200 1400 1600 1600 2000 2200 

Fig. 21: PIXE spectra from neighbouring regions in a 
small sample of Amazonite. 



- 45 -

With MP, the concentrations of lead and rubidium in the 
microcline phase are readily detected. The resolution (10 ym) 
compares with that of optical microscopy. A crude polarising micr-
scope was arranged to distinguish the K-rich microcline and Na-rich 
albitc regions and point spectra were collected. Two spectra, from 
niicroclinc and albitc regions respectively, are presented in Fig.21 
Data have also been collected in scanning mode to allow mapping of the 
key elements (Al, Si, Pb, Rb). 

COPPER METABOLISM IN MENKES' SYDNROME AND MOTTLED MICE 
Anne Roczniok and G.J.F. Legge with J. Camakaris and D.M. Danks (Genetics 
Research Unit, Royal Childrens Hospital Research Foundation and Department 
of Paediatrics, University of Melbourne.) 

A group at the Royal Childrens Hospital under Prof. Danks has 
identified and studied copper deficiency in children born with the genetic 
disease known as Menkes' -iijndlome . This disorder carried by females is 
very rare and is fatal to male offspring who receive it. The existence 

2") of a parallel genetic disorder in mice (mettttd mice) has enabled the 
establishment of a mutant colony and a major research programme. Bulk 
sampling has indicated a deficiency of copper in the blood of victims, 
accompanied by an excess in the gut mucosa, apparently due to absorption 

3) of copper by the gut with subsequent retention . 

What is now needed is some indication of the distribution of this 
copper in the gut and whether it is localized within or on the surface of 
specific cells. Even under conditions of abnormal accumulation, copper 
is still only a trace element in the Mood and gut and attempts to detect 
it with an electron probe were unsuccessful, because of a fundamental 
lack of sensitivity. MP was then used and preliminary measurements 
(figs.22 5 25) without scanning analysis on blood and gut samples have 
been in agreement with the above claims, MP having no difficulty in clearly 
detecting the copper, even when it was deficient. Further work will 
attempt to map the distribution of the copper in the gut. Techniques of 
sample preparation and handling are critical in such work and need to 
be improved before conclusive results can be obtained. 

^ D.M. Danks et al, Lancet 1_ (1972) 1100. 
2 ) D.M. Hunt, Nature 249 (1974) 852 

"̂  D.M. Danks ct al, Science 179 (1973) 1140 
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t-LLMLNTAL PATHWAYS IN WHLAT LEAVES 
A.P. Mazzolini and G.J.F. Legge with C.K. Pallaghy (Botany Dept., Latrobe 
University.) 

The wheat leaf epidermis has many features which are of interest 
from a botanical viewpoint. The spatial distribution of elements through 
such complexes as the stomata, trichomes (leaf hairs), vascular and motor 
cells, as well as the silicon accumulating cells may help provide 
information on their structure and function. Wheat trichomes are of 
particular interest since although most of the wheat leaf epidermis is 
covered with an impervious cuticular wax, trichomes are not cutinized 
and thus directly exposed to the environment. Trichomes are known to be 
strong accumulators of potassium and may act as uptake sites of heavy 
metal contamination from automobile emissions. Similarly, stomata may 
also be involved in this uptake although neither of these possibilities 
has yet been confirmed. 

Preliminary investigations of freeze-dried epidermal samples have 
been carried out and examples of the x-ray spectra and elemental maps 
obtained are presented in this report. 

Figure 24 shows the x-ray spectrum produced by irradiating the stoma 
region of a wheat leaf epidermis with 3 MeV protons. The beam current 
was 250 pA and the target was irradiated for 2h hours. 

Figure 25 shows the x-ray spectrum produced by irradiating a 
silicon cell on the same wheat leaf sample. Beam current was 250 pA and 
irradiation time was \h hours. 

Figure 26 shows the scanning images or maps of the spatial distribution 
of individual elements. The area scanned is approximately 300 pm x 300 urn. 
Features include silicon accumulating cells, pairs of guard cells which 
constitute the stomatal complex and elongated cells. 

Figure 27 shows the maps produced by 'homing in' on a stomatal 
complex. The scanning area in this instance is approximately 
120 pm x 120 urn. [BG, when it appears, indicates the level of background 
subtraction used on the map production.] 



48 

STOMA REGION 

r n MM MM • Zf.M 1».M „ IM.M lie.M f IM.I 
CHANNEL NUttBEfT 

zit.M M . M tm.m Mt.N SN.M J M . 1 
CHANNEL NUMBER 

Fig, 24: X-Ray spectrum from a stoma region of a wheat leaf epidermis 

SILICON CELL 

Z" 

A *. 
I.M M M M.M M.M IM M I M.M IM.M l l t .M IMM flt.M 14I.M ITt.M MS.M fH.M IM.M M*M (21.1 

CHANNEL NUMBER 

Fig. 25: X-ray spectrum from a silicon rich cell of a wheat leaf epidermis 



T~ 
- 49 

Silicon Phosphorus 

Sulphur Chlorine 

Fig. 26: 300(j x 300y elemental maps from a wheat leaf epidermis 

Silicon B(i = 1 Phosphorus BG = 0 

Sulphur BG = 0 Chlorine BG = 0 

Fig. 27: 120y x 120u Elemental maps from a stomatal area 



- 50 -

TRACE ELEMENT SITES IN WHEAT SEED 
A.P. Mazzolini and G.J.F. Legge with B. Dell, J. Hill and J.F. Loneragan 
(Murdoch University, Western Australia) 

Much interest has been shown in the concentration and mobility 
of elements in wheat plant organs, and their relationship to crop yields. 
It has been found that some elements (eg. P, K and N) move freely and 
rapidly amongst organs whereas the mobility of ~ ne trace elements depends 
on the status of the plant. Under certain conditions deficiencies in 
the developing tissues can occur due to the fact that trace elements are 
immobilized ir. other organs. Maps and spectra from the region of the 
developing tissue have been produced and trace netal levels, undetectable 
by electron microprobe analysis, have been observed. 

Figure 28 shows the x-ray spectrum from the wheat seed. Note, a 
discriminator was set so that counts above channel 1064 (on the horizontal 
axis) resulted from three times as much target irradiation as the counts 
below channel 1064. [This enhances the high energy part of the spectrum 
by a factor of three.] 

Figure 29 shows the elemental maps for <: 40 \tm thick section of wheat 
seed. The scanning area is approximately 2 mm x 2 mm. Irradiation time 
was 100 minutes with a beam current of approximately 300 pA. The 
Aleurone layer can clearly be identified as an outer band surrounding 
tlie wheat seed. The embryo is the intense upper left hand region and 
the endosperm is the less intense region within the wheat seed. 
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HEAVY METAL METABOLISM AND TOXICITY IN RYE GRASS 
A.P. Mazzolini and G.J.r. Legge with C.K. Pallaghy (Botany Dept. Latrobe 
University), J. Jeffries and N. Uren (School of Agriculture, Latrobe University). 

It has been found that the growth rate of some plants is 
adversely affected by the addition of copper to their growing medium. 
8 ppm by volume of copper, when added to the nutrient medium of a Rye 
grass sample, resulted in a greatly reduced growth rate. 

The addition of silicon (10 ppm by volume) to the copper rich 
medium apparently reduced the toxic effect of the copper. Rye grass 
grown in the copper and silicon rich medium had normal growth rates. 

This phenomenon is presently under investigation with the 
microprobe. 

Figure 30 shows the spectrum from a sample of rye grass root tip. 

Figure 31 shows the elemental distribution maps for the sample of 
root tip. Iron seems to strongly accumulate in the region of the root 
hairs. Scanning area is approximately 1.5 mm x .4 mm. Irradiation 
time was 40 minutes with a current of approximately 150 pA. 

MARINE STUDIES - COPEPOD 
A.P. Mazzolini and G.J.F. Legge with R.B. Johns (Chemistry School, 
Melbourne University.) 

Copepods are one of the sub-classes of marine Crustacea. They 
graze on plankton and are in turn eaten by fish, thus making them an 
important link in the food chain. They are known to concentrate heavy 
metals from their marine environment, and there is some hope that they 
may be used to monitor trace metal pollution levels. 

Samples taken from the Westernport region of the Victorian 
coastline have been examined and a spectrum from a copepod appears in 
Figure 32. 

Figure 33 shows the elemental distribution maps for a copepod. 
The scanning area is 1.5 mm x 1 mm. Irradiation time was 85 minutes 
with a beam current of approximately 150 pA. 
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CONTINUOUS X-RAY SPECTRUM FROM PROTON INTERACTIONS WITH MATTER 
J. Guy and G.J.F. Legge 

The continuous X-ray spectrum which results from the interaction 
of a proton beam with matter is of interest as it is the major factor in 
determining the sensitivity of the PIXE (Proton Induced X-ray Emission) 
method of trace element analysis. 

The continuous spectrum may be attributed to four physical processes -
(1) Bremsstrahlung from the bound electrons as they are ejected, 
interacting with the incident protons. 
(2) Bremsstrahlung from secondary electrons interacting with the 
nuclei of the target material. 
(3) Bremsstrahlung from the protons interacting with the nuclei of the 
target material. 
(4) Compton scattering of y-rays in the active volume of the detector-
the y-rays having been produced as a consequence of the proton bombardment. 

All of these effects have been identified previously. Electron-
proton bremsstrahlung was the subject of a paper by Ogier et al. . This 
paper also treats bremsstrahlung from secondary electrons. The limitations 
of this paper are that a classical cross section for bremsstrahlung 
production is used and that the orbital electrons are assumed to be unbound 
and at rest. 

Secondary electron bremsstrahlung and bremsstrahlung from the 
21 incident protons have been treated by Folkmann et al. . Folkmann also 

identified Compton scattering of y-rays in the detector as a possible cause 
of background. Further mention of this effect is made in a subsequent 

3) paper by Folkmann ; however, a quantitative analysis of the contribution 
of Compton scattering has not previously been published. 

This work considered all of the above contributions in turn. The 
first effect was shown to be more significant than previously supposed. 
Some improvements were made to the calculation of effect (2) and a 
quantitative analysis of effect (4) was attempted. 

The Melbourne Proton Microprobe MP was used to provide a well 
defined beam of 3 MeV protons without the use of any collimation in the 
vicinity of the targets. Targets were mylar, kapton, aluminium and nickel 
foils of about 1.5 mg/cm2 and a tantalum foil of about 8 mg/cm?. X ravs 
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' wi-re detected with a Si(Li) detector. 

The results obtained from mylar and kapton confirm the secondary 
electron brcnunstrah lung theory. For aluminium and nickel, the inclusion 
of electron-projectile bremsstrahlung has significantly improved upon 
previous agreement between theory and experiment up to 15-20 keV. 
Tantalum yielded poor agreement as expected because it is a high Z 
element and the electron binding energies are large, contrary to the 
assumptions of the theory. 

With all elements, the experimentally deduced cross sections 
flatten out and then begin to rise at high energies, whereas the 
theoretically predicted X ray production continues to fall off at high 
energies. The discrepancy is usually attributed to Compton scattering 
of gamma rays in the detector, but this appears to be an unsubstantiated 
assumption. The gamma ray background should be very low for the clean 
beam conditions of a microprobe. This was confirmed by observation of 
negligible background spectra when the target foil was moved out of the 
beam. The yield of all gamma radiation from the aluminium foil target 
was therefore measured at the same proton energy with a Nal (Tl) crystal 
and the resultant Compton spectrum for the Si (Li) detector was predicted. 
The predicted spectrum falls below the measured high energy tail by about 
a factor of 25. 

The measured and theoretically predicted cross sections for 
kapton, aluminium, nickel and tantalum are shown in Fig.34. The only 
serious discrepancy remaining is at high energies. This is under further 
study. 

W.T. Ogier, R.D. Carlson and Jayne Knoche. Phys. Rev. )A2_ (1966) 50. 

F. Folkmann, C. Gaarde, T. Huus and K. Kemp. Nuc. Inst. Meth. 116 
(1974) 487. 

F. Folkmann, J. Borggreen and A. Kjeldgaard. Nuc. Inst. Meth. 119 
(1974) 117. 

1) 

2) 

3) 
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DEPTH PROFILING OF IMPLANTED NEON WITH REASONANT NUCLEAR REACTIONS 
Z.L. Switkowski, with J.C. Overley, S.-C. Wu, C.A. Barnes and J. Roth 
(California Institute of Technology, Pasadena U.S.A.) 

Low energy beams of inert gas ions arc widely used in many 
applications. These range from sputter deposition of amorphous films, 
and etching and cleaning of solid surfaces, to the introduction of 
damage into single crystals to enhance the trapping of mobile impurities. 
In all these processes, the impinging ions are partly retained in the 
target substrate and extensive studies have been undertaken of retention 
co-efficients, depth distributions, etc. of the implanted ions. The 
measurement of depth profiles of small concentrations of inert gases is 
of special importance for semiconductor fabrication 

Unlike the heavier members of the noble gas group, neon does 
not readily lend itself to conventional backscattering analysis because 
its atomic mass is less than most host materials. Therefore, we have 
explored the suitability of a resonance in the nuclear reaction 
/0Nc(p,Y)^1Na at a proton energy near 1169 keV as a probe of Ne 
concentration. A partial energy level scheme is shown in Fig. 55. Use 
of the resonant reaction technique involves measurement of y-ray yield 
as a function of proton beam energy. By incrementing the proton energy, 
the depth at which the resonance occurs can be made to vary. The y-ray 
yield is then the signature of the Ne concentration at that depth. 

Targets were prepared by ion implantation at Caltech of 2 0Ne 
ions into <100> silicon. A typical implantation dose was 4 x 10 1 6 cm 2 

and neon energies were chosen between 50 and 150 keV. The Ne containing 
target was then transferred and examined with protons from the Pelletron 
accelerator. A typical neon profile, determined by the (p,y) excitation 
function is shown in Fig.36. The measured distribution is consistent 
with calculations of ranges and straggling of the Ne ions and of the 
proton straggling. The depth resolution at the sample surface is 
< 100 A and the sensitivity corresponds to a detection limit near 2000 ppm. 
A paper describing this work has been accepted for publication. 

P. Revesz, M. Wittmer, J. Roth and J.W. Mayer, J. Appl. Phys. (1978) 
in press. 
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Fig. 36: 
Variation of y-ray yield 
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ANALYSIS OF CHROME-BLACK SOLAR ABSORBER SURFACES 
Z.E. Switkowski with R.J. Petty (Betatron Group"), J.C.P. Heggie (Dept. 
of Physical Sciences, St. Vincent's Hospital) and G.J. Clark (Mineral 
Physics, CSIRO, North Ryde, N.S.W.) 

The quest for more efficient solar absorbers has resulted in the 
development of numerous coating techniques for the absorption panel 
itself. Efficient flat-plate solar collectors should have high absorp
tivity in the visible spectrum and low infrared emissivity. One such 
class of solar absorbers is fabricated by coating a metal of high 
infrared reflectivity with a thin film that is transparent in the i.r. 
but highly absorbing in the visible, where solar radiation is concentrated. 
Amongst the most widely used thin film systems are the selective black 
absorbers of which electrodeposited black chrome coatings are a prime 
example . 

Considerable attention is being given to the determination of 
the microscopic composition of chrome-black absorbers. Studies are 
typically performed of the bulk physical and optical properties of the 
surfaces. Physical properties such as surface roughness, film thickness 
and grain size are measured and attempts are made to correlate the 
observed optical properties (e.g. wavelength dependence of the 

3 41 reflectancej with these physical parameters . At the present time, 
one of the most important sources of uncertainty in theoretically 
modelling these absorbing films lies with the chemical composition of 
the surface layer. 

In a study of rf-sputtered Cr203/Cr films, Far. and Spura 
suggested that analogous electroplated chrome blacks could be modelled 
as a cermet interference layer (29% by volume Cr, the rest C^C^) of 
thickness 650 A with a 350 A Cr203 antireflection layer on top. On the 
other hand, Window, Ritchie and Cathro found that the optical 
properties, particularly the very high solar absorptance of 0.95 
observed in chrome blacks, were consistent with a graded chromium film 
on a dielectric film on the substrate. In their model they assumed 
the film to be particulate chromium mixed with air, with the volume 
fraction of chromium varying from 0.59 at the bottom to zero at the top 
(i.e. air interface) layer. The thickness of the dielectric layer 
(~ 500 - 1000 X) under the particulate chromium deposit was found to be 
important in obtaining the optimum photothermal performance in the 
trade-off between solar absorptance and thermal emittance. 
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Given the present lack of knowledge of the detailed chemical 
composition of chrome black surfaces, it is imperative to develop analysis 
techniques for the quantitative determination of chromium and oxygen. To 
the best of our knowledge, there are no published data on chromium and 
oxygen concentrations in absorber surfaces, although sputter Auger 
measurements by Wehner indicating a linearly varying Cr/O ratio within 
the film are quoted by Mattox . In this project, we intend to undertake 
a systematic study of chrome black surfaces using nuclear reactions 
initiated by accelerated ion beams as non-destructive probes of the 
absolute concentrations and depth profiles of Cr and 0. Such information 
in association with a complete characterization of the photothermal 
properties of the sample should be extremely valuable in exposing the 
important parameters whose values need be optimized for most efficient 
solar energy utilization. 

A resonance in the 5 2Cr(p,Y) 5 3Mn reaction has been investigated 
as a probe for the quantitative determination of chromium depth 
distributions and the results submitted for publication . The relevant 
nuclear parameters of this resonance were measured to be: 
resonance energy, H., = 1005.2 ± 0.2 keV, total width r < 100 cV, and 
resonance strength, (2J +1) r r /T = 0.89 ± 0.11 eV. The variation 
in Cr concentration of a Cr-containing layer is determined by measurement 
of the (p,y) yield as a function of proton beam energy. Measurements of 
the Cr content on chrome black samples provided by Dr. B. Window 
(University of Sydney) have been carried out using this technique. Proton 
beams of 1 pA intensity were directed onto the target which was mounted 
in an ultra-high-vacuum target chamber. The yield of the dominant reaction 
Y-ray at E = 378 keV (corresponding to the first excited state •* ground 
state transition in 5 3Mn) was measured with a large volume Ge(Li) detector 
as a function of proton beam energy. A complete Cr profile was measured 
in 10 minutes. 

An example of a chrome-black Cr profile is shown in Fig. 37. Also 
shown for comparison is the yield curve for a standard metallic Cr target 
of thickness 236 ± 16 yg/cm . Comparison of yield curves such as these 
provides information on the average composition of the target (the dashed 
line in the figure represents the calculated plateau height for a Cr203 
target), the absolute Cr content and an estimate of the film thickness. 

These are the first results of several runs on samples whose 
optical properties had been catalogued by the University of Sydney group. 
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We note that this measurement is the first successful non-destructive 
analysis to be carried out of Cr on a substrate containing similar Z 
materials. (This property of the substrates normally prevents meaningful 
analysis with conventional backscattering techniques). It is proposed to 
continue with a systematic survey of a variety of chrome black surfaces. 

While there are many nuclear techniques available for the 
quantitative determination of oxygen abundance, there remains considerable 
difficulty in obtaining accurate depth profile information. The 
1 80(p,a) 1 5N and 1 6C(d,p) 1 70 reaction have been used in the past but they 
do not achieve a depth resolution reasonably near that required for analysis 
of chrome black surfaces (< 200 A). A high resolution technique of great 
potential involves use of the direct capture 1 60(p,y) 1 7F reaction. For 
proton beam energies < 2 MeV, the (p,y) cross section is a smoothly-varying 
function of energy. The primary y-ray has an energy which varies linearly 
with proton energy. Therefore, for a monoenergetic proton beam incident 
on a target having a uniform distribution of oxygen, one would expect to 
observe a rectangular y-ray line shape with a width dependent on the 
target thickness and a resolution determined by the y-ray detector. 

81 Although this technique was suggested in 1971 , few groups have 
pursued its application. We have successfully used the technique in the 
measurement of oxygen in chrome black and we propose to use it extensively 
in the future. 

In our early runs, a variety of targets (including chrome black, 
anodized Ta and quartz) were bombarded by proton beams from the 5U 
Pelletron accelerator. Preliminary runs pointed to an energy of 
E p = 1240 keV as being most suitable in terms of maximizing 160(p,y) 
yield while keeping nuclear reactions with the other major constituents 
(Cr, Ni, Cu, Na and F) to a minimum. Beam currents were typically - 7gA 
and the beam was defocussed to a spot size whose diameter was 8 mm. A 
virtue of this technique is that a complete oxygen profile is obtained 
during the one run at a single bombarding energy. Oxygen profiles were 
measured in - 3 hours of running time and, in the case of chrome black, 
verified the constant average composition of the surface film with a 
depth resolution of - 200 A. Absolute 0 content may be deduced from the 
data and such analyses are presently underway. 

Additional measurements using a Ge(Li) - Ge(Li) coincidence 
arrangement wherein the 160(p,y ) y-ray was measured in coincidence with 
the 495 keV y-ray of l 7F ' were carried out. These provided much better 



- 64 -

signal-to-noise data but at the expense of count rate so that an 0-profile 
was measurable for run-' of - 10 hours. The advantages of this technique 
are being explored. 

It is clear to us that the use of two independent techniques to 
measure Cr and 0 must provide self consistent and consequently valuable 
information on the chemical composition of the chrome black surfaces. 
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CLEAN ROOM 
G.J.F. Legge 

Nuclear and PlXli methods of elemental analysis give sensitivities 
of the order of 1 ppm by weight and such low levels call for special 
procedures in the handling and treatment of specimens. For specimens 
to be examined with a microprobe it should be remembered that the figure 
of 1 ppm applies to a volume of only a few um3. It is therefore 
important that material for examination be prepared and handled in clean 
areas. A restricted access clean room has been set up for future work. 
All microtoming, freeze drying, mounting, examination and storing of 
specimens and preparation of nylon support foils will be done in this 
room. The more sensitive work will be done in an inner ultra clean area 
fitted with a laminar flow work station. The main area is equipped 
with a fume cupboard and vacuum apparatus but mechanical pumps are to be 
mounted outside the clean room. Cornerless surfaces are provided for 
easy cleaning and incoming air is filtered to remove dust particles. 
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I'LLLETRON MACHINE REPORT 
B.M. Szyir.anski and P. Menon 

The Pelletron Accelerator performed well during the year. 
Shutdowns consisted mainly of ion source changes and minor repairs. Down
time was of short duration. 

The only major repair (maintenance) was the change of bearings 
for the rotating shaft. The new bearings were greased with Dow Corning 
Silicon grease No. 1. In the previous year, a higher consistency grease 
(Dow Corning No. 2) was used. Silicon grease No. 1 was chosen to keep the 
working temperature of the bearings lower. 

Since the accelerator pressure vessel is evacuated upon gas 
transfers(which occur several times a year), numerous greases were tested 
under vacuum conditions. Results show that standard bearing grease is 
unsuitable. Under evacuation it appears to boil and separation of the 
oils (mineral oils or synthetic fluids) and thickener (metal soap) is 
apparent. This phenomenon was not observed with either of the Dow Corning 
greases. The lubricating properties of the Dow Corning ureases are 
superior at higher temperatures. 

It was necessary to change the velocity selector aperture and 
the electric field plates. The aperture, which is 3/64" (0.047 inches) 
in diameter normally was elongated to one side by 0.008 inches (due to 
plasma bombardment). This made proper selection of beams (particularly 
heavy ion) difficult. The electric field plates were replaced because of 
a groove cut into one plate (about 0.025 inches deep). This was caused 
by ilelium ions being trained on the plate while heavy ion experiments were 
run. (Mixture of heavy ion gases - He = 80% and Ar, N2, CO, CO = 20% 
volume.) 

The opportunity was taken to clean, repolish and realign the 
Einzel lens system. For the alignment of the ion source, Einzcl lens 
and Velocity Selector, a special alignment tool was fabricated in the 
Physics Workshop. 

The lifetime of our home-made RF ion source is comparable to the 
Ionex type ion source. 720 hours was obtained when Hydrogen was used 
almost exclusively. 260 hours was achieved when heavy ions were in use. 
The home made source consists of a straight piece of (32 mm OD) pyrex 
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glass tube sealed at either end with V'iton "0" rings. 

Replacement of eroded corona points were necessary, mainly in 
the two highsr energy sections. This was because of almost continual 
use of these sections when the accelerator was run. 

After changing the time delay relay in the RF oscillator power 
supply (General Ionex) four times in the last 3 years, it was considered an 
unreliable circuit. The delay relay (2 contact strips of different metals) 
was continuously being heated. This wear resulted in heavy arcing and 
burning between contact points. The circuit was modified with a self-
latching relay operating off the delay relay (which now carries 12 vdc 
instead of 700 vdc through its contacts). The delay relay is now 
energised solely during the delay time (1 - \h min.). This was installed 
in July '77. No faults have since been encountered with the RF ion source 
power supply. 

The RF oscillator has been modified so that individual plate 
currents for the 8072 valves can be read. Two 2-pin sockets are 
installed in the cathode circuit of each valve, thus in site measurements 
are possible via 2-plug in 200 mA meters. This enables balancing of the 
plate load circuit (connection to the RF ion source). 

Varying lifetimes of the oscillator valves (RCA 8072) were 
observed. The valves, new or used, showed varying characteristics under 
test conditions (a given fixed grid bias resulted in varying plate currents 
for the valves. Typically 80-120 mA). 

This prompted a valve tester made in the Physics Electronics 
workshop. Thus valves with similar characteristics were paired and used 
together. 

The valve lifetimes were increased significantly due to the 
modification of the oscillator and the use of the valve tester. 

Beam scanners No. 2 and 3 were taken out and the vacuum bearing 
for scanner No. 2 replaced while the bearing for Scanner No. 3 was 
cleaned for proper operation. The Beam profile monitor oscilloscope was 
in repair 3 times during the last year, mainly for inoperative 
brightness control. 
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Faraday cup No. 2, the most used in the system, is modified for 
easy replacement of the coil spring. The hole in the (copper) radiation 
cooling cylinder through which the cup and spring passes, has been 
enlarged. This enables replacement of the spring by removing the side 
port flange. This is in contrast to the removal of the whole cup assembly 
from the beam line before access to the spring was possible. Thus, in 
our case, the breaking of 5 high vacuum seals has been reduced to one, 
and the inconvenience of a gap in the beam line has been removed. 

One of the sorenson power supplies for the beam line quadrupole 
magnets broke down due to a shorted filter capacitor (8400 yF). 

Instability of the Pelletron in one stage was caused by 
intermittent behaviour of a slit preairplifier. It was replaced with a 
new log preamplifier from Analog Devices. 

The down time for the Pelletron during the last year for 
maintenance or repair totaled 43 days. 

Down time due to cooling water problems and electricity strikes 
was in the order of r-r- .'.;:;..>. 

Operating time of the Pelletron for: 

Rotating shaft 1808 hours 
Charging chain 1889 hours 

the longer charging hours are used for conditioning the 
Pelletron for higher energy operation after opening the accelerator 
pressure vessel. 
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