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Personnel of the laboratory gather in the control room.



PKEFACE

On looking back over the past year, we find much success and

some difficulties. To a large extent, the success is measured by

the large number of scientific projects both in progress and

completed. Summaries of projects in progress, written in October

1984, constitute the major portion of this report. We remind the

reader that the results included here are often of a preliminary

nature and we ask that they not be quoted without first contact-

ing the researchers concerned. Reports of projects completed are

contained in the extensive list of publications contained in

Section IV.

It has now been two years since the tandem underwent upgrad-

ing with new spiral inclined field tubes and a pelletron charging

system. During the past year, it operated extremely well with a

number of heavy ion runs carried out at 10.44 MV, probably the

highest terminal voltage ever achieved with a model FN tandem Van

de Graaff. In addition, the energy stability has proved to be

remarkably good; it has been possible to observe proton-capture

resonances with an overall resolution of better than 1 keV.

Despite these successes, we were plagued for part of the year

with a persistent instability in the low energy region of the

accelerator. This was finally traced to contamination with pump

oil of the gridded lens region of the low energy accelerator

tube.

We had a successful tritium run during April and May of this

year. This is reflected in six contributions to this annual



report. The production of beams of tritium is a particularly

useful capability of our laboratory since such beams are

avaiLable from only two tandems in North America.

Polarized deuteron beams of high quality continue to be in

great demand. During the year, modifications to the argon region

of the source were completed, resulting in longer cryopump cycle

times, more intense beams and higher polarization. This has

helped in low cross section reaction studies, such as the

spin-parity measurements using the (d,a) reaction near 0 and

analyzing power measurements in the (d,a) and (cf,t) reactions.

Such high quality beams are also essential in the p(d",<)"He

radiative capture experiments, where tensor analyzing powers as

small as 5% must be measured to test the most recent He wave

func tions.

Kxperiments to study high-spin states using the multiplicity

filter continue. Three transition regions are being investi-

gated; Z ~ 52, PI ~ 90 and Z ~ 80. Perhaps the most interesting

new results have come from a study of 7q
A u a t high spin. The

soft core is profoundly affected by rotation and by the polar-

izing effect of the odd nucleon. Although most of the levels

observed are rotational in nature, a large number of non-

rotational states have also been populated.

An experiment was carried out during the year which relates

to the search for a neutrino mass. It had been reported that

Tb has an electron capture branch with a very low end point

energy (~ 156 eV). If this were so, one might be able to observe

a finite neutrino mass from the shape of the internal bremsstrah-



lung spectrum associated with this decay. Unfortunately, how-

ever, the results of measurements of several Q-value differences

for (a,t) and (d,t) reactions, carried out to verify this, have

shown that this electron capture branch is energetically closed

by approximately 20 keV.

The experimental activity has continued to be broadly diver-

sified with several ongoing programmes in other areas of physics,

engineering, and medicine. Reports of these activities are

grouped together at the end of Section I. Recent highlights have

included the implementation of the new injector for the acceler-

ator mass spectrometry project; the development of a very

14successful new method for preparing small carbon samples for C

accelerator mass spectrometry; and the continuing studies of jji

\rLvo brain activity, determined from P.E.T. studies after

1S
injection with F-labelled dopamine.

A number of changes in laboratory personnel occurred during

1984. Janos Sziklai finished a two year visit and returned to

the Central Research Institute for Physics, Budapest, Hungary; Y.

Liang returned to the Shanghai Institute of Nuclear Research,

Shanghai, People's Republic of China after spending a year with

us. A. Kobos and B. Singh each spent a few months in our

laboratory. Graham Jones spent two months with us during the

summer before returning to the University of Liverpool and Henry

Weller visited for several weeks from Duke University. Nicky

Davis joined the laboratory in January as a post-doctoral fellow

and George Kajrys started in September as a research associate.



Terry Woloszyn has joined our staff on a part-time basis as

computer systems manager.

It is a pleasure to acknowledge the financial support for

the laboratory and for our research activities provided by the

Natural Sciences and Engineering Research Council of Canada. We

also thank the university for its contribution to the operating

costs.

J.A. Kuehner

November 1984
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1. Polarized Deuteron Capture by Protons

and U-State Effects in 3He

(M.C. Vetterll, J.A. Kuehner, H.K. '.Veller*, A.J. Trudel, C.L.

Woods**, R. Dymarz, and A.A. Pilt)

A program is under way to measure the analyzing powers of

the radiative capture of deuterons by protons in order to inves-

tigate D-state effects in "He. Last year we showed how it is

possible to obtain angular distributions of the capture y-rays by

detecting the recoil He particles in an Enge spectrograph '.

Since the deuteron has spin 1 and the proton has spin 1/2,

the two possible values of the channel spin S are 3/2 and 1/2.

The electric multipole operator (p(r)r Y.(9,<j>)) has no channel-

spin dependence. Therefore, if electric transitions only are

considered, a study of the S=3/2 channel gives information on the

D-state of He since the two channels do not mix (Fig. 1.1). We

will see that the assumption of electric multipoles dominating

this reaction is a good one.

King et alJ^ have studied the S='3/2 channel by investigating

the energy dependence of the a coefficient of a Legendre poly-

nomial expansion of the cross-section. This coefficient depends

on the intensity in each of the S=l/2 and S=3/'2 channels separ-

ately. The S=3/2 channel appears only as a small perturbation.

However, the tensor analyzing powers T., ., Tg. and T depend on

the interference between the two channels" '. T o n is therefore



more sensitive to the S=3/2 amplitude, and hence to D-state

effects.

Measurements of T o n were carried out in December 1983 and

April 1984 using the method discussed previously . The results,

which were identical within error for the two runs, were averaged

together. The resulting angular distribution of T,. . is shown in

Fig. 1.2.

The curves are the result of an effective two-body radiative

capture calculation. The radial matrix elements are written as

<'1)C He) ;1fia) | Q , T M | <i>(d+p);O>, where c. flf is the electromagnetic

operator and |<j>(d + p);O> is the continuum scattering state for the

deuteron and the proton plus a vacuum for Y-rays. This wave

function is obtained from a distorted wave optical model calcula-

tion. <ty( He);nuj| is the projected d + p two-body contribution to

the ground state of He plus a y-ray of energy fiu. The wave

function for the ground state of ' He was obtained from a Faddeev

41calculation using separable potentials , where the interaction

was chosen to fit the low energy properties of the two-nucleon

system. The two potentials used here give a D-state probability

in the deuteron of 4% and 7% respectively, corresponding to 5.08% |:

and 9.12%, respectively, for the D-state probability in the !

three-body He wave function. In subsequent discussion, these

two cases will be designated 4% and 7%. TabLe I lists the

corresponding D-state probabilities together with the D-state

probabilities for the d+p projected wave functions.

Considering that there are no adjusted parameters, the

curves in Fig. 1.2 show excellent agreement with the data except



.S='/2 ;=3/2

S='/2

'L=0
3 He

s=3/2
'L=2

Fig. 1.1. Illustration of the link between the D-state of

and S=3/2 channel.



Table I

D-state probability for the wave functions used in the

calculation of T (8).

PD(d) PD(
3He)

0

4

7

0

5.08

9.12

0

I

1

. 2

. 5
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Fig. 1.2. Experimental results for T (0) at E. = 19.5 MeV. The

solid curve is the result of a calculation with the 7% wave

function, while the dashed curve corresponds to the 4% wave

function.



at extreme angles (6 < 25°, 8 > 155°'. This discrepancy will be

discussed later. One notices that there is practically no

difference between the 4% and 7% results. This is due to the

fact that, at this energy, the problem is essentially an asymp-

totic one. The 4% and 7% wave functions are almost the same in

this region; hence one obtains similar curves for T?)(9) .

Fig. 1.3 shows the dependence of T..., on the multipolarity of

the transition. The possible transition channels are given in

Table II. It is clear from Fig. 1.3 that El and E2 dominate and

that E3 can be neglected.

Fig. 1.4 shows results obtained when partial waves with

increasing L are considered in the entrance channel. It is found

that the F and G waves are crucial to a good fit. This supports

the argument that the capture occurs in the region corresponding

to the tail of the wave functions (large r).

As mentioned earlier, magnetic transitions have been neg-

lected. The inclusion of Ml is complicated by the fact that two

different Hamiltonians have been used to generate the ground

state and the scattering state. The resulting wave functions are

not orthogonal. As argued in ref. 6), the non orthogonal piece

must be subtracted out before the Ml matrix element can be

calculated. However, since a small amount of Ml is thought to

account for the extreme angle discrepancies in Fig. 1.2, a calcu-

lation was done in which the amplitudes and relative phases of

the Ml channels were treated as parameters. Only n=0 transitions

are considered, with the further assumption that the S=3/2 ampli-

4 2
tude ( S4) is one tenth the S=l/2 amplitude ( S2) . The latter
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Table II

Possible transitions for the reaction H(C1,Y) He. L is the

orbital angular momentum in the entrance channel, S is the

channel spin, and J11 is the spin of the intermediate state. The

2.S+ 1
spectroscopic notation ' L,, , . is used to designate each

transition.

L

0

1

2

3

4

5

S

1/2

3/2

1/2

3/2

1/2

3/2

1/2

3/2

3/2

3/2

J11

l/2 +

3/2 +

3/2"

1/2"

5/2"

3/2"

1/2"

5/2+

3/2 +

5/2 +

3/2+

l/2+

7/2"

5/2"

7/2"

5/2"

3/2"

5/2 +

7/2"

2S+1.
b2J+l

2s2
4s4
2P
2

4 p6
4 p4

"P2

:"'

4°6

4D
2p

2 p6
4P
4 p

4 p4
4G 6

4H8

Ml

E2,

El

El

E3

El

El

K2

B2,

E2

E2,

Ml

E3

E3

E3

E3

El

E2

E3

Ml

Ml

Ml
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Fig. 1.4. ^2O^9^ ^ o r different partial waves in the entrance

channel. The lower dashed curve is for P waves only. The lower

solid curve is for P + D waves. The upper dashed curve is for S

+• P + D + F waves. The upper solid curve is for S + P + D + F +

G waves.
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assumption is based on calculations for the electric multipole

channels. Curves for several values of the Sg amplitude A, are

shown in Fig. 1.5. A=0 corresponds to no Ml transitions, while

A=O.:-iO gives a contribution of approximately 3% to the cross-

section. A small Ml amplitude can therefore account for the

discrepancies at extreme angles.

A calculation of T.. - for this reaction has also been done

(Fig. 1.6). TO1 is predicted to be large for extreme angles.

Measurements of T.. ̂  and of the vector analyzing power A are

planned for the near future. The latter is interesting because

it can be compared to the analyzing power of the H(p,Y) He

reaction. The ratio of these quantities is predicted to be:

A,(9)/A (0) = -2 '. The data reported in ref. 7) are incon-

clusive and it is hoped that the recoil technique used at

Mcivlaster can provide higher quality data, thus allowing this

predicted ratio to be checked.

1) McMaster Accelerator Laboratory Annual Report, 1983, p. 4.

2) S.E. King et al. Phys. Rev. Lett. 5J. (1983) 877.

3) R.G. Sexier and H.R. Weller. Phys. Rev. C20 (1979) 453.

4) 8.F. Gibson and D.R. Lehman. Phys. Rev. C29 (1984) 1017.

5) M.C. Vetterli et al. Phys. Rev. Lett, (submitted).

6) S. Aufleger and D. Drechsel. Nucl. Phys. A364 (1981) 81.

7) S. King et al. Phys. Rev. (submitted).

* TUNL and Duke University

** now at ANU, Canberra
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Fig. 1.5. Ml correction treated as a parameter. The curves

correspond to (from top to bottom): A=0.30, A=0.25, A=0.20,

A=0.0.
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Fig. 1.6. Calculation of To1.
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2. Search for Kecently Proposed New Excited States in i Na

(4.A. Pilt, N.J. Davis, J.A. Ktiehner, A.J. Trudel and M.C.

Vetterli)

A recent study of the Na(n,-y) Na reaction ' led to a
24proposed Na level and decay scheme containing six levels, it

1.961, 1.977, 3.866, 5.810, 5.918 and 6.222 MeV. Tnese iev.il

assignments, of varying degrees of confidence , wer<-' made using

the Kitz combination principle on the basis of *el 1-establ i shed

excited states . The first two of these proposed new levels

would be only the 8th and 9th excited states of Na, and if they

really do exist, it is quite surprising that they had not pre-

viously been observed. The (n,y) reaction is, after all, quite

non-selective in that many low-spin excited states are populated

via primary or secondary ^-transitions from the J" = 1 or 2

capture state (assuming s-wave capture dominates) and the states

allegedly populated were proposed to have j <_ 3.

We have attempted to observe these new states via the

ivlg(d,ot) Na reaction which, at the energies studied, is also

believed tc be predominantly CM in character and hence to be

non-selective in the final states populated. Spectra with good

statistics were accumulated at several bombarding energies

between 8 and 12 MeV bombarding energy and angles from 20° <̂  8 ^

50 . All known states, and only the known states, were observed

below 4 MeV excitation: no evidence for the proposed 1.961,

1.977 and 3.8(56 MeV levels was found.

1) P. Hungerford et al. Z. Phys. Â .11 (1983) 325.

2) P.M. Endt and C. van der Leun. Mud. Phys. A310 (1978) 67.
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3. 26Mg(<5,py)27Mg Angular Correlation Studies

(A.J. Trudel, J. A. Kuehner, M.C. Vetterli, C. Bainber, N.J. Davis

and A.A. filt)

Angular correlation measurements using the (a,pY) reaction

can be a useful tool in making model-independent spin assignments

in nuclei. A polarized deuteron beam in the m=0 substate is used

and the protons are detected along the beam axis. With this

configuration, only the m=_+l/2 magnetic substates of the excited

state in the residual nucleus can be populated provided the

target nucleus has spin zero. The measurement of the angular

distribution of the y-ray decay from this highly aligned state

allows one to discriminate between different possible spins for

that excited state. Because the beam is not 100% polarized and

because the scattered protons are detected in a cone around the

beam axis, the m-^.l/Z magnetic substates are also populated. An

estimate of the magnitude of the above effects for our experi-

mental setup yields an upper bound on the relative substate

population of P( +;3/2) /P(j-l/2) <_ 0.15. This ratio is considered

an adjustable parameter which is varied within this limit to find

the best fit to the observed angular distribution.
27

The investigation of the spins of Mg levels is still in

progress. Gamma-rays from the decay of most of the low-lying

levels up to 5 MeV have been observed. The prominent decays are

labelled in a sample spectrum shown in Fig. 3.1. The levels at

4150, 4398 and 4553 keV are very weak at this deuteron beam

energy and we plan to repeat the experiment at an energy where

these levels are populated more strongly. The decay of the known

1/2 state at 3475 keV to the ground state is seen very strongly

and its isotropic angular distribution provides a good check for

the proper alignment of the detector-target configuration. At

this point the data are still in the process of being analyzed.

A preliminary examination of the data shows that we have enough

statistics on the decays of the levels at 3427, 3884 and 4827 keV

to make definitive spin assignments.

16
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Anne Trudel installing the target assembly in the angular

correlation chamber.

18



The angular correlation assembly showing the target, collimators

and annular solid state detector located at 180 .
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4. Spin-Parity Assignments Using Polarized (d,a) Reactions Near

Zero Degrees

(C. Bamber, N.J. Davis, M.C. Vetterli, A.J. Trudel, A.A. Pilt,

J.A. Kuehner and G.D. Jones*)

Model independent assignments of natural or unnatural parity

for nuclear levels may be made from measurements of the tensor

analyzing power, T near zero degrees. The technique consists

of measurements using the polarized (d,a) reaction on even-even

(spin-zero) target nuclei leading to excited states in the final

odd-odd nuclei. The a particles are detected near zero degrees

with an Enge split-pole magnetic spectrometer. Natural parity

states must have To,. = 1//2, 0~ states must have Tn = -/2, and

unnatural parity states can have T 's lying anywhere between

those two values.

28Si(3,cQ26Al
*\ o i, Q £J

An investigation of the Si(d,cx) Al reaction to a possible

0~ state is in progress. Many J^T assignments for states in

bAl have been made by Endt ' using the 'Mg(P.Y) Al reaction.

The 4.48 MeV state was found to be strongly excited at a 1 ; 1

resonance and weakly excited at a 2 ;0 resonance and to decay

only to the four lowest 1 states. The 4.48 MeV state is known

to have unnatural parity ' . The conclusion would be that this

state is 0~ but the 1 and 2~ possibilities can not be excluded.

From the shell model point of view, it is important to

determine whether the 4.48 MeV state is 0~ or not. The ground

20



state of bAl consists predominantly of the simplest configura-

tion possible, a proton hole and a neutron hole with respect to

Si; (Id . , , ) " . Negative parity states in M have to be

formed by the excitation of a nucleon from one major shell to the

next major shell. The simplest configuration for a 0~ state is

— 2 — 1
expected to be (ld,-,2) (^1/2^ 2sl/2" However, a state of

this configuration is not expected to be found at an excitation

energy as low as 4.48 MeV.

The important question of whether the 4.48 MeV state is a 0~

state, can be answered by performing the Si(<3,a) °A1 reaction

at 0° for which T n = -/2, independent of energy, for a 0~ state.

An initial run with unpolarized beam was performed to identify

the states in 3A1. The target available at the time was of

natural silicon. It was evident from the spectra that there are

significant contaminant states arising from the ' Si(d,a) Al

reaction. It happens that the reaction to the 6.2 MeV state in

28
Al gives rise to alpha particles having the same energy as

those corresponding to the 4.48 MeV state in Al, at 0 . It is

therefore necessary to perform this experiment with a target made

28from enriched Si isotope. It is planned to do this in the near

future.

46'48Ti(3,a)44'46Sc

Measurements of the T,.M near zero degrees for the

46 48 •* 44 46
' Ti(d,a) ' Sc reactions are being made in order to make

44 46
parity assignments to levels in Sc and Sc• Beam energies of

7, 8, 8.25, 8.75, 9.25 and 9.75 MeV have been used. Seventeen

44
levels in Sdc have been observed in the region below on excita-

21



46
tion energy of 2.5 MeV, and fifteen levels were seen in Sc

below an excitation energy of 2.3 MeV. The analysis is proceed-

ing and calculations of T,,. to resolve existing ambiguities in

the spin-parity assignments of some of the levels should be

possible with the data already collected.

As reported in the annual report of 1981, preliminary

measurements of T__ for states in F have been made using a

22
target of Ne implanted in tantalum. It is planned to make a

new target and collect data at more beam energies in order to

make spin-parity assignments with a high level of confidence.

1) P.M. Endt. Private communication.

2) D. Boerraa. Unpublished.

• University of Liverpool



5. A Study of J*P Using the dOS(d,a)J*P Reaction

(A.J. Trudel, N.J. Davis, J.A. Kuehner, G.D. Jones*, C. Bamber,

M.C. Vetterli and A.A. Pilt)

A series of experiments using the reaction ' S(d,a) P have

34been initiated in a study of the relatively unknown P nucleus.

Five excited states had been identified previously ' at energies

of 0.43, 1.61, 2.23, 2.31 and 2.63 MeV, but their spins and

parities are not known. The ' S target (80% abundance) was

obtained from S. Raman at Oak Ridge.

An experiment was carried out using a 10 MeV deuteron beam

to measure excited state energies. Data were obtained at 15°,

30 , 45 and 60° with a delay-line position-sensitive detector in

the focal plane of an Enge split-pole spectrograph. The measure-

ments confirm the excitation energies listed above except that

the energy for the state, supposedly at 2.63 MeV, was found to be

(2.691 +_ 0.003) MeV. An additional low-lying state was observed

at (2.49 +_ 0.01) MeV. Four very weak states were seen at 3.11,

3.32, 3.49, 3.93 MeV, with uncertainties of about 10 keV. Two

broad peaks in the energy spectra were observed at 4.31 MeV and

4.45 MeV. These are thought to consist of several unresolved

states. One extremely strong state has been identified at (4.75

+_ 0.01) MeV. An additional 30° run at 16 MeV revealed a fairly

strong state at 5.06 MeV which was out of the detection range

used during the 10 MeV runs. These observed excited states in

34
P are summarized in Table 1.

23



It is planned to measure more complete angular distributions

at 16 MeV from which we hope to obtain L-transfer values from

UtfBA fitting.

An additional experiment has just recently been completed,

in which tensor analyzing powers were measured near 0 in order

to determine parities. The analysis of the data is still under-

way. These results together with the angular distribution data

should allow identification of spins and parities of the P

levels.

In order to establish the gamma-ray decay properties of the

levels, we have begun measurements of (d,ay) particle-gamma

coincidences.

Finally, we plan to do a (d.ay) angular correlation experi-

2 1ment using Method II of Litherland and Ferguson . Preliminary

measurements have been done to compare a high-purity Ge gamma-ray

detector with a large Nal detector. The results indicate that

the Nal detector is preferable because of its larger efficiency

and its resolution may be adequate to study the levels of

interest.

1) P.M. Endt and C. Van Der Leun. Nucl. Phys. A310 (1978) 1.

2) A.E. Litherland and J.A. Ferguson. Can. J. Phys. :39 (1961)

786.

* University of Liverpool
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Table I

34Excitation Energies for Low-lying S ates in P

Previous Value Present Value Comments

(MeV) (MeV)

3. }

0.00

0.43

1.61

2.23

2.31

2.63

0.00

0.43

1.61

2.21

2.32

2.49

2.69

3.11

3.32

3.49

3.93

4.31

4.45

4.75

5.06

S

W

W

U

U

S

S

a) S-strong; W-weak; U-unresol\ )d states
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6. A Study of the 3 8S Nucleus Using the 36S(t,p)38S fteaction

at 18 MeV

(N.J. Davis, J.4. Kuehner, A.A. Pilt, C. Bamber, A.J. Trudel,

M.C. Vetterli, E.K. Warburton* and J.W. Olness*)

The (t,p) reaction is a good one for populating states in

neutron rich nuclei and has been used in the past to determine

level spins for nuclei in the upper sd shell ' ' . The latter

S4
worn includes both UtfBA and Shell Mod<?l calculations for S and

shows that in this region of the sd shell, the shell model energy

levels are in good agreement with the experimental levels below 5

MeV. (t,pY) angular correlation studies have also provided a

4—6}method for spin determination . The determination of the

spins of nuclear levels by comparison of the experimental angular

distributions of differential cross section with DWBA calcula-

tions, is less ambiguous for even-even nuclei because the target

spin is zero. (t,p) reactions have been used in several past

works, to determine level spins for If .... shell nuclei

Shell model calculations are more difficult for these nuclei and

ideally a configuration space larger than the lf 7 / o shell should

be used. R.F. Casten et al have studied L=0 transitions for

the (t,p) reaction to isotopes of Ti, Cr and Fe. They showed

that the magnitudes of the calculated differential cross sections

are sensitive to small proportions of transferred two neutron

9

configurations other than (lf_.o)""' included in the DWBA form

factor.
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There is no previous knowledge about the excited states of

S. This is because S is a neutron rich nucleus that can not

be populated by the commonly used reactions on readily available

targets. S has a very low natural abundance so targets of this

isotope are rare and have not previously been used with the (t,p)

reaction. S is an interesting nucleus to study because, from

the simplest shell model view, there are only two neutrons

outside the closed neutron sd shell of the target nucleus.

Therefore, energy levels populated by the (t,p) reaction are

expected to be largely two neutron configurations, the protons

not playing an important part in the reaction.

The S(t,p) S experiment was performed using an 18 MeV

beam of tritons. The target was in the form of silver sulphide

on silver, the sulphur being enriched to (81.1 _+ 0.2)% in S,

34the remaining being S. Other contaminants in the targets are

B, Na, Al, Si, K 13^. The quantity of 3 6S in the target was 26

ijg/cm . The rather large amount of silver in the target (200
2

ug/cm ) was necessary so that very little of the target material

was lost during manufacture. The silver does however result in a

significant background in the spectra.

A delay line gas counter placed in the focal plane of the

Enge split-pole magnetic spectrograph was used to detect protons

from the (t,p) reaction. The position along the focal plane and

the energy loss in the counter were measured. A scintillator

placed behind the delay line counter was used to measure the

total energy of the particles. An overall energy resolution in

the proton spectra of 55 keV was obtained. A typical spectrum,
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Table I

•jo

Excitation energies of s tates in S

State Label Energy (MeV) Error (keV)

0 0

1 1.332 7

2 2.867 8

3 3.394 4

4 3.716 8

6 4.366 7

6 4.499 8

7 4.989 9

8 5.096 9

9 5.290 5

10 6.021 7

11 6.53 60

28



s

ulI
•x.

X

M'KC H-ni CXS'OV* W5«t OO'VVi OO'M M'SV

Pig. 6.1. A 20° proton spectrum from the S(t,p)' S reaction,

(Rxcitation energies are given in MeV.)
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taken at 20 , which features the ground and first three excited

states of " S, is shown in Fig. 6.1. There is a significant

amount of S contaminant in the S target, making it necessary

34to take spectra using a S target for comparison in order to

identify states from the reaction on S. Values for the

38
excitation energies of the states identified in S are given in

Table I.

OtfBA calculations of differential cross sections were

14)performed using the code DWUCK4 . A microscopic (t,p) form

factor, where the triton is represented by a Gaussian wave-

function with an r.m.s. radius of 1.7 f m, was used. The two

transferred neutrons were assumed to have zero total angular

momentum and to be in a pure configuration. A simple shell model

picture of the S target nucleus having a closed neutron sd

shell, suggests that the most likely configuration for the

transferred neutrons resulting in a positive parity state is

(lf,,,^) . For a negative parity state it is not clear what the

most likely configuration for the transferred nucleons would be,

but calculations for L=3 and 5, assuming a lf7/old3/o ancl a

If7,..lg ... configuration, showed that the shape of the resulting

angular distributions are not very sensitive to the configuration

assumed witiiin the angular range studied.

+ 38

The experimental data for the 0 ground state of S were

compared with DWBA calculations in order to choose appropriate

parameters for use in the DWBA calculations for the other states.

The optical model potentials used were taken from the work of

Flynn et al and have no spin orbit components. The triton
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Fig. 6.2. OffBA calculations of differential cross section for

•JO

states in S. The order of the L values given indicates so Lid,

dashed and dot-dashed curves respectively.
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potential they used was found from elastic scattering and the

proton potential was the global form of Perey with the real

depth varied to fit the data. This parameter was varied further

for the (t,p) reaction on S.

DWBA calculations for a range of L transfers were compared

with the experimental differential cross sections in order to

restrict the possible spin assignments for the S states. The

experimental data are shown with the UWB/V calculations for the L

values determined in this way in Fig. 6.2.

States in ' S populated by the (t,p) reaction are most

likely to be configurations involving neutrons with the protons

acting as spectators. The states observed in the ' S(t,p) S

reaction should be of a similar nature to states populated by the

(t,p) reaction in other even-even nuclei with the same neutron

number as 3 8S l7~22\ Such nuclei are 40Ar and 4 2Ca. 38S has

the 2s1._ proton shell full in the simplest shell model picture.

Ar has a half full Id.,.,, proton shell and Ca has this shell

full.

Energy levels in * S are compared with known natural parity

states in 40Ar and 42Ca 2 3 ) in Fig. 6.3. States in 40Ar and

42

Ca, which have been populated strongly enough by (t,p) reac-

tions for spin assignments to be made, are shown by solid lines

and others of importance are shown by dotted lines.

From the shell model, the low lying neutron states should be

(lf7.,,) configurations giving a 0+, 2 +, 4+, 6+ sequence of

energy levels. A 0 , 2 , 4 sequence of strongly populated
+ o o

states is observed. The 1.33 MeV 2 state in S is in good

1
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Pig. 6.3. A comparison of states in S with states in Ar and

42Ca. (Energies are given in MeV).
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agreement with the energies of the other 2 + first excited states

at 1.46 MeV in uAr and 1.52 MeV in ^^Ca. The 2.87 MeV 4 state

in S is in excellent agreement with the 2.89 MeV state in Ar

and the 2-75 MeV state in 4 2Ca. A striking feature of the a 8S

level scheme is that no 6 state is observed. 6 states are

40 42present in Ar and Ca at 3.46 MeV and 3.19 MeV respectively.

There is no good reason why the 3S(t,p)' S reaction should not

+ 2

populate a strong 6 state of simple (lt',o) neutron shell model

configuration. However, a state identified as 5~ is observed at

3.72 *IeV in ' S whereas there is no known 5~ state in Ar.

There is a 5~ state in Ca at 4.10 MeV but this is not populated

by the (t,p) reaction or by the (p,t) reaction. The 5~ state in
3 8

S may be genuine, but another possibility is that this state is

a 6 state unresolved from a state of lower spin, giving a

resulting angular distribution of shape appropriate for L=5.

Although there is no experimental evidence that the 3.72 MeV

state is an unresolved pair, this is thought to be a possibility

+ 40
since it is close in excitation energy to 6 states in Ar and
42

Ca. It is planned to carry out some shell model calculations
38to compare with the experimentally determined S levels.

We would like to thank S. Hainan of the Oak Ridge National

Laboratory for the loan of the sulphur target.
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7. The Electron Capture Decay Rate of 5 0V

(J.J. Simpson*, P. Jagam* and A.A. Pi It)

The isotope V is one of the very few odd-odd nuclei which

are present in nature (natural abundance, 0.25%). The high value

of its ground state spin (J71 = 6 ) leads to a large inhibition of

the 6-decay and EC capture probabilities to the neighbouring A=50

isobars; in fact, the most likely processes involve nonunique

fourth forbidden decays to J71 = 2 + states in 50Ti and 50Cr. No

higher states can be reached. Several searches have been made

for the y-ravs indicating the presence of one or other of these

decay branches, but at the time we began this experiment, none

had been unambiguously observed. (Subsequently, a measurement by

David Alburger and co-workers at Brookhaven yielded results very

similar to those reported below.)

In the pesent work, a low background intrinsic Ge detector

of volume 208 cm3 (and 47% efficiency relative to Nal at 1332

keV) was set up in an underground salt mine near Windsor,

Ontario. Lead and mercury shielding was used to reduce the level

of background y's even further. About 100 g of hyperpure natural

V metal were stacked on the detector. Spectra were recorded for

a total of 193 hours. Fig. 7.1 compares the region of the

spectrum in the vicinity of the expected 1554 keV y-ray from the

first excited state of Ti with a spectrum taken during a

previous running period with no V present. Although the number

of counts in the 1554 keV peak is small (7 +_ 3), it is highly

significant for the following reasons: (i) It is at precisely

the energy of the expected transition and has a width appropriate

for a y-ray peak. (ii) The vanadium was extremely free of

radioactive contamination and it is unlikely in the extreme that

the 1554 keV line could have resulted from a contaminant such as

the 1554 keV line from Pa in the (J series, since no excess

of the then expected (and much more intense) 1001 keV y-ray was

found.



An efficiency measurement for detecting the full-energy peak

of a 1554 keV y-ray from a distributed source of V was carried

out by measuring the absolute efficiency for the 1332 keV y-rav

of a Co point source as a function of position on the vanadium

sheets. Corrections for self-absorption we/e also carried out.

From the efficiency, mass of V used, and the abundance , thp KC

half-life of V was determined to be (1.2+ ' ) x 10 v, in good
17agreement with the value (1.5 _+ 0.3) x 10 y of Mburger et al.

This half-life corresponds to a log ft value of 23.3, comparable

to the values for the fourth forbidden decays of In and Cd.

* University of Guelph

1460 1600
Energy (keV}

Fig. 7.1. A portion of the spectrum near the expected location

of the 1553.7 keV y-rav from Fi . The upper part (a) shows the

193.3 h spectrum obtained with vanadium present, and the lower

part (b) a 708 h run without vanadium, normalized to 193.3 h.

The other peaks marked are well-known background lines from

primordial activity. D.E. stands for double-escape peak.
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8. Search for Dipole Collectivity in 5 Ti

(A.A. Pilt, M.C. Vetterli, A.J. Trudel and J.A. Kuehner)

Iachello and Jackson ' ' have proposed a new model -- called

the "vibron cluster model" -- that postulates the existence of

low-lying A=l electric dipole surface modes of collective excita-

tion as oscillations of a cluster relative to the remaining core

components -- thus, it is a natural and obvious extension of the

very successful cluster model of Buck and Pilt ' which treated

the rotational motion of the cluster about the core nucleus.

The most striking prediction of the vibron model is the

proposed existence of low-lying "bands" of alternating parity

states: J71 = 0+, 1~, 2+, 3~, 4+,... with enhanced El decays

between successive band members. If the cluster is an a-particle

outside an inert core, these states should exhibit large alpha-

particle widths (and, presumably, a-particle spectroscopic fac-

18
tors). Evidence for these modes has already been found in 0 =

14C + a
 4 ) and 218Ra = 214«n + a

 5>.

The nucleus Ti , consisting of an a-particle outside a Ca

doubly magic core, is another candidate for exhibiting these U(4)

collective excitations. We have undertaken a search for the

necessary low-lying "mixed parity" band via the Ti(t,p) Ti

reaction. The two transferred protons should, for certain

excited states in Ti , couple to the two extra-core target

48neutrons to form a Ca + a system. This (t,p) reaction, then,

is complementary to the a-transfer reaction on Ca but has the
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advantage that the angular distributions are readiLy analyzed

with the two-neutron transfer version of DtfUCK4 to yield

^-values, and hence spins and parities.

2
The experiment was carried out with a 50 yg/em enriched

50

Ti target and 16 MeV triton beams. (A preliminary report on

this work can be found elsewhere . ) States in ' Ti up to 7.1

MeV excitation were populated. The angular distributions for

1 = 2, 3, 4 and 5 were quite distinctive, those for £, = () and 1,

unfortunately rather less so.

The results are summarized in Table I. Of obvious interest

are the 0 state at 4.10 MeV and the two 1"" states at 4.22 and

4.34 MeV. One cannot as yet propose unambiguous candidates for

the other levels of the band. They are expected, however, to

follow a J(J+1) energy dependence but any correspondence made on

the basis of the present results would be extremely speculative.

These "vibron" states should, as mentioned, show large

a-particle spectroscopic factors. Thus the a-transfer reaction

to Ti would be of great interest to determine whether the

proposed vibron states are indeed strongly populated. This

experiment is in progress.

1) F. lachello and A.J. Jackson. Phys. Lett. 108B (1982) 151.

2) F. lachello. Nucl. Phys. A396 (1983) 233c.

3) B. Buck and A.A. Pilt. Nucl. Phys. 280 (1977) 133.

4) M. Gai. Unpublished.

5) M. Gai et al. Phys. Rev. Lett. £>1 (1983) 646.

6) M.C. Vetterli et al. McMaster Accelerator Laboratory Annual

Report (1982) p. 15.

7) J.F. Mateja et al. Phys. Rev. C23 (1981) 2435.
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Table I

Spin-parity assignments to Ti levels

E>

ref.7>

0.0

1.050

2.262

2.316

2.429

3.346

3.447

3.583

3.872

3.916

4.058

4.098

4.212

4.324

4.691

4.772

4.823

,(MeV)

present

a)

1.046

2.256

b)

2.426

3.351

3.451

3.581

3.882

3.924

4.071

4.096

4.221

4.338

b)

4.784

4.821

j

ref . 7 )

0 +

2 +

2 +

4 +

2 +

4 +

3~

2 +

3~

2 +

(4+)

0+,l~

0+, 1~

i-.o+

i-,o+

(2+)

present

2 +

2 +

2 +

4 +

4 +

2 +

3~

2 +

4 +

0+(l")

l"(0+)

l"(0+)

(3")

4 +
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Table I (cont inued)

Ex(MeV) J71

7 ) 7 )
ref . present ref. ' present

4.909

5.010

4.906

5.021

5.248

5.279

5.328

5.73

5.82

5.99

6.03

6.07

6.14

6.20

6.56

6.67

6.82

7.09

4 +

4

4H

c)

4 +

c)

a) Off the end of the detector

b) Not observed.

c) Unresolved doublet; angular distribution not characteristic

of any single fl-value.

41



51 539. Low-lying Proton Resonances of Spin 9/2 in ' Mn and Mn

(G.U. Din* and J.A. Cameron)

There have been, at McMaster and elsewhere, many studies of

1—4)
2 isobaric analogue states (IAS) . At half the excitation

energy of the IAS there is a further 9/2 level, the anti-IAS,

connected to the IAS by strong Ml matrix elements. In addition,

+ 59

a third type of 9/2 level has been found as a resonance in Cu

about 0.8 MeV below the IAS. Its decay strongly resembles that

of the IAS 5 < 6 ).

In the Mn isotopes, no firm evidence for the AIAS exists.

The 9/2+ IAS decays by El to the 7/2~, 9/2" and 11/2" f^/o levels'i 4)near the ground state" ' ' . Here we report the observation of

9/2+ proton resonances 0.80 and 1.45 MeV below the IAS in b Mn

and ' Mn respectively.

The experiments were performed at the McMaster KN and rtiyadh

2.5 MV Van de Graaff accelerators. In contrast to the situation

in the IAS region, inelastic decay to the target 4 + state is too

weak to use as a signal for high spin resonances, and capture

transitions to high spin final states were used instead. Accord-

ingly, spectra were collected at each beam energy in the yield

curve measurements. The single exit channel yield curves thus

obtained for thin targets are shown in Fig. 9.1. Angular

distributions for the strong decay branches of the 2.397 MeV Mn

resonance and of the 2.680 and 2.686 MeV Mn resonances all

select spin 9/2 and the observation of decay branches to 9/2~ and
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Yield curves for the 50>52Cr(p ,y)51'53Mn reactions inFig. 9.1

the exit channels are shown. The levels at 1.817, 1.140 and

510.237 MeV in Mn have spins 3/2, 9/2 and 7/2 respectively, while

53
those at 1.441 and 0 in Mn have spins 9/2 and 7/2.
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11/2- final states confirm this. Since the probability of x.=5

capture below 4 MeV is very small, we assign the resonances as

9/2*.

No parent states exist in Cr or " Cr for which these

resonances can be analogues. In the Cu case, a measurable E2

•tdmixture in the decay to the AI AS suggests the presence of

quadrupole core excitations . In the Mn isotopes, the nature of

the presumed core excitation remains unclear.

1) I. Fodor, I. Szentpetery and J. Sztlcs. Phys. Lett. 32 B

(1970) t>89.
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3) J. SziKlai, J.A. Cameron and I.M. Szoghy. Phys. Rev. C30

(1984) 490.

4) J. Sziklai, J.A. Cameron and I.M. Szoghy. (next article)
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(1978), unpublished.
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10. Fragmentation of the g,i/o Analogue Resonance in ' Mn
y/ c,

(J. Sziklai*. J.A. Cameron and I.M. Szftghy**)

The fine structure of isobaric analogue states (IAS) is an

indication of the degree of isospin symmetry breaking. In the

theories so far developed, single mechanisms have been invoked to

account for the observed structure. Last year we reported a

detailed study of the g,.,., IAS in 5 Mn . The usefulness of
y/ z

inelastic scattering to the 4 target state was demonstrated. A

comparison of the strength distributions in different exit

channels revealed significant differences.

In 53Mn, the g . IAS, first identified in the (jHe,d)

reaction ' ' was found by Fodor et al ' to have nine fragments

when seen in (p,y) and (p.p'y) reactions. Although the capture

cross section in Mn is much larger than in " Mn, the level

density near 10 MeV, the excitation energy of the g(1/,, IAS, is
y/ &

very high and requires both good beam energy and y spectroscopic

resolution. With the FN accelerator, it is now possible to

observe resonance peaks 1 keV wide with 10 yg/cm targets and

spectra with 6.5 keV resolution at 10 MeV are obtained using a

dedicated 29% Ortec Gamma-X detector.

Excitation functions in the 4.04 - 4.35 MeV proton energy

range are shown in Fig. 10.1. The (p.p.Y) yield (a) has several

intense resonances near 4.17 MeV, the position of the IAS, but

lower spin resonances also populate the target 2 level. The

(P.PoY) reaction (b) has a much simpler structure. It, together
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with capture to the f7/., ground state (c), is expected to select

high spin resonances with single particle character. The inte-

gral excitation function (d) for 2.2 < E < 4.2 MeV selects the

region of possible IAS + AIAS transitions. According to the

3 2 'i >
( He,d) studies '" ' , significant gq/n strength is located near E

= 6.54 MeV. The yield curve (d) does have some correlation with

the (p,,p.,Y) curve but no clear IAS + AIAS transitions have been

observed in the spectra.

There are 24 resonances which are candidates for gq/<> frag-

ments. Work to identify their spins from the angular distribu-

tion data is in progress.

1) J. Sziklai, J.A. Cameron and I.M. Szttghy. Annual Report,

1983, p. 26.
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11. Low-lying States in 97Mo and 101Mo Studied by (t,d) and

(5,p) Reactions on the Neighbouring Molybdenum Isotopes

(E.HJ. Habib, J.A. Cameron, G.U. Din, V.P. Janzen and R. Schubank)

The nuclei of molybdenum have been the subject of many

theoretical and experimental investigations. The properties of

the low-lying energy states are expected to be determined by a

90few particles outside the semi-closed shell core of Zr. Shell

model calculations have been carried out by Bhatt and Ball and

2 "lby Vervier ' for nuclei in the A=90 region. They considered

>nfigurations involving lg.1/o protons and 2d,-/o neutrons. The

residual interactions (nn), (pn) and (pp) were obtained from the

energy levels in Zr, Nb and Mo, respectively. Vervier also

investigated the influence of 2p1 .„ proton orbits on the proper-
l / £

ties of some nuclei in this region. The practical difficulty of

including other configurations has limited the shell model

approach.

Within the framework of the unified model, Choudhury and

3} i
Clemens discussed the properties of the odd-mass molybdenum 1

i .

nuclei by assuming intermediate coupling between the last odd j
nucleon or hole with quadrupole vibrations of a neighbouring
even-even core.

41Roy and Choudhury ' used quasiparticle-vibration coupling to

describe the states of Mo with some success. None of these

descriptions fit the molybdenum nuclei very well and the proper-

97
ties of Mo, in particular, have been poorly described. No ;
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attempt to explain the states in Mo has been made- Eventually

the theoretical problems will be overcome so that even the odd

parity states, which have not yet been included, will be

explained.

Neutron stripping and pickup reactions on the even isotopes

have been studied by several authors. Moorhead and Moyer ,

Hjorth and Cohen ^ and Diehl et al ' used the ratios of the

spectroscopic factors of (d,p) and (d,t) reactions leading to the

same states in the odd isotopes to assign J-values. This method

depends on the expectation that the 4+1/2 orbits have higher

occupation numbers than the £-1/2 orbits in both target nuclei.

This method cannot be applied to Mo because Mo is unstable.

In this work we report on an experimental determination of

the spins and parities and spectroscopic factors for states in

Mo and Mo based on a study of (t,d) and (3,p) reactions on

96Mo and 1 0 0Mo.

The (t,d) reactions were done at a triton energy of 14 MeV.

Separated isotopes Mo and Mo obtained from Oak Ridge were

used to make targets of thickness approximately 100 ng/cm on

backings of carbon or zapon. The particle spectra were measured

using the Enge split-pole magnetic spectrograph with a counter

telescope position-sensitive detector of the type developed at

Michigan State University10'1 .

12)The computer code DWUCK4 was used with the recommended

finite range correction to calculate the differential cross

section and vector analyzing powers. The optical potentials were

the same as those used in a previous study . Unresolved peaks
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were unfolded using an improved version of the method described

by Habib and Labrie13).

Summaries of the results obtained for Mo and Mo are

shown in Tables I and II. Table III shows the fullness and

emptiness parameters for the s and d orbits. The fullness para-

meters were obtained from our previous studies of the (d,t)

reaction on Mo. The spectroscopic factors were normalized to

•> 2
make V" + U = 1 for the 2dr/o orbits and with this normalization

V + U ~ 1 for the 3s . orbitals but not for the 2d...,. orbi-

tals, suggesting that not all the d.,,2 states have been observed

in these experiments.

1) K.H. Bhatt and J.B. Ball. Nucl. Phys. <33 (1965) 286.

2) J. Vervier. Nucl. Phys. 7J5 (1966) 17.

3) D.C. Choudhury and J.T. Clemens. Nucl. Phys. A125 (1969)

140.

4) B. Bannan Roy and D.C. Choudhury. Phys. Rev. C12 (1975).

5) J.B. Moorhead and R.A. Moyer. Phys. Rev. 184 (1969) 1205.

6) S.A. H,jorth and B.L. Cohen. Phys. Re.'. 135 (1964) 920.

7) R.C. Diehl et al. Phys. Rev. C_l (1970) 2132.

8) E.E. Habib et al. Phys. Rev. C26 3 (1982) 834.

9) G.G. Ohlsen et al. Phys. Rev. Lett. 2]_ (1971) 599.

10) rt.A. Markham and R.G.H. Robertson. Nucl. Instr. and Meth.

129 (1975) 131.

11) E.E. Habib and J.A. Cameron. Internal Report MAL/SO/1-2,

Tandem Accelerator Laboratory, McMaster University.

12) P.D. Kunz. Private communication.

13) E.E. Habib and J.P. Labrie. Nucl. Instr. and Meth. 130

(1975) 199.
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Table I

U7

States in Mo

fc-values and S(£.j) are from the Mo(t,ri) Mo reaction

j-values are from the ' Mo(d,p) Mo reaction

Energy i. ,j S(xJ)

0

.664

.685

.727

.903

1.041

1.131

1.280

1.300

1.450

1.532

1.564

1.582

1.655

1.752

1.787

1.812

2

4

0

2

4

4

4

2

2

5

2

2

3

4

4

4

4

5/2

1/2

3/2

(7/2,9/2)

(7/2,9/2)

(7/2,9/2)

3/2

11/2

(3/2)

3/2

7/2

(7/2,9/2)

(7/2,9/2)

(7/2,9/2)

(7/2,9/2)

.11 ^.02

.25 +.05

( .09 +_.01)

.008_+.005

.008^.002

.006^.001

.11 +.01

.09 +.02

.004+.001

.008+.002

.05 +.01

.008^.001

.013+.006

.007^.002

.008+.002
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Table II

States in 101Mo

H-values and S(£j) are from the Mo(t,d) Mo reaction

j-values are from the Mo(d*,p) Mo reaction

Energy

0

1

1

1

1

1

.012

.056

.171

.237

.271

.291

.349

.449

.475

.537

.564

.585

.828

.863

.911

.982

.042

.106

.289

.334

.456

0

3

2

3

3

5

2

2

0

2

0

2

4

4

2

4

2

0

1

1

3

5

1/2

5/2

5/2

(5/2,7/2)

7/2

(11/2)

3/2

3/2

1/2

3/2

1/2

5/2

(7/2,9/2)

(7/2,9/2)

3/2

(7/2,9/2)

3/2

1/2

3/2

3/2

5/2

(11/2)

0

0

(0

0

0

0

0

0

0,

0,

0,

(0.

(0.

0,

(0.

0.

0.

0.

0.

0.

0.

.13

.065^.006

.004^.001,

.096+.013

.098^.012

.038+.004

.107+.009

.013+.003

.051+.003

,018+_.005

.019+.001

.033+.006,

,032^.004,

,014+.002

,020+.003,

.0046+.006

005j^.002

,016+.001

029^.003

039+.009

027^.003

0.003+.002)

0.026+.005)

0.025+.003)

0.016^.002)
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Table III

tinergv

1 0 0Mo(d,t) 9 9Mo 100Mo(t,cl)101Mo Centroir]

Orbit V2 Orbit U2. MeV

.53 3 sl/2 *45

2d 5 / 2 .90 2d 5 / 2 .10 .171

.29 2 d3/2 *35 * 4 6 3

Fullness and emptiness parameters for the s and d orbits in Mo

2 2
adjusted to make V + 0 = 1 for the 3d,-,,, orbits.
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12. Transitional Nuclei with Z ~ 50: High Spin States in 54Xe

(V.P. Janzen, J.A. Cameron, A.J. Larabee*, D. Ra.jnauth and J.C.

tfaddington)

A number of different approaches have been used to describe

nuclei in the transitional region between the closed proton shell

Z = 50 Sn isotopes and more deformed nuclei with A _> 130 or so.

Low to medium spin states in even Sn and Te have been character-

ized as having primarily 2, 4 and 6 quasiparticle character (e.g.

refs. 1) and 2)), with the possibility of quasiparticle-phonon

') 1
excitations also existing' . Positive parity bands, thought to

112-118
be collective in nature, have been reported in even ~ Sn

isotopes. Towards the neutron-deficient side, investigations

into the structure of Sn ' , including a fairly detailed

41experiment carried out at this laboratory ', showed no such

bands. Excited states in the light l 1 2' 1 1 4' l l 6Te isotopes up to

spins of * 20 "fi, also investigated here at McMaster , failed as

well to reveal significant rotational structure.

The Z=54 Xe and Z=56 Ba nuclei, however, exhibit markedly

different behaviour. Quasiparticle (both neutron and proton) and
1

collective excitations are both expected to be evident, compli-

cated by the fact that these nuclei may be soft against gamma-

deformations and major shape changes, as Gast et al have pointed

out . Within the framework of the collective model, both gamma-

soft vibratlonal ' and non-axial rotational ' explanations have

been put forward, although the calculations did not extend to the
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lighter nuclei. The interacting proton-neutron boson model has

been used to derive energy spectra for a range of Xe , Ba and Ca

nuclei with neutron numbers between 54 and 78 . The observed

excited state energies are fairly sensitive to neutron number for

neutron-deficient nuclei in this region, and as such constitute a

first-order test of these models even if, for example, B(E2)'s

and branching ratios are not always available.

As part of a program to investigate more closely the changes

in structure for light transitional nuclei with Z ~ 50, the

previous investigations of l 1 2' l 1 4' l 1 6Te 5 ) and 108Sn 4^ have

been extended to include a study of high-spin states in rtXe.

Gamma-gamma coincidences from the Mo(" Al,p2n) Xe reaction at

a beam energy of 114 MeV were acquired with a 5-elernent Ge/7-

element Nal multiplicity array. The 2pn ( I residual nucleus),

3p ( Te) and 2p2n ( I) exit channels were also easily identi-

fied at this energy. The p3n channel, however, could not be

identified, since the gamma-rays ascribed to v Xe (from the

decay of 115Cs) by the ISOLOE-CERN group, mentioned in ref. 10)

were not observed. Representative gates extracted from the

background-subtracted and efficiency-corrected 1024 x 1024

coincidence matrix are shown in Fig. 12.1. A tentative level

scheme is shown in Fig. 12.2. These results agree with those of

the Grenoble collaboration (Gizon et al ^) up to spin 8 + and

extend the ground state band significantly, possibly up to spin

18. As well, a previously unobserved side band built on a level

at 1978 keV is seen. More definite spin and parity assignments

will be made following proper angular distribution measurements.
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912 keV Gate
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C H A N N E L

800

F i g . 1 2 . 1 .

92Mo(27Al,p2n)116Xe reaction at 114 MeV.

Representative coincidence gates from the

The data have been

background-subtracted and corrected for detector efficiency.

Gamma rays marked with a * have been assigned to other nuclei.
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1 24Kecently a comprehensive level scheme for Xe , the lightest

isotope far which such detailed information is available, has

been reported . It' the i-nergy differences for states of lowest

spin can be used is a measure of beta deformation, these two

nucLei show simiLar deformations (within this context Xe

1 24
exhibits a maximum of deformation). Xe shows a clear backbend

•it spin 10, while if the observed l1Xe band is de-excited by

stretched \i'2 transitions a weak band crossing can be seen around

spin 12. Interpretation of this possible band crossing will have

to await further analysis. Backbending in a wide range of Xe

isotopes has been observed and commonly attributed to alignment

of ^ii/o quasipar tides . The sideband in Xe could be

compared to a 2 proton quasiparticle negative parity band wnich

is fairly strongly populated in Xe, although the spins of the

two bandheads may not be identical.

1) B. Anderson et al. Z. Phys. A299 (1981) 105.

2) P. Chowdhury et al. Phys. Rev. C25 (1982) 813.

3) A. van Poelgeest et al. Nucl. Phys. A346 (1980) 70.

4) McMaster Accelerator Lab Annual Report 1983, p. 59.

5) McMaster Accelerator Lab Annual Report 1983, p. 60.

d) iV. Gast et al. Z. Phys. _AjU8 (1984) 123.

7) J. Dobaczewski et al. Z. Phys. A282 (1977) 203.

8) H. Toki and A. Faessler. Nucl. Phys. 2̂_53 (1975) 231.

y) G. Pudciu et al. Nucl. Phys. A348 (1980) 109.

10) A. Gizon et al. Z. Phys. ^ 0 2 (1981) 79.

11) R. Bengtsson and S. Frauendorf. Nucl. Phys. A3_14 (1979) 27,

Nucl. Phys. jA327 (1979) 139.

* University of Tennessee
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13. The 119Sn(t,a)118In Reaction

(A.A. Pilt, J.A. Cameron, R.8. Schubank and E.E. Habib*)

The nuclei of the indium isotopes are of interest for

nuclear structure studies since they contain a nearly magic

number of protons (Z=49). The even-A (and hence doubly-odd)

isotopes possess rich spectra of excited states, as evidenced by

114the large number of low-lying levels known in both In and

In. But of In, very little was known, despite the fact

that it is not particularly inaccessible.

We have recently carried out the first reaction study of

In via the Sn(t,a) reaction, yielding a much improved value

for the ground-state mass, and the energies of a number of

excited states below 1.5 MeV. Angular distributions for several

strongly populated states were also measured and these latter

data are still in the process of analysis.

Fig. 13.1 and Tables I and II summarize the data hereto

obtained. These results are the subject of a recent publica-

tion ' and further details may be obtained there.

1) A.A. Pilt et al. Phys. Rev. C (in press).

• University of Windsor

i;
\
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Fig. Portions of a-particle spectra recorded at 30

resulting from 18 MeV triton bombardment of natural Sn (top) and
119enriched Sn targets (bottom). Excitation energies (in keV) of

levels in 1 1 7 > 1 1 9In (top) and 118In (bottom) are indicated. For
118additional In excited states, see Table II. The peak marked 0

11 nin the lower spectrum is believed to correspond to the In

ground state and it is the mass excess of this level which is

reported in the text.
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Table I

117Mass excesses of In isotopes, relative to In

Isotope Mass excess (MeV)

present work Wapstra

117In

118ln

ll9ln

-87

-87

a)

.234(12)

.700(12)

-88.

-87.

-87.

943(6)

451(300)

729(20)

a) Taken equal to the value given by Wapstra.
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Table II

1 1 f t
Excited states of In

Level No. E (MeV) Level No, E (MeV)

0

1

2

3

4

5

6

7

8

0.000

0.173a)

0.234

0.251

0.350

0.429

0.500£

0.600

0.637

9

10

11

12

13

14

15

16

0.711

0.790

0.843

0.948

0.974

1.028

1.234

1.290

b)

a) partially obscured by contaminant peak

b) weak at all angles and hence uncertain

Uncertainties in excitation energies are +_ 6 keV for states below

1 MeV excitation and + 10 keV for those above.
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14. A Study of tne I 2 2 > 1 3 OTe(p,a) X 1 9 > 1 2 7Sb Reactions

(N.J. Uavis, A.J. Trudel, J.A. Kuehner, A.A. Pilt, M.C. Vetterli

and C. Bamber)

The (p,u) reaction is of use for the study of nuclei off the

stability line. Data have previously been taken for the

I 2 2 > 1 3 OTe(p,a) l l y > 1 2 7Sb reactions at 17 MeV and an attempt was

made to reproduce the data for the ground and first excited

states in the final nuclei, with DWBA calculations using both

cluster and semi-microscopic form factors '.

A problem encountered when performing the DtfBA calculations

is that there is no available optical potential for elastic

scattering of alpha particles on nuclei in the mass region of the

residual nuclei, near the energy required. For this reason, a

simple elastic scattering experiment using solid state detectors

was performed to provide data for an optical model search, to

119 12H
obtain a parameter set. ' Sn and Te targets were used to

correspond to the exit channels of the (p,a) reactions leading to

Sb and Sb respectively. The alpha particle beam energies

were chosen to be the same as the energies corresponding to the

ground states of these final nuclei, 20.8 MeV and 21.0 MeV

respectively. Elastic scattering data were obtained over an

angular range from 12.5° to 105° in the laboratory frame. These

data are shown plotted in the centre of mass frame in Figs. 14.1

and 14.2. An optical model analysis has yet to be performed.
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Fig. 14.1. Angular distribution of differential cross section

119
for elastic scattering of alpha particles from "Sn.
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Because there is a significant angular momentum mismatch in

(p,u) reactions, the partial waves which contribute most in the

reaction may not be so important for elastic scattering. Thus an
i.

optical model fitting technique may not show great sensitivity to j
i

the parameters to which the DWBA calculations are most sensitive,

but at least it will provide a basis for choosing parameters. A

good set of optical model parameters should be capable of provid-

ing good agreement between the DWBA calculations and the reaction

data and also a good fit to the elastic data.

Once a good set of parameters for use in the DWBA has been

found, it is intended that calculations be done using microscopic

as well as cluster form factors. The microscopic form factor of

Falk et al is to be used as an external form factor in the

DWUCK4 DWBA code *. This microscopic form factor can be calcu-

lated for a variety of shell model orbital combinations for the

transferred nucleons. The computing time involved for such cal-

culations may limit them to about 12 fin radius. It is however,

important to include some tail to the form factor although the

4 ̂
exact nature of the tail is not too important ', so a cluster

form factor tail can be used.

If good agreement between the DWBA calculations and the data

can be obtained for the states of known spin and parity, then

restrictions on the spin assignments of higher excitation states

could be made.

1) A.J. Trudel et al. Annual Report 1981, p. 39.

2) W.R. Falk et al. Nucl. Phys. A334 (1980) 445.

3) P.D. Kunz. DWUCK4 DWBA code, unpublished.

4) W.K. Falk. Private communication.
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Fig. 14.2. Angular distribution of differential cross section

for elastic scattering of alpha particles from 'T<;.
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+ 157
Backbending of the 5/2~[532] and :j/2 [411 | Bands in '^

(Y.s. Liang*, V.P. Janzen and J.C. Wadding ton)

A number of studies of odd-proton nuclei near H-90 have

found a signature-dependent energy splitting which has been

attributed to different y-deformations . Variations in

ti( vll)/ B( I52) ratios have been explained in a similar manner.

Since '^.Tbj,, is in the valley of stability and should have a

permanent deformation with Y = ()> i-1 *vas selected to study as a

control case for tnis explanation.

The ' Nd ( B,4n) reaction at 5<) MeV was used to produce

'?, fb. Coincidences among 5 Ge detectors were gated by a 6

sclntillator multiplicity filter. The coincidence events were

sorted into a symmetric 1 K by 1 K matrix and the background

subtracted by the method described elsewhere in this report.

Some of the gamma ray gates are shown in Fig. 15.1. 4 level

scheme has been established to spin 49/2 based on the coincidence

data and angular distributions (see Fig. 15.2). This scheme

extends considerably the work of ref. 2).

The aligned angular momentum, L, and the relative energy in

the rotating frame, e", are presented in Fig. 15.3 and are

compared to the corresponding quantities for the neighbouring

1 58
even-even nucleus ,,0y. As may be seen, both signatures of the

5/2"[532j and :̂ /2 [411 | bands backbend at the same frequency as

the ground state band in the even-even nucleus. This is

expected, of course, and confirms that the signature splitting in
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Pig. 15.1. Typical coincidence gates obtained in the study of

the 15°Nd(11B,4n)157Tb reaction.



the N=90 nuclei results from the polarization of the soft core.

There is an unexpected feature of the backbend, however. Both

signatures of the 3/2+[411] band, backbend over a wide range of

u>; a strong interaction. This is in contrast to the weaker

158
interaction in the h, , ,o bands and in ,,-Dy and to the predie-

11/^ bo

tions of the cranked shell model. The reason for this is not

understood but may be related to the complicated band-mixing

involving this orbital which has been observed through charged

particle reactions at low spin '.

A comparison of M1/E2 mixing ratios is underway.

1) Larabee et al. Phys. Rev. C29 (1984) 1934,

Hagemann et al. Phys. Rev. C25 (1982) 3224.

2) Winter et al. NP A176 (1971) 609.

3) Burke et al. NP A359 (1981) 113.

* University of Shanghai, China
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Fig. 15.3. The aligned angular momentum, i, and the relative

energy in the rotating frame, e', for Tb and Dy.
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Id. Can the Electron Capture Decay of Tb be Used to Determine

the Neutrino Mass?

(D.G. Burke)

The possibility of a non-zero neutrino mass has recently

aroused a great deal of interest because of its fundamental

importance to modern particle theories and to the missing-mass

problem in cosmology. Raghavan ' has reported that the Tb

decay has an electron capture branch with a very low end point

energy (~ 156 eV), which could be used to determine the neutrino

mass. However, the existence of this decay mode would require an

electron capture Q-value ~ 20 keV too high to be consistent with

the mass tables. To resolve this discrepancy, several Q-value

differences for (a,t) and for (d,t) reactions were measured. The

results are presented in Table I, where the corresponding values

from the 1977 mass tables are shown for comparison. As the

proton separation energies for Tb and Ho, and the neutron

separation energies for Gd and Dy are accurately known,

these results confirm the mass table value for the electron
158

capture decay energy of Tb. Thus, they imply that the

low-energy K-capture branch reported by Raghavan should not
I C O

exist. Unfortunately, this means that the Tb decay will

probably not easily yield a neutrino mass. A report describing

these results in detail has recently been published .

1) K.S. Raghavan. Phys. Rev. Lett. 5± (1983) 975.

2) A.H. Wapstra and K. Bos. At. Data Nucl. Data Tables ,20

(1977) 1.

3) D.G. Burke. Phys. Rev. C 29 (1984) 2339.
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Table I

Summary of Q-value Difference Measurements

Measurement

Q[158Gd(a,t)159Tbj

-Q[lD7Gd(a,t)158Tb]

Measured

Value (keV)

+ 1.0

Mass Table

Value (keV)

195.9 -t- 2.3

Q[164Dy(a.t)185Ho]

-Q[158Gd(a,t)159Tb]

85.7 + 2.2 83.1 + 3.9

Q[164Dy(d,t)163Dy]

-Q[159Tb(d,t)158Tb]

474.3 + 1.0 477.2 + 2.9

Q[159Tb(d,t)158Tb]

-y[158Gd(d,t)157Gd]

195.0 + 1.5 195.9 + 2.3
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17. A Revised Level Scheme for 1 5 8
Tb

(D.G. Burke, J.C. Waddington and Y.S. Liang*)

The charged-particle reaction spectra obtained ' during the

158
study of the electron-capture decay energy for Tb showed that

1 ̂  W

the Tb level scheme adopted in the most recent Nuclear Data

Sheets is incorrect. Since this nuclide is considered a pos-

sible candidate for a determination of the neutrino mass, its

low-lying level structure should be established properly. There-

fore the following experiments were undertaken:

i) Study of the 159Tb(d,t)158Tb reaction.

Triton spectra from this reaction had been reported earlier

by Jones and Sheline '. A new experiment, measuring angular

distributions of the triton groups (16 angles between 6 1/2° and

70°) with better statistics and improved resolution (~ 6 keV

FWHM) has been completed at McMaster. The beam energy was 15 MeV

and the triton spectra were analyzed with the Enge split-pole

magnetic spectrograph, using photographic plates as detectors.

The results, which are still being analyzed, confirm and extend
31the earlier (d,t) interpretation '.

ii) Study of y-y coincidences in the decay of the 0.4 ms

isomer.

This isomer was populated by the Sm( Li,3n) Tb reaction

using pulsed beams of 27 MeV Li from the McMaster FN accelera-

tor. Two planar 15 cm Ge(Li) detectors counted y-ray coinci-

dences between beam pulses. The spectra contained all the gamma
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transitions reported earlier ' ' from previous studies of the

decay of this isomer, and confirmed the reported coincidence

relationships. However, it was also found that all of these

transitions were in coincidence with a 55.0 keV gamma ray. Fig.

17.1 shows the spectra recorded in coincidence with the 55.0 keV

and 65.8 keV gamma rays. In addition, Fig. 17.1 shows the

revised level scheme resulting from these data. It is different

4 5)from the earlier scheme ' in that all the previous reported

levels have been raised by 55.0 keV, and the 55.0 keV gamma ray

is placed as a ground state transition. With this change, all of

the levels populated by the decay of the isomer correspond to

levels observed in the (d,t) reaction. Thus, the isomer does not

decay to the K™=3~ ground state band as stated earlier ' ' ' but

decays to the KTI=4+ {5/2+{642]n + 3/2+[411] } band proposed by

Jones and Sheline , which has a baudhead at 55.0 keV. (The

bandhead is very weakly populated in the (d,t) reaction and was

not actually observed by Jones and Sheline, but has been observed

in the present work.) The energy of the isomeric state has also

been raised from 334 keV to 388 keV.

The y-ray coincidence intensities can be used to set limits

on the internal conversion coefficients for the 55.0 and 65.8 keV

transitions. From these values, it is found that both the 55.0

and 65.8 keV transitions are El, indicating that the ground band

and the isomer have parities different from that of the 55 keV

band.
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Fig. 17.1. Gamma spectra in coincidence with the 65.8 and 55.0
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ground state. The gamma intensities have been normalized to 100

for the 171.07 keV transition.
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iii) The 159Tb(3He,a)158Tb and 161Dy(p,o)158Tb reactions.

The 0.4 rns isomer was believed to be the I,K = 7,7"

{ll/2~[505| + 3/2+[411) } configuration5^ Therefore it, and

the proposed KTr=4+ {5/2+[642]n + 3/2
+[411| } band based at 55 keV

1 59could be populated by the (d,t) reaction on a Tb target, which

has a 3/2 [411] ground state. It was found that all these

levels are populated in the (d,t) studies described in 1) above,

with strengths and angular distributions consistent with these

interpretations. However, in order to populate the proposed

{ll/2"[505]n + 3/2
 + [4U] } and {5/2+[642]n + 3/2

 + [411] } configu-

rations, it is necessary to transfer neutrons from the ll/2~[505]

and 5/2 [642] orbitals. Since these originate from the h. .. .„ and

i „. shells, the spectroscopic strengths for these orbitals have
1 Of £t

predominantly 1=5 and z=6, respectively. For these z-values, the

(d,t) cross sections are quite small. Since the ( He,a) reaction

is known to have much larger cross sections for £=5 and £=6 than

for lower d-values, the Tb( He,a) Tb reaction was also
3

studied. Beams of 28 MeV He were used and the alpha spectra

were recorded using photographic plates on the focal plane of the

Enge spectrograph. The resolution was 20 - 25 keV FWHM. There

were large peaks in these spectra for not only the proposed Kn=4

and K"=7~ bands, but also for the Kir=l+ and Kir=4~ bands formed by

antiparallel couplings of the 5/2+[642] and ll/2~[505j neutrons

with the 3/2 [411] target proton. To help in the identification

of these levels, the Dy(p,u) Tb reaction was utilized. It

has been shown0' that cross sections for states strongly popu-

lated in this reaction are quite well correlated with (t,a) cross
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sections to the same states. Therefore the (p,u) process can be

used to simulate a (t,a) study in cases where the target that

would be needed for the (t,a) reaction is unstable . In the

present case, the ground state of the Uv target is the

5/2+[642J neutron, so the K1I=4+ and I* {5/2+[642| + 3/2 +[4M| }

configurations can be populated by transferring a A/2 [41 I|

proton with the (p,<*) reaction. However, the K = 1~ and -l~

{ll/2~[505J +; 3/2 [411J } configurations cannot be populate!

directly in this process. In the present work, the

Dy(p,a) Tb reaction was studied with beams of 17 MeV

protons, again using the magnetic spec t rograph with pliotogr -iph i <•

plates as detectors, and the a spectra had a resolution of ~ 15

keV FWHM.

By combining the results from these charmed-particle

experiments, it was possible to identify the rotational, bands

based on all the above configurations in an unambiguous manner.

The conclusions are shown in the form of band assignments on the

(d,t) spectrum of Fig. 17.2, even though all the levels are not

resolved in this spectrum. The K=4 {5/2 + [B42Jn +• 3/2 + [ 4 U ] }

band proposed by Jones and Sheline" ' at 56 keV has been con-

firmed, as has the K*=7~ Ul/2~[505) n + 3/2*[411) > nature of the

0.4 ms isomer, which is now placed at 388 keV. The K =1 and

K "=4~ antiparallel couplings of these configurations have

bandheads at energies of ~ 180 keV and ~ 497 keV, respectively.

It is to be noted that all of the levels observed in any of

the reactions up to an energy of almost 300 keV have now been

interpreted in the assignments shown in Fig. 17.2. The lowest
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Fig. 17.2. The triton spectrum from the 15dTb(d,t)158Tb reaction

at o=70°. The circles represent data points and the solid curves

are the result of a peak fitting computer program. The Nilsson

quantum numbers labelling the bands indicate the neutron trans-

ferred in the (d,t) reaction, and in all cases the odd proton is

in the 3/2 [411] orbital, as in the Tb target. As discussed

in the text, the assignments of levels to rotational bands shown

here are based not only on the (d,t) data, but on ( He, a) and

(p,a) results as well. For example, many members of the K7r=l +

{5/2 [642)n - 3/2 [411] } band are obscured by larger peaks in

the (d,t) spectrum but their excitation energies are known from

the (p,cx) results.



unassigned level is the weakly populated one observed at ~

keV in the (d,t) reaction. In particular, there is no evidence

in any of these new experiments for a level at ~ 20 keV excita-

tion, which could be decaying by the electron capture branch
8 )reported by Raghaven .

In summary, four new reaction studies have boon performed,

which show how the previously accepted level scheme for ' Tb

must be revised. The low-lying structure of this nuclide is

currently of interest because of its proposed use for a neutrino

mass determination. However, the present results support the
11:0

interpretation of Tb levels used in ref. 1), whicn implied

that there was insufficient decay energy for the K-capture

transition of interest to exist.

A more detailed report describing these results has been

accepted for publication in Physics Letters B. The
159Tb(3He,a)l58Tb and 161Dy(p,u)lo8Tb spectra have each been

measured at only 2 or 3 angles, and additional experiments to

complete these angular distributions are planned for the near

future.

1) D.G. Burke. McMaster University Accelerator Laboratory

Report, 1984, p. 74.

D.G. Burke. Phys. Rev. C29 (1984) 2339.

2) M.A. Lee. Nucl. Data Sheets 3Ĵ  (1980) 381.

3) H.D. Jones and R.K. Sheline. Phys. Rev. £2 (1970) 1747.

4) H. Hilscher et a.1. Nucl. Phys. A9_7 (19(37) 52.

5) W. Gabsdil. Mud. Phys. A120 (1968) 555.

6) M.A.M. Shahabuddin et al. Nucl. Phys. A307 (1978) 239.

7) D.G. Burke and J. W. Blezius. Can. J. Phys. (30 (1982) 1751.

8) R.S. Raghavan. Phys. Rev. Lett. 5J. (1983) 975.

* University of Shanghai, China
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18. The (t,p) Reaction Studies on Deformed Rare Earth Nuclides:

A New Region of Large L=0 (t,p) Strengths to Excited States

(D.G. Burke, G. L0vh(6iden* and T.F. Thorsteinsen*)

Last year, the discovery of a new region of large L=0 (t,p)

strengths to excited states was reported1;. Until this disco-

very, the only cases where large amounts of two-nucleon transfer

strength to excited states of even-even nuclei occurred consis-

tently were

i) at sudden deformation changes, such as N~90
Q t~\ U

ii) at closures of shells, or "subshells", such as near Pb,

or N=108, or

iii) at locations where one set of orbitals effectively becomes

decoupled from other orbitals in the Nilsson diagram, as

for a number of actinide nuclei .

The cases reported last year do not appear to fit into any of

these categories.
At the time last year's report was written, measurements of

(t,p) angular distributions had been completed on targets of

161, L62,163,164_. . 160_. _,. „

Dy and Gd. The proton spectra from these

reactions were analyzed with the Enge split-pole magnetic

spectrograph and detected with photographic emulsions. During

the past year, the scanning of these emulsions and analysis of

data from these experiments have been nearly finished. Also,

when the triton beam was available in the spring of 1984,

additional experiments were performed to help map out the region
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over which the large L=0 strengths to excited states occurred.

During this period, angular distributions for the (t,p) reaction

were completed

154,155,156,157,158.

were completed using targets of ' ° ' Dy and

Gd. Although most of the photographic emul-

sions from these experiments have yet to be scanned, some points

are already clear. There are some excited 0 states in Gd and Dy

nuclei which are populated appreciably in the (t,p) reaction but

not in the (p,t) reaction. Similarly, some of the states

previously known from (p,t) studies have not been populated as

strongly by the (t,p) process.

1) D.G. Burke et al. McMaster Accelerator Laboratory Annual

Report, 1983, p. 78.

2) R.fi. Griffin et al. Phys. Lett. 36B (1971) 281.

* University of Bergen, Norway.
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19. High Spin States in 160Yb

(J.C. Wadding ton)

A very large collaboration has been involved in the study of

b 0Yb. Lead by groups from the University of Tennessee, ORNL and

Washington University, the spin-spectrometer at ORNL has been

modified to study discrete line spectroscopy at high spin.

The experiment was performed by replacing six of the Nal

counters in the spin spectromter with Ge detectors. A 220 MeV

Tl beam was used to bombard a Cd target, making equal

amounts of the Yb and Yb products. Throughout the experi-

ment, at least 18 of the 65 Nal counters and two of the six Ge

detectors were required to fire before an event was accepted.

The current experiment has led to an extension of both the

yrast and (n,a) = (-,1) bands to higher-spin values. The angular

momentum, I , is plotted as a function of rotational frequency,

in, for both these bands in Fig. 19.1. The yrast sequence of

levels is plotted only above 1 = 12, that is above the first

backbend, which corresponds to an alignment of i.,,, quasi-

neutrons. The second backbend occurs at tiu = 0.42 MeV and

results from the alignment of h.. ,„ quasiprotons, based upon the

blocking experiment on the h. , .,, 7/2~[523] band performed on

Tm. The (-,1) band is a two quasiparticle structure composed

of an i,.,,,, and h...., neutron. This band experiences an i1o/o
lo/ £i y/ <& lo/<a

alignment process at tiu = 0.37 MeV, followed by a proton crossing

at "hoj = 0.44 ivieV. This latter frequency is somewhat higher than
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that for the same bacKbend in the yrast band, and the difference

is probably related to slightly different shape parameters in the

two bands.

Because of the large amount of discrete y-rav data collected

during the spin-spectrometer experiment, it has been possible to

examine the dependence of the feeding of the yrast line on the

initial placement of the Y-ray population. An interesting aspect

of these data is that some of the population which corresponds to

very high multiplicity (I > 44) does not decay to the yrast band

until I < 10. Thus this intensity must flow in rather highly

excited non-yrast bands, ones which cannot be observed in dis-

crete line spectroscopy. It is finally transferred to the yrast

line at I ~ 2 - 8 via a number of weak high-energy (E >800 tceV)

transitions. Calculations are underway with a view to under-

standing the nature of these paths.
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20. Tests of the Nuclear Models for Er with Single-nucleon

and Two-nucleon Transfer Reactions

(D.G. Burke, W.F. Davidson*, J.A. Cizewski**, K.K. Flynn***, K.K.

Brown*** and J.W. Sunier***)

In recent years, Er has probably become the best-s tud îci

heavy deformed even-even nuclide, and also the most controversial

in the interpretation of its levels. The extensive series of

Er(n,Y) experiments by Davidson et al resulted in assign-

ments of spins and parities to levels of ~ 20 rotational bands in

the first 2 MeV of excitation. A continuation of the analysis of

these results, combined with some new measurements , has now

increased the number of assigned rotational bands to - '.$6,

probably more than is known for any other nuclide. Furthermore,

because of the use of the average resonance capture technique ,

it was claimed that all levels of spin 2 to 5 up to ~ 1.9 MeV

excitation had been located. The completeness of this set of

levels was then exploited in tests of different nuclear models.

3)
Success was claimed by proponents of the Bohr-Mottelson model

m

5)

4 )the interacting boson approximation (IBA) model , and the

quasiparticle-phonon model of Soloviev'"

In spite of all the interest and controversy concerning

Er, there was very little information available from slngle-

nucleon and two-nucleon transfer reactions. Therefore, several

years ago an extensive series of experiments of this type was

undertaken. Complete angular distributions have been obtained
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for the 1 6 7Er(d,p) 1 6 8Er, 1 6 7Er(t,d) 1 6 8Er , 1 6 6Er(t,p) l 6 8Er .

17UEr(p,t)168Er and 169Trn( t,a)168Er reactions, using magnetic

spectrometers to analyze the reaction products. The (t,a) and

some of the (t,p) data were obtained at Los Alamos, and the

remaining experiments were performed at McMaster.

The single-nucleon transfer results are explained quite well

by the model of Soloviev ' \ except for the fact that there is

considerable mixing of some two-quasiproton states with certain

IT —

two-quasineutron states. For example, the K =4 band at 1094 keV

contains significant admixtures of both the {7/2 [633] +

1/2~[521J} two-quasineutron and the {7/2~[523] + l/2+[411)}

two-quasiproton configurations. This phenomenon has also been
7-91observed in several other nuclides in this mass region (e.g.,

1 6 6Er, 1 7 2Yb, 176Hf) but has not been reproduced by any theore-

tical calculations.

The (t,p) strengths are quite large for several excited

states, including the I 1T=0+ levels at 1217 keV and 1422 keV, the

I1I=2+ level at 1848 keV and the I.K* = 4,3+ level at 1736 keV.

In all of the theoretical descriptions, the 1217 keV 0 level and

the 822 keV 2 level are interpretated as being predominantly a

6-vibration and y vibration respectively. The present results

are consistent with this description. Two of the states with

large (t,p) strengths, at 1422 keV and 1848 keV, are interpreted

in the I BA as predominantly multiphonon configurations involving

at least one Y phonon, in which case they should not be strongly

populated in the two-nucleon transfer reactions. Thus the large

(t,p) strength observed is not explained by the IBA. Further-
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more, it is unlikely tnat these large (t,p) cross sections could

be attributed to multistep processes in the reaction mechanism,

because they are much larger than that for the 822 KIJV gamrna-

vibrational bandhead (on which the multi-phonon states would bo

based). In the ijuasiparticle-phonon model of .Soloviev, these

levels are interpreted as predominantly singlo-phonon states, and

therefore it might be possible to explain the large (t,p)

strengths with this model. Unfortunately, the detailed wave-

functions of the states predicted by this calculation are not

generally available, and therefore the predicted (t,p) and (p,t)

strengths in this model have not been calculated. It would be

very useful to obtain the (p,t) and (t,p) strengths predicted

from the wavef unc tions of this model so that quantitative

comparisons with the experimental results could be made.

1) W.F. Davidson et al. J. Phys. G T_ (1981) 455.

J. Phys. G 7_ (1981) 843.

2) W.F. Davidson and W.R. Dixon. Unpublished results, 1984.

3) A. Bohr and B.K. Mottelson. Phys. Script. 25_ (1982) 28.

4) D.D. Warner, R.F. Casten and W.F. Davidson. Phys. Rev. Lett.

4_5 (1980) 1761, Phys. Rev. C24 (1981) 1713.

5) V.G. Soloviev and N. Yu Shirikova. Yad. Fiz. 3̂5 (1982) 1376

[Sov. J. Nucl. Phys. :36 (1982) 799].

6) V.G. Soloviev. Dubna preprint D-2157 (1965).

7) J.D. Panar and D.G. Burke. Can. J. Phys. 5_7 (1979) 1999.

8) D.G. Burke and J.tf. Blezius. Can. J. Phys. 60 (1982) 1751.

9) T.L. Khoo et al. Phys. Rev. Lett. ̂ 8 (1972) 1717.

* NHC, Ottawa

** Yale University

•*• University of Bergen, Norway
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1 75
21. isomeric Decays in ' Ta

(J.C. tfaddington and A.J. Larabee*)

The nigh-K states that have been observed in the region near

7^Hf are a particularly simple class of states. Many studies of

these deformation-aligned configurations have been made (see eq.

ref. 1). When considered globally, the information from these

states has led to some understanding of the residual interactions

2)amongst the last few quasiparticles '. This should be useful in

the further understanding of the residual interaction amongst the

quasiparticles in the rotationally-aligned high spin states and

of the important problem concerning their relationship to the

breakdown of pairing at high spin in the neighbouring Yb Iso-

3)topes . The present work is a small extension to our previous

studies of these interesting states.

The Er( B,4n) reaction was used to populate states in

Ta. The 54 MeV B beam was pulsed and the isomeric decays

studied.

A typical decay curve of one of the gamma rays observed

during the beam-off period is illustrated in Fig. 21.1. The half

life of the 1567.8 keV isomer determined from the study of all

the gamma rays in the 9/2~[514] band was found to be 1.95 + .07

ps. This is in disagreement with the ~ 200 ns lifetime

4)previously reported .

This shorter half life was found to result from the decay of

the 131.6 keV state. Although almost all pairs of gamma rays

92



1000

500

O
o

200

100

^ - ISOMER

4.O 6.0
TIME (ps)

8.0
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were found to be in prompt coincidence within the 15 ns resolving

time of a Y-Y coincidence experiment, those pairs involving th^

131 KeV gamma ray were found to be delayed. After gating bv the

145 keV transition, the decay of the 131 keV activity is shown in

Kig. 21.2. The half-life of the 131 keV level was deduced to be

237 jf 10 ns.

If the 1567.8 Ke*' state in Ta has positive parity, its

isomeric decay transitions are analogous to the AK=6 decay of the

174 -
K=6 s t a t e a t 1549 .3 kt?V in Hf and t o t h e £K=6 d e c a y of 2 1 / 2

177
isomer in Ta (see ref. 5)). The Ml 473.8 keV transition has a

K-forbiddenness of 5 and has a Weisskopf retardation factor of

9.4 x 106.

The decay of the 131.6 keV state is a simple retarded El

transition. The Weisskopf hindrance factor is 10 . This

continues the trend of the rates measured in neighbouring nuclei

(4.3 x 105, 3.5 x 105, 1.25 x 10° and 1.4 x 10° for 1 7 7 ~ 1 8 3 T a ) .

1) T.L. Khoo, F.M. Bernthal, R.G.rt. Robertson and R.A. Warner.

Phys. Rev. Lett. 3_7 (1976) 823.

2) P.M. Walker. Phys. Scrip. 75 (1983) 29.

3) R. Chapman, J.C. Lisle, J.N. Mo, E. Paul, A. Simcock, J.C.

Wilmott, J.R. Lesley, H.G. Price, R.M. Walker, J.C. Bacelar,

J.O. Garrett, G.B. Herskin, A. Holm and P.J. Nolan. Phys.

Rev. Lett. 5J. (1983) 2265.

4) C. Foin, Th. Lindblad, B. Skanberg and H. Ryde. Nucl. Phys.

A195 (1972) 465.

5) D. Barneoud, S. Andre and C. Foin. Phys. Lett. B55 (1975)

443.

• University of Tennessee

94



CO

o

1000

500

200

100

50

20

10

5

! 4 5 k e V GATE

T, / 2 = 2 4 8 * 10ns

0.5
T I M E

I.CT 1.5

Pig. 21.2. Decay of the 131 KeV transition gated by the 145 keV

transition.

95



22. background Subtraction of {Hl.xny) Coincidence Spectra

(U. Palameta and J.C. tfaddington)

Most studios of high spin states in nuclei are now made with

an array of Ge detectors in coincidence with an energy or multi-

plicity spectrometer. The background in these experiments arises

from many weak unresolved continuum gamma rays and from Compton

scattering of the strong discrete lines. The use of Compton

suppression devices improves the spectra immensely, but such

spectrometers have not been available for all experiments.

Traditionally, gated spectra have been obtained for the

lines of interest in the spectrum and background gates have been

set near tuese lines and the resulting spectra subtracted from

the originals. In complicated in-beam experiments, it is not

always possible to obtain suitable background channels near the

peaks of interest. To overcome this problem and to obtain better

statistical accuracy, a universal background has been used. This

procedure is based on the fact that often all the spectra in

coincidence with the background are similar. This somewhat

surprising result arises since the lines in coincidence with the

background are of high multiplicity and come from the same

reaction as the discrete lines.

Since neither of these background subtraction methods will

remove the Compton background from the coincidence spectra, these

spectra are presented with the peaks on top of a large smooth
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background arising from the Conor-ton scattering of the coincidence

1ines.

Many studies of discrete y-ray spectroscopy sort the gain-

shifted coincidence results from many germanium detectors into a

symmetric matrix labelled by the energies of the two gamma r'-tys

(K, vs E,.). A method has been developed to subtract all the

background from this matrix (including both the Compton and the

smooth continuum background). The resulting matrix contains only

photopeak-photopeak coincidences. This subtraction is done in a

simple and automatic manner.

The details of the method have been presented in a paper

accepted for publications in NucL. Instr. and Meth. Fig. 22.1

illustrates t'le success of the method when applied to

coincidences from the 170Yb(19F,4n)18oAu reaction. The 212 gate

represents the coincidences with the strongest line in the decay

and, as may be seen, a large number of transitions are in

coincidence. It should be noted that no sign of 212 - 212

coincidences may be seen, which indicates that the subtraction

was done properly. Furthermore, there is almost no sign of a

continuum under the peaks. The second, simpler spectrum shows

the coincidences with a transition between states of higher spin.

Here again, the high quality of the subtraction is evident.
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18'
gamma rays in Au. The background has been subtracted. The
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with arrows. Note the complete absence of the smooth continuum

and Compton backgrounds.
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2 3 . Competing N u c l e a r S t r u c t u r e s in

( J . C . iVaddington, M. C a r p e n t e r * , L.H. C o u r t n e y * , V.P. J a n z e n ,

A . J . L a r a b e e * , Y . S . Liang** and L . L . ttiedinger*)

1 rtfi
The nuclei near O(.Hg are Known to be very soft and easily

polarized by the last few quasiparticles . A large number of

theoretical studies have discussed the competition between the

near-spherical states for this almost closed proton-shell nucleus

(Z=80) with those deformed states of the N=U)4-108 neutron

system.

The deformation driving high-j particles are:

neutron i.,,,,; K=9/2; drives to negative y values

proton h...,,,; K=l/2; drives to positive v values

proton i^Q/o' K=l/2; drives to positive y values

proton h ..„; K=ll/2; drives to y=60.

These quasiparticle orbits should have a dominant influence

on the rather soft cores in this region. We are testing this by

measuring the structure of bands built on these intrinsic states

in the odd Au nuclei.

A very successful 7(\
Yt>( P»4n) 7^Au experiment was com-

pleted during the past year. All of the previously observed

bands have been seen to much higher spin and another negative

parity band has been observed. Transitions between these bands

will be investigated further at ORNL.

In addition to the rather regular bands, a most irregular

set of levels have been observed based on a low-lying ll/2~

9 9



level. These states probably represent non-collective levels

based on a near-spherical oblate shape. The h.,,„ proton shell

is nearly full and will drive the core to this oblate shape.

The projection of the angular momentum on the rotation axis,

1 , is illustrated in Fig. 23.1. At this time, a number of

possible explanations for the complex alignment gains are being

considered, but a totally consistent picture has not as yet

emerged.

A preliminary report on this work has been made at the

Nashville meeting of APS. In a companion experiment, the core

184
nucleus Pt, has been studied recently at Oak Ridge. It is

hoped that the combination of all these data will shed light on

this interesting problem.

1) Janssens et al. Phys. Lett. 131B (1983) 35.

* University of Tennessee

** University of Shanghai, China
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30

25

20

0

0

o i l 3 / 2 band 4
x band 3 + 5
v band 2
A band I

185

0 0.1 0.2
ficu ( M e V )

0.3 0.4

Fig. 23.1. The projection of the angular momentum on the

183,
rotation axis, I , for Au. Bands 1, 3 and 5 have negative

parity and a = -1/2. Band 2 has negative parity and a = 1/2.
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24. New Tests of Proposed Stable Octupole Deformation in the

Actinide Region

(D.G. Burke, G. Struble*, R. Lanier*, H. Martz*, R. Naumann**, M.

Lowry**, R. Kouzes**, G. L0vh0iden* and T.F. Thorsteinsen )

There has recently been a great deal of interest in the

possible existence of reflection asymmetry in the ground states

of nuclei, with the region of deformed actinide nuclei being one

of the most likely locations for such shapes to occur. Numerous

nuclear properties, such as mass systematics, single-particle

level ordering, enhanced El transitions, magnetic moments,

decoupling parameters, and the possible existence of mixed-parity

rotational bands have been studied to test whether reflection

asymmetric shapes actually exist ~ . Some of these properties,

such as the decoupling parameters, depend in a direct way upon

the detailed wave function of the orbital involved. Since the

wavefunctions depend on the shape of the potential well, there

are cases where the addition of an octupole term to the potential

well produces large changes to the predicted decoupling para-

meter. In several cases, the observed decoupling parameters

cannot be explained with a reflection symmetric deformation, but

are explained when an octupole term is included in the shape • '.

An even more direct check on the wavefunctions for the

orbitals can be obtained from single-nucleon transfer reaction

studies, and the present work makes use of this approach. In

late 1983, the microscopic wavefunctions for states calculated
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with an octupole deformation component became available for the

first time . As several of the odd-proton amplitudes were

predicted to be quite sensitive to the octupole deformation,

measurements were made by studying the ( He,d) and (<x,t) reac-

tions on a target of 2 2 6Ra. Beams of 30 MeV 3He and 30 MeV 4He

from the McMaster FN tandem accelerator were used, and the reac-

tion products were analyzed with the Enge split-pole magnetic

spectrograph. Photographic plates were used as detectors. Since

226the only Ra target available contained a number of light mass

impurities, clean spectra could be obtained at only a few angles

for each reaction.

The data for some of the low-lying rotational bands are in

better agreement with predictions for an octupole deformation,

e.,, equal to zero than for the value eQ ~ 0.09 which is consi-

dered reasonable from a study of other properties. For example,

the 211 keV 13/2 member of the lowest positive-parity band in

227

Ac has a nuclear structure factor

C.2 U2 = (da/d«)exp/2(da/dJJ)DWBA

of ~ 1.5. The theoretical values without Coriolis coupling

included are 0.75 for £„ = 0 and 0.15 for e3 = 0.09. Similarly,

the 7/2~ level at 387 keV is found to have a nuclear structure

factor of ~ 0.46, while the predicted values are 0.35 for e = 0

and 0.06 for e = 0.09.

Coriolis mixing calculations, which would be expected to

increase the predicted strengths for the 13/2 state, are

planned.
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During the aa6rta(JHe,d)a 4c measurements, data from the

bRa( He,u) Ra reaction were obtained simultaneously. These

results complement earlier (d,t) reaction studies in that transi-

tions with ^-values of 5 to 7 are favoured. Some higher spin

members of previously known bands have been identified.
O O 12 Q O U

Measurements of the Ra(t,p) " Ra reaction were attempted,

but the proton spectra were of poor quality because of the light

impurities in the target. These will be repeated if a target of

better purity can be obtained. Some preliminary Ra(t,a) ' Fr

results were recorded, using 18 MeV tritons. Although the

spectra are clean, with a resolution of ~ 18 - 20 keV FWHM, the

interpretation is limited by the lack of previous knowledge about

Fr levels. It would be very useful to do the (t,ot) experiment

with polarized tritons to distinguish levels with j = i + 1/2

from those with j = i - 1/2.

1) G.A. Leander et al. Nucl. Phys. A388 (1982) 452.

2) I. Ragnarsson. Phys. Lett. 130L? (1983) 353.

3) R.K. Sheline et al. Phys. Lett. 1̂33_B (1983) 13.

4) G.A. Leander and R.K. Sheline. Nucl. Phys. M i l (1984) 375.

5) I. Ahmad et al. Phys. Rev. Lett. 5£! (1984) 503.

6) R. Chapman, 1983. Private communication.

* Lawrence Livermore Laboratory

** Princeton University

* University of Bergen, Norway
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25. Proton Spin Transfer Observables in Elastic and Inelastic

Scattering

(R. Dymarz)

Since tne advent of high intensity polarized ion sources, it

has been routinely possible to measure the analyzing power (̂ N)

in elastic and inelastic scattering '. The measurement of the

polarization (P) (in inelastic scattering) and the polarization

transfer coefficients Ky, Kx', K2' , Kx< and Kz 2 ) (also known as
y x z z x

the Wolfenstein parameters D, R, A', A and R1 respectively or
4)depolarization tensor components DT.., Dool , D. . , , D. o, and Do. ,

respectively) is obviously less frequent for they require double

scattering experiments. In general, the reference frames are

defined in Fig. 25.1. Usually measurements of the D's are

restricted to D and only recently two measurements of complete

sets of D's have been reported in inelastic scattering at inter-

mediate energies . The measurement of a complete set of spin

observables is certainly necessary to determine unambiguously the

scattering matrix components.

In the simplest case of the elastic scattering of a spin-1/2

projectile on a spin-zero nucleus, one has two complex amplitudes

to determine: these are the central (A) and the spin-orbit (C).

F(q) = A(q) + C(q) <,N>

where q is the momentum transfer and <JN is the Pauli matrix along

the N direction. To determine A and C (to within an overall

phase) we need to measure the following three observables:
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outgoing particle

beam

L = Longitudinal

S = Sideways (in plane)

N = Normal

Definition: ( pi ^ ^initial (final) polarization)

D,q*= pfVpiLS Ksy KL
exception-. ;

f P(e)*
N A(e)

Fig. 25.1. The reference frames for definition of spin transfer

observables.
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the differential cross section, o (q) = A(q) + C(q)

the analyzing power, A.,(q) = 2 Re(AC*) / a . and

the spin rotational parameter, Q(q)) = 2 Im(AC*)/o .

In terms of the D's, Q is expressed as

or (*)

There exist only a few measurements of Q at intermediate ener-

gies but they proved to be very useful in evaluating the role

of relativistic effects at these energies . Unfortunate 1v, it

low energies no Q measurements have been reported. It is sur-

prising how little attention has been paid to measuring a com-

plete set of observables in nucleon-nucleus scattering (even in

the simplest case of 1/2 + 0 reaction), although it is well known

from nucleon-nucleon and few nucleon studies that a complete set

of observables is necessary to eliminate ambiguities in the

theoretical analysis.

Recently the very difficult job has been undertaken to

describe low energy reactions in microscopic models based on the

nuclear matter nucleon-nucleon effective interaction '. As in

the intermediate energy region, the Q parameter will be indis-

pensible in resolving uncertainties and ambiguities. It was

shown also in phenomenological analyses of nucleon-nucleus

scattering that the measurement of even one tfolfenstein parameter

would help to resolve ambiguities in this analysis .

In this laboratory, a polarized beam of the desired orien-

tation (N, S or L) is possible and the measurement of Q could be
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performed in two independent ways (according to the two equations

(*)) assuring a high reliability of the results. In inelastic

scattering an alternative technique to double scattering experi-

ments is to measure some of the spin transfer observables. For

the excitation of states with J <_ 2 it is possible to measure the

spin flip probability (SNN = (1 - UNN)/2) or spin-flip assymetry

(ASNf. = (A,. - P)/2) in a particle-y coincidence experiment. A

detailed proposal for an experiment to measure these observables

together with a status report on the microscopic analysis of

elastic and inelastic scattering at low and intermediate energies

has been prepared '.

1) C. Glashausser. Ann. Rev. Nucl. Sci. £9 (1979) 33.

2) G.G. Ohlsen. Rep. Prog. Phys. 3_5 (1972) 717.

3) L. Wolfenstein. Ann. Rev. Nucl. Sci. 6 (1956) 43.

4) R. Fernow and A. Krish. Ann. Rev. Nucl.

and Part. Sci. 3_1 (1981) 107.

5) B. Aas et al. Phys. Rev. C26 (1982) 1770.

J.B. McClelland et al. Phys. Rev. Lett. 5_2 (1984) 98.

6) A. Rahbar et al. Phys. Rev. Lett. 4J7 (1981) 1811.

B. Aas et al. Bull. Am. Phys. Soc. 265 (1981) 1125.

7) J.A. McNeil et al. Phys. Rev. Lett. 50 (1983) 1443.

8) F.S. Dietrich et al. Phys. Hev. Lett. 5J. (1983) 1629.

S. Mellema et al. Phys. Rev. C28 (1983) 2267.

9) A. Kobos, R.S. Mackintosh and J.R. Rook. Nucl. Phys. A389

(1982) 205.

10) R. Dymarz, "A test of nucleon-nucleon effective interaction

in elasic and inelastic scattering of protons", preprint.
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26. Relativistic Versus Nonrelativistic Description of Proton

Elastic Scattering in the Energy Range 200 - 500 MeV

(R. Dymarz)

Kecently it was shown that the relativistic (Dirac-equation-

based) impulse approximation (RIA) optical potential can explain

some of the experimentally observed structure in spin observables

(analyzing power and spin rotation function) in proton elastic

scattering • ' . Previous attempts to reproduce this structure

with the nonrelativistic impulse approximation (NIA) optical

potential were unsuccessful. The success of the RIA optical

model is evident at relatively high energies (500 MeV and more)

and at small angles. The applicability of the RIA optical poten-

tial at lower energies and larger angles is uncertain and we have

to proceed heuristically, testing the model against experimental

data. The energy region 200 - 500 MeV seems to be especially

interesting for this purpose. First, there exist experimental

data for relatively large angles and secondly, it is a region

where the NIA optical potential can be superseded by a potential

calculated with the medium modified effective nucleon-nucleon

(NN) interaction. This interaction has been shown to work

successfully in the interpretation of elastic and inelastic

proton scattering" . Here we show the main results of the

analysis for p- Pb scattering at proton laboratory energies of

200 - 600 MeV. The data analyzed are those obtained at Los
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Alamos (500 MeV) and TKIUMP (200 - 500 MeV) and they are partly

4 )preliminary .

Our relativistic model is based on the second order

Sohrodinger-type differential equation for upper (large)

components of the four component nucleon-nucleus wave function

which is obtained from the Dirac equation by the standard

5 •)techn ique

In the impulse approximation, the Dirac scalar and vector

potentials are expressed by scalar and vector densities and by

tne scalar and vector NN invariant amplitudes .

We base the nonrelativistic calculations on the nuclear

matter approach to the optical potential initiated by Htlfner and

Mahaux which identifies the single particle mass operator with

the optical potential in the infinite nuclear matter in the

lowest order of the hole-line expansion,

*am > ANTIS'

where a(m) is the momentum of the projectile (medium) nucleon, kp

is the Fermi momentum and $ is a plane wave. The NN scattering

matrix t(u),kp) satisfies the Bethe-Goldstone equation

t(w,kp) = v + v G + (u>,kp) t(u),kF), (1)

where v is a free NN potential and u is a sum of the projectile

nucleon kinetic energy and the total energy (kinetic + potential)

of the struck nucleon in the medium. The Green's function

Gt(u),k_,) obeys outgoing wave boundary conditions and contains

some medium effects. These medium effects arise from the
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requirement of propagation in unoccupied intermediate states

under the influence of the average potential in the medium.

To construct the potentials V ff and V , we use the folding

model developed by Rikus et al ' and Brieva and Rook , respec-

tively. The complex density dependent effective NN interaction

used in the folding model calculations were obtained from the

t(u,kp) defined in Eq. (1) using the simple relation between the

Fermi momentum and the nuclear density: k_(r) = (3n /2 p(r)) ''.
r

7 )The t(w,kp) evaluated by Geramb and coworkers with free NN
8 ̂Paris potential were used.

In both the relativistic and nonrelativistic calculations,

we used the three parameter Gaussian function for one-body proton

and neutron densities. The parameters of the Gaussian function

(p(r) = (1 + w(r/rt)2)/[l+exp((r2 - R2)/a2)l} are: for protons

(neutrons) R, a, w(fm] = 6.3032, 2.8882, 0.337'J (5.93, 3.23,

0.33) .

The results of our calculations are shown in Figs. 26.1,
t.

26.2, and 26.3. In Fig. 26.1a, we compare the differential cross

section calculated in the RIA model with experimental data .

One can see that RIA optical potential reproduces the experi-

mental data reasonably well at small momentum transfer. However,

it fails to account properly for the energy dependence of the

cross section at large momentum transfer. Contrary to this, the

nonrelativistic optical potential, based on density dependent

effective NN interaction, reproduces the differential cross

section in the whole momentum transfer range (see Fig. 26.1b)

accounting properly for energy dependence at large momentum
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Fig. 26.1. Trie differential cross section for p- Pb elastic

scattering. The data are from ref. 4 ) . The solid lines

represent the results of (a) relativistic impulse approximation

calculations, (b) nonrelativistic folding optical model with

medium modified effective NN interaction and (c) nonrelativistic

impulse approximation. The upper momentum transfer squared scale

is for the upper curves and the bottom one is for the lower

curves.
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2ortFig. 26.2. The analyzing power for p- Pb elastic scattering.

The data are from ref. 4). The three curves represent predic-

tions of the relativistic impulse approximation optical model

(heavy solid), the nonrelativistic optical model potential with

medium modified effective NN interaction (light solid) and

nonrelativistic impulse approximation (light dashed).
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transfer. In Fig. 26.1c, we compare the NIA model predictions

with the experimental data. The fit is reasonably good at small,

but not at large, momentum transfer. Comparison of Figs. 26.1b

and 26.1c illustrates the net effect of the Pauli blocking and

the nuclear Fermi motion. As can be seen, they influence

strongly the scattering at large momentum transfer.

In Fig. 26.2, we compare the analyzing power calculated in

the relativistic and the nonrelativistic models with the

experimental data. One can see that none of the models explored

gives a fully satisfactory fit to the experimental data.

However, at energies of 400 and 500 MeV, and at small scattering

angles, the relativistic model follows the experimental data very

closely, while the predictions of both the nonrelativistic models

do not reproduce the structure of the observed A very well.

Comparison of predictions of the two nonrelativistic models shows

that medium corrections have very little effect on the small

angle analyzing power.

At energies of 200 and 300 MeV, the situation is not clear.

The nonrelativistic models predict rather deep first and second

(only at 300 MeV) minima while the relativistic model predicts

shallow minima. The experimental data favour the relativistic

model. At large angles (9 > 15°), the relativistic model

slightly underestimates the experimental values at the maxima

(except at 500 MeV) and predicts rather deep minima at 200 MeV,

not seen experimentally. The nonrelativistic model gives better

fit at maxima. However, it fails also to reproduce properly the
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minima at 200 MeV; in this case predicted minima are more shallow

than experimental ones.

tn Fig. 26.3, we show the spin rotation parameter (Q) calcu-

lated in the relativistic and the two nonrelativistic models.

Two observations seem to be obvious. First, the predictions of

the two nonrelativistic models are rather similar, which confirms

the conclusion formulated earlier that the medium corrections

influence spin observables very little. Second, the differences

between predictions of the relativistic and the nonrelativistic

models are more significant than for the analyzing power and are

more pronounced at higher energies. At the energy of 500 MeV,

the small angle experimental data are in favour of the relati-

vistic model; but even at 200 MeV, the differences in Q at small

angles are large and the experiment should clearly distinguish

between predictions of the two models. The confirmation of the

relativistic model predictions would eventually establish the

importance of the relativistic effects at lower energies.

In conclusion, we have shown that:

(a) The relativistic and nonrelativistic models reproduce the

2 2

small momentum transfer (q < 0.1 (GeV/c) ) cross sections

reasonably well; however, the small angle structure observed

experimentally in the A ( e) at energies of 400 and 500 MeV

and in Q( 9) at 500 MeV, can only be reproduced using the

relativistic model. A measurement of Q(0) is needed to

firmly establish the importance of relativistic effects at

lower energies (200, 300 MeV), where the experimental A (9)
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cannot distinguish definitely between predictions of the two

models.

(b) At large momentum transfer (0.1 < q2 < 0.5 (GeV/c)2), the

medium modification of the effective NN interaction is

essential to explain the energy dependence of the differ-

ential cross section. The models based on the impulse

approximation (both the relativistic and the nonrelativis-

tic), do not account properly for this effect.

1) J.A. McNeil et al. Phys. Rev. Lett. 50 (1983) 1439, 1443.

2) B.C. Clark et al. Phys. Rev. Lett. 50 (1983) 1644.

3) L. Rikus, et al. Nucl. Phys. (1984), in press.

4) G.tf. Hoffmann et al. Phys. Rev. Lett. 47 (1981) 1436.

D.A. Hutcheon et. al. Phys. Rev. Lett. 4_7 (1981) 315.

D.A. Hutcheon. Private communication.

5) L.G. Arnold et al. Phys. Rev. C23 (1981) 1949.

6) J.A. McNeil et al. Phys. Rev. Ci[7 (1983) 2123.

7) J. Hufner and C. Mahaux. Ann. Phys. Ti_ (1972) 525.

F.A. Brieva and J.R. Rook. Nucl. Phys. A29_7 (1978) 206.

H.V. von Geramb in The Interaction between Medium Energy

Nucleons in Nuclei. 1982, ed. H.O. Meyer, AIP 1983.

8) M. Lacombe et al. Phys. Rev. C21 (1980) 861.

9) B. Aas et al. Bull. Am. Phys. Soc. 26 (1981) 1125.
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27. The Large Momentum Transfer Elastic Scattering of

Intermediate Energy Protons

(R. Dymarz, J.A. Kuehner, R.E. Azuma*, T.E. Drake*, J.U. King*,

S.S.M. Wong*)

Experimental data for elastic scattering of intermediate

energy protons (differential cross section cr(q) and analyzing

power A (q)) are available for several target nuclei in a limited

2 < 2

range of momentum transfer (q ~ 0.5 (GeV/C) ). The gross

structure of a(q) and A(q) can be reproduced well within the

nonrelativistic impulse approximation models. However, the

details require relativistic and/or medium effects to be taken

into account. In the preceding contribution , we made a

detailed comparison of the predictions of the nonrelativistic

impulse approximation (NIA) and relativistic impulse approxi-

mation (RIA) optical potentials, and nonrelativistic optical

potential with medium modified nucleon-nucleon interaction (we

call it NMM model) with the experimental data for p- Pb

scattering at the energies of 200, 300, 400 and 500 MeV. The

three models each give reasonable descriptions of the experi-

mental data, but they differ in the reproduction of the details

of o(q), A(q) or the spin rotation parameter Q(q). In this

contribution, we want to focus our attention on the large q

predictions of the relativistic and nonrelativistic (NMM) models.

It can be expected that the physics underlying the large q

phenomenon is more complex than that determining the low q
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scattering and then we cannot expect tne potentials, which proved

to be good in the description of small q scattering, to correctly

predict the large q cross section and analyzing power.

In Figs. 27.1 and 27.2, we show predictions of the HIA and

NMM optical potential models for p- Pb scattering at in energy

of 200 MeV. One can see that the predictions of the two models

are quite different at large q and the differences are dramatic

for A(q) where RIA predicts regular oscillations while the NMM

model predicts only very weak oscillation structure. The

detailed structure of the A (q) pattern, and particularly the

amplitude of the oscillations, depends on the ground state

density input but the general difference in the pattern of \

(deeper oscillations in the relativistic model than in the

nonrelativistic one) remains when other reasonable densities are

used.

To eliminate the uncertainties connected with the ground

state density input in the microscopic models, we also have

performed the phenomenological analysis of the experimental data,

both within the relativistic and nonrelativistic optical model

approach. The nonrelativistic phenornenological analysis has been

described in ref. 2) and the relativistic analysis is based on

the model described in ref. 3). The large q prediction for A (3)

of both the models are shown in Fig. 27.3. One can see that

although the differences in A (q) are not so dramatic as those

for the microscopic models, the overall patterns of A (q)

predicted by the phenomenological models resemble those shown in

Fig. 27.2.
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E, =200 MeV

10"* i
0.0 0.2 0.4 0.6 0.8

q 2 (Gev/c)2

208,Fig. 27.1. Differential cross section for p- Pb elastic

scattering at 200 MeV. The curves are predictions of the two

microscopic optical models: R1A - relativistlc impulse

approximation and NMM - nonrelativistic with medium modified

nucleon-nucleon interaction.
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Fig. 27.2. Analyzing power for p-208Pb at 200 MeV. The meaning

of the curves is the same as in Fig. 27.1.
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In the experiment currently underway at THIUMK, we are

measuring o(q) and A (q) at large momentum transfer for the

reaction discussed in this contribution:

of 200 MeV.

o i\ u

p- ;b at the energy

1) R. Dymarz. McMaster Accelerator Laboratory Annual Report,

1984, p. 110.

2) R. Dyrnarz et al. McMaster Accelerator Laboratory Annual

Report, 1983, p. 7.

3) L.G. Arnold et al. Pays. Rev. C23 (1981) 1949.

* University of Toronto
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2X. The Total Reaction Cross Section as a Test for RelativistLc

and Medium Effects in the Nucleon-nucleus Scattering at

Intermediate Energies

(tt. Dymarz)

"The total reaction cross section (a,,) for the interaction
rt

of a nuclear projectile with a nucleus is perhaps the most basic

nuclear reaction observable" . Despite this recognition for the

importance of â  in studying the mechanism of nuclear reaction,

the measurements of o,, are not very frequent. Moreover, there

exist large differences between the results of different

experiments (see Fig. 28.1).

In the analysis of elastic scattering, a,, can serve as a

guide when ambiguities appear, for it is determined by the same

set of phase-shifts as elastic scattering observables. In

attempts to calculate ao microscopically , usually the impulse

approximation is made. This approximation, however, works well

only at. high energies (400 MeV and more). Recently it was shown

that even within eikonal approximation to phase shift, the exper-

imental oD can be reproduced well in the broad energy range (20 -

1000 MeV) when some small effects as the influence of the retrac-

tive potentials (real optical and Coulomb potentials) and medium

effects (the Fermi motion and the Pauli blocking) are taken into

account . It would certainly be unrealistic to expect that

these phase shifts are accurate enough to describe correctly the

elastic scattering observables. However, we can expect that the
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phase shifts describing satisfactorily the elastic scattering

observable, reproduce well experimental Op-

For many years, the microscopic optical potential, based on

effective nucleon-nucleon potential in nuclear matter, has been

developed . This nucleon-nucleon potential has the Fermi motion

and the Pauli blocking effects built in explicitly. When used in

the Schrodinger equation, this optical potential assures a

reasonably good description of elastic scattering observables at

low and intermediate energies. However, it overpredicts <;„ ' .

Various explanations of this overestimation of a_, are offered,

but no reliable calculations exist. The medium effects play an

important role in lowering op at energies of a few hundred MeV.

This can be seen in Fig. 28.1 where we compare the experimental

'? O H

Oy. for p- Pb scattering with the prediction of two nonrelati-

vistic optical potentials with and without medium modifications

(long dashed and short-dashed, respectively). That medium

effects alone are not enough to assure accordance between theory

and experiment is evident. The third curve (solid one) in Fig.

28.1 is the prediction of the relativistic impulse approximation

optical potential. As one can see, this model gives the best

description of the experimental data. Only at the lowest

energies is there evidence for the inclusion of medium effects.

The comparison of the prediction of the three models shown

in Fig. 28.1, suggests that both relativistic and medium effects

have their contribution to scattering at energies of a few

hundred MeV. The ao is very convenient in estimating this

contribution, for it does not depend on many other small effects
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which usually influence the precise shape of the elastic

scattering observables (differential cross section, analyzing

power and spin rotation parameter).

1) N.J. DiGiacomo et al. Phys. Rev. Lett. 45 (1980) 527.

2) L. Rikus et al. Nucl. Phys. A414 (1984) 413.

3) W. Bauhoff, Phys. Rev. C30 (1984) 1113.

4) A.J. Kirschbaum, thesis. University of California Report,

UCRL-1967 (unpublished).

G.P. Millburn et al. Phys. Rev. 9_5 (1954) 1268.

R. Goloskie and K. Strauch. Nucl. Phys. 2j3 (1962) 474.

P. Kirkby and W.T. Link. Can. J. Phys. 44 (1966) 1847.

J.J.H. Manet et al. Phys. Rev. C4 (1971) 1114.

P.V. Renberg et al. Nucl. Phys. A183 (1972) 81.

R.P. Carlson et al. Phys. Rev. C12 (1975) 1167.
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29. Nuclear Data Project

(J.A. Sztics-Ashbaugh, M.W. Jonns, B. Singh and J.A. Kuehner)

Through the McMaster effort, Canada shares in the Inter-

national Nuclear Data Effort established in 1977 under the

auspices of the International Atomic Energy Agency centered in

Vienna. At the founding meeting, ten groups, besides Oak Ridge,

were given the responsibility of compiling A-chain evaluations.

The original ten involved the U.S.A., Germany, Japan, Kuwait,

Holland, Sweden, the U.K., and the U.S.S.R. Since that time

France, Belgium, Canada, Poland and most recently China, have

added their support. Canada was present at a meeting of the IAEA

advisory group in April 1980 and was accepted to begin evaluation

of the 149 and 151 mass chains in 1981. Work actually began in

the autumn of 1981 with the appointment of Dr. Judit Szllcs. She

was joined in May 1982 by Dr. Martin Johns. Both of these people

are part-time. Dr. Balraj Singh, who is a full-time, experienced

evaluator in Kuwait, spent three months with us in 1984 and

expects to continue the practice in 1985 and subsequent years.

The first 8 months were almost completely employed in making

the sophisticated computer programs, developed by the network,

available on the McMaster computers. Keeping these programs up

to date and adding the new ones as they became available is an

ever-continuing task. The format for the recording of data is

completely computer oriented and not easy for an inexperienced

evaluator to use.
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Our 149 mass chain evaluation was sent on magnetic tape to

Brookhaven in June 1984, two years after we began the work. It

came back to us for revision and correction to the format in

September 1984. The corrected copy was sent to Brookhaven

October 1 and we are now going through the very rigorous review

process established by Brookhaven before publication occurs. We

expect the mass 149 chain evaluation to appear early in 1985.

Work on the mass 151 chain has begun. Xeroxed copies of

most of the several hundred references are in place and the

serious work of evaluation began October 1, 1984. We know that

we are now able to work much more quickly than we could last

year, but we also know that the data on mass 151 chain will

present many conflicting pieces of information that will require

a long period of consideration before a fair evaluation is

possible. We estimate two years for this effort.

In April, 1984, M.W. Johns attended the bienniel working

session of the International Committee held at Karlsruhe,

Germany. Some 20 evaluators from 10 countries worked together

for four days on policy and a review of evaluation procedures.

Canada's commitment to doing the mass 151 chain was confirmed.

The committee also agreed with our request that we not commit

ourselves to any other chains until the evaluation of the mass

151 chain was well on its way to completion. Attendance at the

meeting was very helpful, both in establishing personal contacts

with evaluators around the world and in assuring us that the

Canadian effort, with a total manpower commitment of 1.25

full-time persons, was meaningful.
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30. Accelerator Mass Spectrometry Project

(D.E. Nelson*, R.G. Korteling*, J.R. Southern*, J.S. Vogel*, T.A.

Brown*, T.L. Ku**, M. Kusakabe** and H. Koman)

This project uses the FN accelerator as an ultra-sensitive

mass spectrometer to measure very low concentrations of cosmo-

genically-produced radioisotopes such as C, Be and Al.

During the past year, our program of Be measurements on samples

of interest to oceanographers has continued. A new ion injection

line for our work has been completed and testing is underway.

14Our accuracy for C measurements has been improved and a new

carbon sample preparation technique has been discovered and

implemented.

A highlight of our Be measurement program was a study of

two sediment cores from the western North Pacific, recovered at

sites 576 and 578 of Leg 86 of the Deep Sea Drilling Project

(DSDP). If Be measurements are to be used as a precise dating

tool, the past history of Be production and distribution must

be understood. The most direct way to investigate this is to

measure Be profiles in sequences which represent long deposl-

tional records and have good independent time scales. The two

cores DSDP 57tJB and DSDP 578 meet these criteria, as paleomag-

netic studies on both cores have yielded magnetic reversal

records extending back several Wyr.

The Be and paleomagnetic age data are shown in Fig. 30.1,

and a full account of the experimental procedures has been
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rates, which were in turn derived from the profiles of iv'Be

concentration vs depth. A major assumption in determining such

ages is that the Be flux has not varied with time. The good

agreement with the paleomagnetic and Be data indicates that

this assumption is in fact correct.
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published elsewhere . The overall agreement between the two

sets of ages is good, particularly over the last 3 Myr. These

results may be used to draw conclusions about the global Be

production rate. In a time of constant global production rate,

changes in Be reservoirs or transport processes may act so as

to alter the Be flux into any given core. However, it is

unlikely that such changes would exactly cancel any changes in

the overall production rate. The concordance between the

paleomagnetic and Be ages is therefore evidence that no major

long-term changes in Be production have occurred in the last

several Myr.

A major portion of our work over the past year has been to

14improve our C measurement capability. About 50 samples of

unknown age have been carbon dated, along with numerous test

samples and blanks. Changes to Faraday cups and other equipment

have improved our measurement precision to 3%. (We believe these

changes have also improved our Be accuracy and will test this

shortly.) This precision is achieved without the simultaneous

injector, the use of which is expected to significantly improve

the precision.

A particularly simple and effective method has been

developed for preparing small carbon samples for use in the

sputter ion source. The technique uses iron powder as a catalyst

in the Ho reduction of CO,, to graphite. The resulting graphite

covered iron powder produces long lasting and very intense C~

beams. Samples <_ 1 mg are easily handled, and the technique

gives an equivalent background age of 47,000 yrs, comparable to
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the best obtained with any small sample method. The process is

3 ̂described in detail elsewhere , and a diagram of the apparatus

is given in Fig. 30.2. Fig. 30.3 shows the present production

line, which can handle four samples per day. This capacity could

easily be increased, simply by increasing the number of reaction

vessels.

One of the most important C measurements in our recent

work was carried out on material from late Quaternary sediments

on Cape Ball (54° N 132° tf) in the Queen Charlotte Islands. The

sample was a small section of willow twig taken from near the

base of laminated sand and clay deposits just above a layer of

ouiwash sand and gravel. Bulk plant detritus from the deposits

had been dated by g-counting, but the importance of the site made

it desirable to date material which could be very clearly identi-

14
i:"i.cd. The age obtained for the twig was 14,700 ± 800 C years,

in good agreement with the dates on the bulk material. The

accelerator result thus confirms that these islands were at least

partially ice-free at a time when the mainland of British

Columbia was still fully glaciated. It is therefore possible

that a coastal route for human migrations south from Alaska may

have existed in very early times.

We have carried out initial tests on the use of our system

for Al measurements. At an FN terminal potential of 7 MV,

?7 7 +analyzed beams of up to 90 nA of J Al were obtained from

samples of Alo0« mixed with Ag. Fig. 30.4 shows spectra obtained

with a gas ionization detector from a sample with a known

Al/ Al ratio and from a blank. The system can clearly be used
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Fig. 30.2. Carbon sample production apparatus. Small samples

containing organic carbon are sealed in a quartz tube containing

CuO. The tube is removed from the apparatus and heated in an

oven to produce C0 9. After cooling, the tubes are broken inside

a bellows and the C0_ is frozen into a reaction vessel containing

Fe powder catalyst. Ho is then added and the vessel is heated to

convert the CO,, to graphite, which coats out on the Fe powder.
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Fig. 30.3. The present carbon sample production line, with four

reaction vessels.
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for Al measurements, though the low count rates due to low Al

output from a standard sputter source will restrict the range of

samples which can be studied.

Several months of beam time were lost during the year as a

result of a sparking problem in the base of the "1 accelerator

tube. The problem arose after the tritium run, persisted for

several months despite the best efforts of the laboratory staff,

and gradually disappeared for no apparent reason. Few other

users of the accelerator were severely affected (as the problem

was worst for heavy ions and intense beams) but many of our

experiments had to be abandoned, as the sparking made it impos-

sible to carry out the precise beam tuning which our work

requires. However in spite of this one major fault and some

problems with the energy stabilization system, we are very

pleased with the overall performance of the FN since the 1982

upgrade. The improved beam transmission and inherent energy

stability of the upgraded machine are particularly important for

our program and have led to a marked improvement in our measure-

ment capabilities.

1) R. Heath et al. Initial Report of DSDP Project - Leg 86,

U.S. Gov't Printing Office, 1984.

2) T.L. Ku et al. Ibid.

3) J.S. Vogel, J.R. Southon, D.E. Nelson and T.A. Brown. Nucl.

Instr. ik Meth. (in press).

• Simon Fraser University

** University of Southern California
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F.-Lg. :j().4. Output from a g-ts ionization d''t'jct»r t .*! c-s.'.op.' ,

showing specific energy loss vs total energy loss for -i sample

containing 2 6A1 and for a blank. The count rate from tH.« 2 bAL

sample was ~ 150/minute.
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31. Charge Induced Effects in the Spectra of the Solid Hydrogens

(K.L. Brooks*, J.L. Hunt*, .1.R. MacDonald*, J.D. Poll* and J.C.

Waddington)

The study of the solid hydrogens is motivated by diverse

considerations. Astrophysically, such solids are found in comets

and the outer planetary atmospheres often subjected to ionizing

radiation. Closer to home, all of the properties of the solid

hydrogens are important parameters for inertial confinement

fusion experiments. Experiments similar to the present work, but

without using an ion beam, were first performed at the Lawrence

Livermore Laboratory which has a large investment in fusion

1 ? 1research '"'. Additionally, the intrinsic simplicity of these

molecular solids, along with their unique zero point motion

effects, have made the:n -.-" particular interest to theorists.

When ionizing radi.. •. u',: irradiates the solid hydrogens at

temperatures below ~ 10 K, the resulting charged fragments are

stabilized in the lattice for periods extending from minutes to

hours. The fragments are positive ions (probably H in the case

of solid Ho) and electrons. The free electrons may become

localized in the lattice (perhaps on a lattice imperfection) and,

because of the electron's zero point motion, create a bubble-like

structure of dimensions (~ 5 8) which is greater than the lattice

spacing. The original evidence for these phenomena was the

observation of Stark shifted molecular transitions in the

molecules immediately adjacent to the charged species. The
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experiments were performed at the Lawrence Livermore Laboratories

1 2)using 3-irradiation from tritium ' and at the McMaster tandem

accelerator using 15 MeV protons on both solid K,, and D.,' .

In addition to the above, there have been two important

observations in elucidating the nature of the localized electron.

1) A strong absorption in the 4000 - 8000 cm" spectral region

has been identified as the S-P transition of the localized

electron in its bubble. Calculations of the dimensions of

the bubble are in agreement with those obtained from the

Stark shift. In addition, the frequency of this absorption

is independent of the host lattice as would be expected. The

intensity of the absorption indicates a concentration of

cm"

.2,4)

approximately 10 c m , also in agreement with the Stark

shift calculations

2) A very strong and broad absorption has been observed in the

near ultraviolet spectral region near 340 nm or 3.7 eV. This

absorption has been interpreted as corresponding to the

excitation of the electron from its trap to the continuum.

Calculations show that the energy of 3.7 eV is not unreason-

able. This absorption in D« at 4.2 K is shown in Fig.

31.15>.

Besides the important spectral characteristics caused by

localized charges in the soLid hydrogens, there are also

questions related to the temperature dependence of the charge

mobility and density. Fig. 31.2 shows the temperature dependence

of the intensity of the Stark shifted line of molecules adjacent

to a positive charge (A-line). The spectra were taken with the
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beam off, following 15 minutes of irradiation at 4.2 K. Analo-

gous spectra for the line from molecules adjacent to electrons

(B-line) show that it disappears at a much lower temperature,

above 7.5 K. Interestingly, if spectra are taken at 7.5 K (after

annealing) with the beam on, the intensities are reversed and the

A-line is very weak. These experiments yield substantial, thougii

indirect, evidence regarding the mobility of the ionic species.

Presently it appears as though both D and the trapped electrons

are essentially immobile at low temperatures while D moves

through the sample as a small polaron hole.

A new gas handling and spin purifying system is being

developed which will allow experiments to be performed using higli

purity para W,., ortho D,, and HD. A more long range project

involving the user of lasers is also under development.

During the past year we were given exclusive use of the 33

beam line formerly used for the "orange" spectrometer. This

major move, already accomplished with the installation of a He

return line, will permit much more efficient operation of the

experiment and will provide the space for anticipated enlarge-

ment .

1) P.C. Souers, E.M. Fearon, R.L. Stark, R.T. Tsugawa, J.D. Poll

and J.L. Hunt. Can. J. Phys. 5_9 (1981) 1408.

2) J.D. Poll, J.L. Hunt, P.C. Souers, E.M. Fearon, R.T. Tsugawa,

J.H. Richardson and G.H. Smith. Phys. Rev. 28A (1983) 3147.

3) R.L. Brooks, M.A. Selen, J.L. Hunt, J.R. MacDonald, J.D.

Poll and J.C. Waddington. Phys. Rev. Lett. 51 (1983) 1077.
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4) M.A. Selen, R.L. Urooks, J.L. Hunt, J.D. Poll, J.li. MacDonald

and J.C. Waddington. Nucl. Instr. and Meth. in Phys. Res.

230B (1984) 720.

5) R.L. Brooks, J.L. Hunt, J.R. MacDonald, J.O. Po L1 and J.C.

Waddington. Can. J. Phys. (submitted).

* University of Guelph
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:12. Hydrogen Profiling in Solids

(I). Khatamian*, G. Lindhorst*, F.D. Manchester*, J.M. Perz*, D.

Polk*, U. ttacansky*, S. Zukotynski* , D.E. Brodie**, J.R.

MacDonald***, N. Du* , P.K. John*, B.Y. Tong*, X.W. tfu* , S.R.

Das**, S. Charbonneau**, D.F. Williams**, J.B. Webb** and J.C.

Waddington)

The profile and total hydrogen content within several

microns of the surface of various solids has been measured from

nuclear reaction analysis by bombardment with lN based on the

reaction 15N + H •» 2C + 4He + 4.43 MeV y ray • Systems studied

include Fe'fi (Toronto) for hydrogen storage, amorphous silicon

for photovoltaic applications (separate projects at Toronto ,

Western, Waterloo and NftC Ottawa '), and amorphous carbon

(Guelph, in collaboration with Case Western and NASA Lewis

Research Center, Cleveland).

A significant enhancement of both efficiency and signal-to-

background ratio was effected in this past year by using a

bismuth germanate (BGO) -y-ray detector instead of the conven-

tional sodium iodide (Nal). Fig. 32.1 compares the spectra

obtained under identical beam conditions (30 nA current, 24 ,jC

total charge on target) for cylindrical 7.6 cm diameter x 7.6 cm

length detectors of Nal and BGO, with end face 2 cm beyond the

target at 0°. The target in this case was a silicon nitride film

implanted with 23% hydrogen, which was used as a secondary cali-

bration for the a-Si:H experiments. The beam energy was 7.005
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MeV so that the hydrogen content being probed In Fig. 32.1 was

0.4 urn below the target surface. Immediately apparent is the

enhancement of the main (high energy) peak relative to the single

escape peak, and also in absolute terms where the counts 4.2 to

4.7 MeV are 14,900 for BGO compared to 4,400 in Nal. The

background at high energies is also much lower in the UGi)

spectrum.

1) R.V. Kruzelecky, D. Racansky, S. Zukotynski, J.M. Perz, D.

Polk and W.M. Lau. J. Non-Crys. Sol. (submitted).

2) S.rt. Das, S. Charbonneau, D.F. Williams, J.8. Webb, J.R.

MacDonald, J.M. Perz, D.R. Polk and S. Zukotynski. Can. J.

Phys. (submitted).

3) J.C. Angus, J.E. Stultz, J.R. MacDonald, M.J. Mirtich and S.

Donitz. Proceedings of the 11th Int. Conf. on Metallurg.

Coatings, October 1983.

* University of Toronto

*• University of Waterloo

*** University of Guelph

University of Western Ontario

** NRC, Ottawa
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33. Ion Beam Modifications of Materials

(D.A. Thompson, J.A. Davies, P.T. Wan, P-X. Wang*, \i. Diacon,

D.V. Stevanovic, U. Akano, H. Beauprie, M. Buchbinder, M.

Caterini, M. Fernandes, A. Ibrahim, K. Macaulay-Newcombe, S.

Miekle, N. Parikh and M. Riehm)

The objective of this work is to study the effects resulting

from the bombardment of solid surfaces with keV and MeV ions from

both a fundamental and applications standpoint. Specific pro-

jects studied involve: radiation damage, sputtering and ion beam

mixing.

1. Radiation Damage

Channeling measurements using MeV He beams are being used

in conjunction with electron microscopy to determine heavy ion

induced damage in semiconductors and glasses.

i) Semiconductors. GaAs, CdTe and CdS are potentially very

attractive compound semiconductors for use in next generation

integrated circuits (GaAs) and solar photovoltaic devices (CdTe).

Such compound semiconductors are difficult to dope using conven-

tional diffusion techniques due to surface dissociation, thus

they present an ideal case for doping by ion implantation. A

major problem in the use of ion implantation is the lattice

disorder produced as the energetic ion dissipates its kinetic

energy upon penetrating the solid. The disorder produced may

range from relatively simple point defects for light ions to a

150



local crystalline to amorphous transition for heavy ions where

local deposited energy densities may exceed 1 eV/atom. In such

high density collision cascades, the disorder produced far

exceeds the theoretical predictions. Also of interest is the

observation that Group IV and I 11 — V compound semiconductors show

amorphization whereas II-VI semiconductors do not, except with

specific ions. This difference in behaviour is of major

interest, as is the dependence of the disorder behaviour in CdS

on the chemical species of implanted atom. Electron microscopy

investigations of the damage produced in CdS by heavy ion bom-

bardments show the formation of dislocation loops. The effect of

such defects on the channeling of MeV He ions is being investi-

gated .

ii) Glasses. We are currently studying the damage produced in

SiO? due to 10 - 120 keV heavy ions such as Ne , Ar , Kr and

Bi . Our objectives are to establish the relative importance of

the nuclear and electronic energy loss processes in creating

damage in such insulating materials. An understanding of the

damage production mechanisms and the nature of the damage

produced is of importance to proposed nuclear waste storage by

embedding it in a glass ceramic matrix. Using ion bombardment,

it is possible to simulate the damage produced by recoiling

actinides embedded in the glass following an expected storage of

~ 10 years.
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2. Sputtering

Sputtering is the erosion of a sample surface when subjected

to ion bombardment. Studies are being carried out to resolve

better the various mechanisms proposed for sputtering under

conditions of high energy density cascades. The measurements in

metals are well advanced and appear to be contradicting proposed

thermal evaporation processes. The work has been extended to the

sputtering of frozen Xe which has a very low sublimation energy

(0.16 eV) compared to the 3 - 6 eV for most metals. Also, frozen

gases have been shown to exhibit enhanced sputtering yields when

bombarded with MeV p and He . In these bombardments the primary

energy deposition is through ionization processes. By contrast,

in our studies the primary energy deposition is typically 50 -

80% into elastic displacement collisions. The sputtering yield

for frozen Xe is extremely high (up to 16,000 for 80 keV Sb,,

bombardment) which is more than an order of magnitude greater

than theoretical predictions. Instead of theoretically predicted

linear dependence with surface deposited energy F u(0), we

observed two distinct regimes -- one linear, for Ffi(0) ~ 500

eVAo /atom and one in which the sputtering yield a Fn(0) for

values ~ 500 eVA /atom. This is similar to the behaviour for

heavy ion sputtering of metals and very different from the MeV

light ion sputtering behaviour.

3. Ion Beam Induced Mixing and Applications

Ion beam mixing involves passing an energetic beam of ions

(usually inert gas ions) through a sample consisting of a thin
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Layer of one element overlaying a substrate of a different

element. The ion beam produces defects and a cascade of moving

atoms resulting in an intermixing of the thin film into the

substrate forming a new surface alloy. We are studying the

process of ion beam mixing to establish the physical parameters

contributing to the rate of mixing and which determine any steady

state final alloy. Processes that are expected to contribute are

direct recoil mixing, radiation enhanced diffusion and any high

density cascade effects (thermal mixing). Systems currently

being studied are noble and semi-noble metal (Pt, Rh, Ru , Au , Ag,

etc.) mixing into Ni and Fe. These systems are then tested as

electrodes in the electrocatalysis of water. We have observed

reductions of overpotential by 30^ for some mixed layers as

compared to the pure ML and Fe. In some cases the overpotential

can be even smaller than for the pure noble metal. Of particular

interest, is Ag implanted into Hi since this system has shown the

best electrocatalytic behaviour. Thermodynamically, Ag is insol-

uble in Ni, however implantation overcomes this limitation and we

have formed Ni surface alloys with up to ~ 10% Ag. Channeling

studies indicate that the implanted Ag is ~ 80% substitutlonal in

tiie Ni lattice; this decreases to ~ 60% upon annealing to 350° C.

When the implantation is carried out into thin, polycrystal ine

films of Ni, the ion bombardment process causes recrystallization

and grain growth; in addition, surface precipitates of Ag are

formed. This behaviour is the result of the high defect density

and strain energy produced by the Ag bombardment along with the

tendency to reduce the surface energy.
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4. Diffusion of Tritium in Metals

A new project has been initiated to study the diffusion of

tritium in metals subjected to radiation damage induced defects

and temperature gradients. The objective of this programme is to

determine how tritium will behave in the first wall of a Tokainak

fusion reactor -- a knowledge of tritium trapping, de-trapping,

recycling and permeation is urgently needed. So far we have

carried out computer simulations utilizing the (d+t) reaction to

obtain depth profiles of tritium implanted into various solids to

determine the sensitivity, depth resolution and deconvolution

parameters that are necessary. One successful test experiment

was also carried out. We are now constructing a uhv target

chamber to add to a KN beam line so that we can depth profile,

heat treat and monitor surface contaminants in-situ. This

research is being funded through the Canadian Fusion Fuels

Technology Project.

* Beijing Iron and Steel Institute

154



34. Visualization and Kinetics of Dopamine in the Brain of

Healthy Subjects and Patients with Movement Disorders

(E.S. Garnett, G. Firnau and C. Nahmias)

i Q nil 1 Si

F, generated by the Ne(d,a) F reaction, is used to

produce 6-[ F] fluoro-L-dopa '^. From 6 ^A deuterons of 15 MeV

and 3 hours irradiation time 5 mCi of 6-[ F] fluoro-L-dopa are

produced twice weekly. With this tracer and positron emission

tomography we have visualized the dopamine rich structures in the

brain, caudate nucleus and putamen, and have demonstrated for the

first time dopaminergic nerve endings in the frontal cortex of

the human brain, Fig. 3 4 . 1 . Patients with unilateral

Parkinson's disease show a markedly reduced uptake of F in

their putamen contralateral to the side of the symptoms. Their

caudate nucleus accumulates F normally .

In collaboration with the National Institute of Health and

the Institute for Neurological Diseases, we have studied tomo-

graphically and during life, monkeys that had been made parkin-

sonian by the action of l-methyl-4-phenyl-l,2,5,6,-tetrahydro-

pyridine (MPTP). As a result of MPTP, the synthesis of brain

dopamine is stopped and parkinsonian symptoms appear. We found

that the severity of the clinical signs are inversely propor-
1 H

tional to the accumulation of F in the caudate nucleus and

putamen after an i.v. injection of 6-[ F] fluoro-L-dopa. Thus,

we were able to confirm this animal model of Parkinsons disease.
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Fig. 34.1 A tomogramme of the brain of a healthy person 2 hours

18
after the injection of ( F)fluoro-L-dopa. The image shows the

brain parts caudate and putamen on each side of the midline

accumulating the tracer.
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It is our aim to apply the mathematical model of the

5}
kinetics of the cerebral dopamine metabolism to the tomographLc
measurements. Ultimately, the time course of the disappearance

1 Hof the tracer from the blood and that of the appearance of F in

the brain (caudate nucleus and putamen) will be used to calculate

the fractional rate constants for the formation and degradation

of the neurotransmitter dopamine during life.

Since dopamine is involved in movement disorder arid is

implicated in mental disturbances (Schizophrenia, Gi1les-de-la-

Tourette syndrome), our novel tomographic method has the poten-

tial to gain insight into the neurochemistry of locomotion and

movement.

1) R. Chirakal, G. Firnau, J. Course and E.S. Garnentt. Intern.

J. Appl. Rad. Isotopes (1984) Vol. 35, No. 7, pp. 851-653.

2) G. Firnau, H. Chirakal and E.S. Garnett. Nucl. Wed. (to be

published).

3) E.S. Garnett, G. Firnau and C. Nahmias. Nature 305, No. 5930

(1983) 137-138.

4) E.S. Garnett, C. Nahmias and G. Firnau. Can. J. Neurol. Sci.

(1984) 11: 174-179.

5) E.S. Garnett, G. Firnau, C. Nahmias, S. Sood and L. Belbeck.

Am. J. Physiol. 238 (1980) R318-H327.
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35. Report on HPT Calibration at McMaster University

(M. Bercovitch*, E. Aada*, J.Firth* ami J.A. Kuehner)

On September 16-18, 1984, personnel of the Space Physics

Group of NRC's Herzberg Institute of Astrophysics (H1A) carried

out calibrations of an energetic particle detector which is part

of the Cosmic Ray and Solar Particle Investigation (COSPIN) to be

flown on the International Solar Polar Mission. This mission, a

joint project of the European Space Agency and the National

Aeronautic and Space Administration, will, in May 1986, send a

spacecraft (utilizing a Jupiter gravity-assist) into a highly

inclined solar orbit passing over the sun's poles, and will for

the first time allow direct measurements to be made in regions of

the heliosphere far from the ecliptic plane.

The COSPIN experiment, a collaboration involving research

groups centered in U.S.A., Canada, Britain, Holland and Germany,

consists of five particle detector subsystems designed to measure

energy spectra, chemical and isotopic abundance and anisotropies

of elements H to Ni over the energy range 0.3 to 600 MeV per

nucleon as well as electron fluxes between 4 and 2000 MeV. One

of the detector subsystems, the High Plux Telescope (HKT), was

designed and build by HIA; it will provide measurements of

protons and heavier particles with high immunity to electron

contamination under high flux conditions (such as intense solar

flare events, or near Jupiter) which will saturate the other

detectors.
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Calibration of the HFT consisted of the determination of the

incident threshold energy required to trigger the various discri-

minatory levels of the instrument. Two nominally identical units

(the Flight and Flight Spare) were simultaneously mounted in the

scattering chamber and exposed to energetic ions scattered

through 45 by a 100 yg cm" gold foil. Ion species used were C,

0, F, Mg , S, Fe and the energy range covered was 6 to 70 MeV.

The calibration results provide direct measurement of the

incident energy thresholds; they replace less reliable estimates

made on the basis of pulse generator triggering levels and

assumed values of energy loss in the 200 - 300 ug cm Al layer

on the front face of the Si detector.

* Herzberg Institute of Astrophysics, NRC, Ottawa
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II. FACILITY OPERATION AND DEVELOPMENT

1. Operation Summary

A. FN Accelerator

The FM tandem operated extremely well in 1984; a number of

heavy ion runs were made at what is probably the highest terminal

voltage ever achieved with an FN -- 10.44 MV.

A successful tritium run was carried out in the spring. We

ran about 500 hours with currents of up to 1.2 pA. The A.E.C.B.

granted us permission to use up to 40 TBq of tritium at a time.

As a result, we were able to load 10 titanium cones with about 4

TBq each. This resulted in higher currents and longer cone

lifetimes. At the present time, the only tritium beams available

from tandems in North America, are at McMaster and Los Alamos.

Work on two new ion injectors is going well. The direct

extraction source for isotope production is being tested and the

Simon Fraser University injector is now operating.

Despite these successes, we also encountered a number of

problems during the year. Perhaps the most disturbing and

puzzling was a persistent beam instability associated with the

entrance gridded lens in the low energy accelerator tube. The

instability was closely related to beam intensity and was severe

with large C~ beams, making experiments for the carbon dating

group extremely difficult and at times impossible.

The main problem appears to have begun in September, 1983

when failure of a mechanical vacuum pump near the ion source
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inflection magnet caused oil vapour to be injected into the low

energy extension and into the low energy steerers ami the gridded

lens.

During the next 9 months, the FN tank was opened 7 times,

the grid changed three times and a new grid holder installed, all

in an effort to solve this problem. Unfortunately, none of trie

solutions we tried seemed to work and we finally concluded that

oil must have been deposited and baked on to the tube electrodes

close to the grldded lens. Careful examination of these

electrodes, which are visible from the base of the tube, cer-

tainly did indicate some deposit in this area and an attempt was

made to clean the electrodes with acetone.

After cleaning, the accelerator seemed to perform somewhat

better and gradual operation of up to 10 megavolts and subsequent

operation with high current C~ beams did indeed indicate that the

problem had disappeared either because of the cleaning or condi-

tioning or both.

There were some problems in the low energy charging system

that finally resulted in failure of a charging chain. This chain

had originally run at Chalk River and had operated a total of

about 10,000 hours. This is considered to be a reasonable life-

time. To alleviate problems with spark damage to the inductor

power supplies, additional spark gap protection has been

installed. One set of high energy terminal pillow block bearings

failed during the year. Last year, it was suggested that

overgreasing was the problem. Mo new bearings have failed since

we stopped regreasing them.
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In September 1978, a fuLL set of 600 megohm column resistors

was installed in ttie FN accelerator. Recent tests have indicated

fiat Uie average value of these resistors is now about 475 megohm

and the variation in resistance value is as high as 25%. Using

fiO n A. of corona load at 10 MV when we have moderate beam loading

conditions, we are close to the limit of our charging current

(250 to 1300 |iA). As the resistors continue to deteriorate, it

will become more difficult to operate at 10 MV and the danger of

column sparking will become more serious as the wide variation in

resistor values will cause local high voltage gradients in

certain parts of the column. We plan to replace our present

resistors with more stable (and higher value) metal oxide

res is tors.

We have continued replacement of aging power supplies. This

year the Enge spectrograph power supply was completely rebuilt.

We anticipate that a similar supply for the switching magnet will

be rebuilt next year.

B. t<N Accelerator

This year the KN accelerator has been operating at poten-

tials of 500 KV to 3.2 MV, but with a major problem. The beam

optics from the accelerator had changed quite drastically due to

a misalignment of about 1.5 cm in the tube. Apparently at some

time trie tank must have overheated causing the tube adhesive to

soften a bit thus allowing the tube glass to slip. The tube has

been rebuilt by Texas Potentials Inc.
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The machine also had a belt failure, the first in many

years. The bearings in the motor and alt(.'rn;itor failed at the

same time. After repairing these problems, we expo r t ̂ neijd a

failure of the focus power supply which required I'ebu i Id L n;i.

tfe havs installed two new gas cyLind^rs in the terninal.

These contain JHe and ^H. We can now sele<;t 'tl, 2H, ''lie J- 'lHe

for use in the ion source without removing the pressure tank.

C. 160 KV Accelerator

The 150 KV accelerator operated very well throughout the

year. No modifications were made or are planned for the coining

year. One new ion, 140 kV Bi was produced tnis year and was

used for implanting into ceramic glasses to determine the leach

rate of the ceramic glass in aqueous solutions.
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Accelerator Utilization

November 1 to October 31

(based on charging system timers)

1981 1982 1983 1984

PN hours

Max. FN voltage

# of days 9.5 to

10 MV

# of days above 10 MV

# of ion species

% p and d

% p and a

% t

% 3He and 4He

% others

KN hours

4940 hrs.

8.0

0

0

14

20%

11%

23%

14%

32%

3403

3162 hrs.

10.0

10

3

16

39%

8%

3*

14%

36%

3025

4787 hrs.

10.25

20

26

17

37%

13%

17%

3%

30%

4221

4937 hrs

10.44

24

13

24

36%

16%

10%

7%

31%

2402*

* KN down for 2 months for tube rebuild
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2. SF^ Gas System

Since upgrading of the FN tandem with a pelletron charging

system and new accelerator tubes, a higher operating pressure of

SF . insulating gas has become desirable. The normal operating

pressure has been increased from 620 kPa to 760 kPa. Our present

inventory of SF^ is approximately 8130 kg. The gas, when not in

the accelerator, is stored in two high pressure storage tanks,

the smaller has a capacity of 7 m and the larger 11.3 m' . The

small tank was originally equipped with a bottom connection for

removal of liquid SF. whereas the larger tank was not. When the

SF,, inventory was increased, liquid SF,. was found to be present

in the large storage tank. The liquid was difficult to remove as

it had to be vapourized within the storage tank.

In the spring of 1984, the necessary high pressure piping

and valves were installed to allow the larger tank to be used for

liquid storage. The liquid level indicator has been connected to

the larger tank. It is now possible to store and handle liquid

SF, in both tanks, although our entire inventory can be stored in

the larger storage tank.

3. Beam Transport System

The program of upgrading the target lines and the FN

accelerator beam extension has continued during the past year.

The following work has been completed or will be completed this

fiscal year.

a) All four obsolete HVEC beam profile scanners on the

accelerator have been replaced with NEC single wire scanners.
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Some of the HVEC scanners will be used on the test bench to

assist in making beam emittance measurements.

b) The "orangp" beta-ray spectrometer, which has not been used

for a number of years, was removed from the end of the +33f beam

line. A device for studying radiation induced damage in solid

crystals of hydrogen and deuterium has been installed at this

location. The beam line was completely re-aligned and two Nh'C

beam profile monitors were installed. This beam line is now

completely operational.

c) Funds have been allocated to purchase and install a 100/300

Edwards Diffstak diffusion pumping system to replace the high

energy extension ion pump. This is being done to provide

additional pumping capacity at this location because of the

potential gas load from the Nuclear Medicine isotope target

assembly which is being installed near the high energy object

slit location.

d) A 160/700 Edwards Diffstak diffusion pump has been installed

on the polarized ion source. A 100/300 pump was removed from

this location and will be installed on the -22° (radiotsotope

dating) line.

e) One remaining NEC scanner will be installed on either the

+45° or +70° line.
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4. Ion Sources

A. The Triton Source

A successful tritium run took place during April and May,

1984.

Typically, beam currents on target varied from 500 nA to

1200 nA at energies up to 18.1 MeV. The ion source behaved very

well and no modifications or repairs were required before or

during the run. Source reliability is good enough that we now

feel confident we can shut down and restart the source during

tritium runs.

This year we successfully loaded ten cones with approxi-

mately 40 TBq of tritium (1 TBq = 27 Ci). Nine were installed in

the source but only seven were actually used. One unused cone

containing about 4 TBq is in storage in our loading glove box.

One problem encountered during the loading procedure was

that there was not sufficient uranium in the uranium pump to

absorb the entire 40 TBq of tritium and the loading had to

proceed in several stages. We plan to install a larger uranium

pump this fall to allow storage of larger quantities.

We will be ordering additional tritium gas this fall in

anticipation of another triton run to commence in the spring of

1985.

8. Polarized Ion Source

A number of improvements to the polarized ion source have

been made during the past year. Modifications to the argon
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The new argon region of the polarized source, showing the new

diffusion pump underneath and the two cryopump heads at the top.
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region were completed last summer. A large (750 A/sec) diffusion

pump is now located under the argon canal. Ttiis is expected to

reduce the load on the cryopumps, especially that load due to

hydrogen or deuterium from the source region. The first runs

with this configuration have indicated longer cryopump cycle

times, more intense beams and higher polarization.

A variable length RF cavity was constructed last fall and

tested in the spin filter. These tests showed that the shorter

cavity requires a larger diameter to tune to the proper

frequency. This is due to perturbations caused by the end

openings. This work will continue next year. We hope to design

a simpler and shorter spin filter cavity. This should reduce

beam losses occuring in the long drift section between the

caesium canal and the argon canal.

C. Mark III Sputter Source

This source has given relatively trouble free operation

during the year. It is used to produce most of the heavy ions

accelerated in the laboratory and is used extensively by the

radioisotope dating group from Simon Fraser University. The only

modifications were the addition of vertical steerer plates

located at the exit of the source to allow for slight misalign-

ments of the core assembly. Beams of Ue, B, C, O, F, Mg and Al

are produced routinely with this source and recently a Na beam

has also been produced.

174



0. Mark IV Sputter Source

The Mark IV sputter source was designed and ttie mechanical

parts constructed in 1981-82. The main feature of this source

was a higher injection energy (150 keV) into the FN tandem for

heavy ions as well as somewhat higher negative ion currents. The

present sputter source (Mark III) produces negative ion beams of

30 keV. The higher injection energy would have improved the

transmission through the old HVEC inclined field accelerator

tubes.

The installation of the Dowlish spiral field accelerator

tubes in 1982, improved the transmission through the accelerator

considerably and removed the urgency of commissioning this

source. We still feel that this source is worth completing as it

should produce higher beam currents as well as providing us with

valuable experience in the computer control of accelerator

components.

Mechanical development of this source was postponed for the

past two years to allow development of the radloisotope dating

sputter source and the direct extraction source to proceed on the

test bench. This work is now complete and the two sources are

being installed on the FN accelerator. We are currently

re-installing the Mark IV source on the test bench and testing

should take place during the fall of 1984 and spring of 1985.

Work is progressing well on the software and hardware

necessary for computer control of this source. Several high

voltage power supplies have been tested successfully using

microprocessor control and a fibre optic light links. Some
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problems remain with "hunting" of supplies which have motorized

controls, but we are confident these problems will be solved

shortly.

We plan to have the Mark IV source working completely

off-line with partial computer control before it is installed on

the FN. The expectation is that this work will be completed

during the summer of 1985.

E. Duoplasmatron Source

A new insulator bench assembly was installed on the D.P.

source at the end of the triton run in May of this year. The

main insulator support system is much more rigid than tne

previous system and consequently the source does not require

re-alignment each time the sodium boiler is changed.

Negative proton and deuteron beam currents in excess of 15

yamps can be obtained routinely and negative helium ion beams of

5 to 10 yarnps (using sodium vapour exchange) have been produced.

Sodium beams are also obtained from this source.

F. Direct Extraction Source

A high current, direct extraction ion source is currently

undergoing testing by the Nuclear Medicine staff. The install-

ation of this source will be completed this year by the Nuclear

Medicine staff with the help of our operations group. The opera-

tion of this source will enable isotope production runs to occur

without affecting any of the other ion sources, thereby reducing
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lost experimental time and increasing the reliability of isotope

production runs.

(J. Accelerator Mass Spectrornetry Sputter Source

This new sputter source has been installed on the new

injector line used for isotope ratio measurements. The source

and injector, both of which were funded and built by the group

from Simon Fraser University, are now operational, producing 50

uA C~, I pA 8eO~ and 0.4 yA Al".

5 . Acce lera_tor Mass Spectrometry Project

The Simon Fraser University group has been wording on the

Installation and testing of a new injector, designed specifically

for isotope ratio measurements. A carbon beam can be separated

by a 55 magnet into its three isotopic components. These can be

measured or modulated individually, then the three are reco-nbined

by a second magnet for simultaneous injection into the tandem.

Tnis system ha.3 now been tested on its own and the principle of

the three beam injection scheme has been verified. The first

14beams have been put through the accelerator, and C has been

detected at the end of Che beam line. Testing is continuing.

Other equipment developed during the past year has included

the commissioning of an axial field gas ionization detector, the

building of a production line for carbon sample preparation, and

upgrading of Faraday cups for improved current measurement

accuracy and higher heat dissipation.
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>j . Isotope Production for Nuclear Medicine

We continue to generate F on a regular basis for the

Positron Emission Tomography project at the McMaster UnLvi'fsi tv

Medical Centre. The F is produced as [ F|fluori.ii" >;as n-iinn

the " Ne(d,a) F reaction. [t is used first for tin-' produ • t ion

of the ra«1 iopharmacnutica i B-[ F ] f Luoro-L-dop-t witii wnic'i tin-

tlopamine m e t a b o l i s m is measured in p a t i e n t s wit.ii movrri'Mir.

disorders and mental disturbances. Frr>m o kJ A deat^rons 'in i :i

hours irradiation time, sufficient [ F)K is produced to m;ik ' 8

mCi of B-[ " F J f Luoro-L-dopa . Secondly, the [ ' F | F9 is iis<1.l for

chemical research with the aim to r !id i of L'ior ina te other .:at>chol

compounds that are related to the neurot r.uism i t t-tc d ̂ pi>ni ne >r

norad rena 1 ine. We have developed receritlv a novel ctU'inicaL

in^thoil for the synthesis of f luoro-catechols lining f 1. nor i »<> g a s .

The nuclear medicine group lias completed fie construction of

a direct extraction ion source for the gen .'rat ion of iii.̂ h current

proton and deutei'on beams. \ new isotope production target. Mas

been tested an,l will be installed at the object slit position.

Both new target and new s o u r c e will a l l o w slinrt isotope

production runs to proceed with minimum disturbance to regular

physics experiments. The normal ion source and analysing magnet,

target room quads etc. can be left on "ready to resume operation"

right after completion of an early morning run for isotope

production. When the ne«v target and dedicated ion source are

fully functioning, It will be possible to extend the work to

syntheses with carbon-ll.



The nuclear medicine group has become world renowned for

their innovative work with 6-[ F) f luoro-L-<1opa and Positron

Emission Tomography.

The medical isotope productions from both the Tandem Van de

Graaff and the McMaster Nuclear Reactor, have enabled the

Positron Emission Tomography group to be a regional resource for

Southern Ontario serving teaching hospitals in Hamilton, Toronto

and London.

7. Materials Research Using the KN

The high vacuum chamber on the 40 line is being modified to

study the diffusion of ion implanted tritium in metals and other

solids in the presence of radiation damage and temperature

gradients. The depth distribution of the tritium will be

determined using the (d,t) fusion reaction. A quadrupole mass

spectrometer will be incorporated into the system, to monitor

possible release of tritium. As well, an in-situ Auger spectro-

meter will be used to check for surface contamination.

Some modifications to the existing beam line and analyzing

magnet area may be required to reduce deuterium contamination and

subsequent neutron production during high current proton beam

runs.

H. Target Lab Facility

The activities of the target lab during the past year are

catagorized into the following sections:
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The new isotope production target is shown with its cooling and

gas feed lines.
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A. Targets Fabricated

Preparation by reduction-distillation, vacuum deposition and

rolLing of the most frequently used targets are summarized in

Table I.

B. Targets for Other Facilities

Approximately fifty targets were prepared on out-gassed

tungsten substrates consisting of the following isotopic

materials: 5 8> 6 0' 6 2Ni, 5 0• 5 2Cr, 29Si , 5 4- 5 6Fe. The targets were

prepared for Dr. G.U. Din of Riyadh University, Riyadh, Saudi

Arabia and have been shipped to him.

Also, thin self-supporting targets of Ti/Nb, 1:1 by weight,

have been prepared as standards for x-ray and electron energy

loss microanalysis.

C. Tritium Inserts

For the recent tr i t ium beam experiments, ten titanium

inserts were loaded with tritium to an average of 3 1/2 TBq each.

These were press fitted into aluminum cones and used in the

sputter source.

D. Terminal Stripper Foils

Approximately six hundred ethylene cracked carbon stripper

foils have been fabricated, installed and used in the FN terminal

in the past year.
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Table I

Summary of routinely fabricated targets

Target

Material

Dy

160Dy

Gd

154-157-,Gd

170-172Gd

92Mo

13°Nd

Ta

Au

Tb/158Gd

164Dy/158Gd

Tb

101-162Dy

Ti, 46'48Ti

28,29si

PbS

128Te

Fabrication Method

reduction/deposition

reduction/deposition

reduction/deposition

reduction/deposition

rolled, Pb backing

rolled, 2 0 8Pb backing

208
rolled, Pb backing

vapour deposition

vapour deposition

vapour deposition

reduction/deposit ion

vapour deposition

reduction/deposit ion

vapour deposition

reduction//deposition

vapour deposition

vapour deposition

Thickness

ug/cm2*

100-250

100-250

100-250

100-250

1000-2000

3000

2000

100-200

100-250

50-70

50-70

50-120

50-100

50

10-40

100

1000-2000

Substrate

self-supporting

self-supporting

self-supporting

self-supporting

self-supporting

self-supporting

self-supporting

self-supporting

self-supporting

carbon

carbon

carbon and collodion

carbon and collodion

carbon

tungsten and carbon

carbon

collodion
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Table I (continued)

Target

Material Fabrication Method

Thickness

2
ug/cm * Substrate

54,56

58,60,62

50,52Cr

Bi/Sb/Bi

Sb/As/Sb

SiO

Si/Ge

Au/Ni/Ru

Ni/Rb

Ni/Rh

Ni/Au/Ni

Ni/Pd/Ni

Pt/Fe

Ni

V

Fe vapour deposition

Ni vapour deposition

reduction/deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

vapour deposition

10-40

10-40

10-40

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

25-1000

8

8

8

8
8
8

8

8

8

8
8
8

tungsten

tungsten

tungsten

glass

glass

glass

glass

Ni

Ni, NaCl

Ni, NaCl

Ni

Ni, NaCl

Fe

NaCl

NaCl

(•Thickness in yg/cm unless otherwise noted)
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E. Equipment

A high vacuum reactive target storage system has been

designed and fabricated and is now in regular use for the storage

of targets which are reactive with atmosphere or water vapour.

The target storage system operates at ~ 1 x 10~ Torr and is able

to store ~ 500 targets.

A vacuum oven has been fabricated for outgassing fLuorine

from cylindrically shaped tungsten and tantalum, pieces which are

used to fabricate target chambers for (P,Y) experiments requiring

low flourine backgrounds. Also a new electron gun has been

designed and fabricated to out-gas, at ~ 1800° C, the t'lourine

from tungsten target backings.

F. Miscellaneous

Tungsten apertures are being fabricated and out-gassed for

use in beam lines which require low fluorine backgrounds.

Electron beam welding and reclaiming of cesium boiler

ionizers continues on a regular basis.

G. Conferences

In September 1984, Mr. Yaraskavitch attended the 124th World

Conference of the International Nuclear Target Development

Society in Antwerp, Belgium.

9. Computer Development and Data Acquisition System Overview

The main data collecting and analysis system in the lab is a

Digital Equipment VAX 11/750 computer. It receives data from as

many as eight ADC's selected in either a singles or coincidence

mode. It also accesses a maximum of 24 separate sealers. All of
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these are linked to the VAX through a CAMAC system. The CAMAC

crate communicates to the VAX through a Microprogrammed Branch

Driver (MBD) which looks like eight separate data DMA (Direct

Memory Access) channels on the VAX's unibus.

Our acquisition and analysis system, XSYS, was obtained

originally from TUNL. Experimenters sort their data, as it is

being acquired, in any way they wish with EVAL (EVent Analysis

Language). Subsequent data analysis is performed using Fortran

programs linked together under XSYS. Actual spectra display and

manipulation is done on a number of VT-100 Retrographics termi-

nals and one Chromatics CGC-7900 Hi-resolution colour computer/-

terminal.

Data acquisition can also be done on the older PDP-15. This

computer presently allows eight ADCs to be run in singles mode.

Also, we have a Tracor Northern TN-1710 analyser with one ADC

that allows for spectrum manipulation, integration, calibration,

etc.

Funds have been allocated in the 1984/85 budget for memory

expansion on the VAX. Installation was completed and tested in

October. The additional memory will allow a user to sort data

on-line into very large matrices.

1) Data Acquisition

The XSYS system is constantly being modified and enhanced to

suit the needs of our lab. The EVAL compiler was modified to

allow for proper framing-error checking in multi-system

experiments. (We have three ADC subsystems, one singles and two
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coincidence.) The compiler was also corrected to handle all

eight of the ADCs in any configuration necessary.

An Up/Down Presettable Counter CAMAC module was added to the

system as a timer sealer.

2) Computer Interfacing

a) Control of the Tracor Northern TN-1710 analyser by the VAX

was added this spring. It allows the user to completely set up

and control any data acquisition/analysis on the TN-1710 through

a terminal on the VAX. It also allows the user to upload/-

download spectra beween the VAX and tne Tracor Northern analyser.

b) A true PDP-15/VAX link was also added this year. It allows

the users to control data acquisition on the PDP-15 through a

terminal on the VAX, and perform certain data region manipulation

on the PDP-15. Also, data region transfer from the PDP-15 to the

VAX was enhanced to allow for multiple region transfers with a

single command on the VAX.

c) Direct Memory Access link between the Chromatics CGC-7900

and the VAX was established this summer. It involved extensive

hardware and software modifications/additions throughout the

summer. With DMA, the data is now transferred directly in a

matter of seconds to the screen portion of memory. Possible data

rates are of the order of 500 Kwords/sec.

d) Communications software was added last year to alLow users

to communicate with other host computers, through a modem on the

VAX. The feature was used a number of times this year to

transfer files between ourselves and Livermore, TUNL, and
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Victor Janzen examines some computer printout from the VAX

11/750.
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England. At present we only have a 300 baud modem, yet may

upgrade to a 1200 baud modem in the near future as more users

gain interest in this means of file transfer between institu-

tions .

e) Extensive MBD diagnostics were added tnis summer is a

subsystem to the VAX. This package allows us to completely

exercise and trouble-shoot the MBD through the VAX. The

intermittent fault in the MBD reported last year has been cured.

10. Electronics

During the past year, our power supply on the Enge spectro-

meter failed. We rebuilt it using the original transformers. It

required a considerable amount of design work and the construc-

tion of a new heat sink. Since our switching magnet power supply

is identical, we anticipate having to do the same to it soon.

Consequently we had two heat sinks built.

Our one serious problem in maintaining the PDP-15 computer

has been with the disk drives. Last year we acquired four

surplus units that had been maintained by DEC continuously and

installed one of them. This cured our problem and these should

keep us going for quite a long time.

We have restarted work on the MARK IV sputter source. A

masters student, under Dr. Poehlman in the Instrument Development

branch of Materials Research, is developing the software and

testing parts of the system. This also requires some hardware

modifications.
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We have tested some circuits for use in a unit for

monitoring parameters in the terminal of the FN. We plan to

continue this work with some diligence as experience has

indicated that it should be very useful.

We have built a CAMAC module for multiscaling on the VAX.

It is not yet fully tested or installed.
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Personnel Associated with the Laboratory, Nov. 1983 to October

1984

Academic and Research Staff (McMaster University)

D.G.

J.A.

J.A.

Nf.J.

R.

G.

E.S.

W.W.

G.E.

A.

J.A.

Y.S.

C.

A.A.

B.
J.R.

J.

K.G.

J.A.

D.A.

J.S.

J.C.

P.T.

P.X.

Burke

Cameron

Davies

Davis1^

Dymarz

Firnau

Garnett

Johns

Kajrys '

Kobos3)

Kuehner
4 ̂Liang '

Nahmias

Pilt

Singh5)

Southon

Sziklal6)

Summers-Gill

Szttes-Ashbaugh

Thompson

Vogel

Waddington

Wan

Wang

Professor

Professor

Professor/part-time and CHNL

Postdoctoral Fellow

Research Associate

Associate Professor (Nucl. Med.)

Professor (Nucl. Med.)

Nuclear Data Project Evaluator

Research Associate

Postdoctoral Fellow

Professor

Postdoctoral Fellow

Assistant Professor (Nucl. Med.)

Associate Professor

Nuclear Data Project Evaluator

Research Associate (Simon Fraser)

Research Associate

Professor

Nuclear Data Project Evaluator

Professor (Eng. Phys.)

Research Associate (Simon Fraser)

Professor

Research Associate (Eng. Phys.)

Research Associate (Eng. Phys.)

1) Commenced January, 1984

2) Commenced September, 1984

3) March, 1984 - May, 1984

4) Left October, 1984

5) December, 1983 - February, 1984

6) Left September, 1984
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Scientific Collaborators and Research Staff from Other

Institutions

W.P.

T.K.

M.

S.

R.L.

M.

L.

tf.F.

G.U.

W.R.

E.E.

J.L.

P.K.

G.D.

U.

J.D.

R.G.

T.L.

R.

A.J.

J.R.

G.

M.

J.R.

Alford

Alexander

Bercovitch

Bose

Brooks

Carpenter

Courtney

Davidson

Din

Dixon

Habib

Hunt

John

Jones

Khatamian

King

Korteling

Ku

Lanier

Larabee

Leslie

L0vh0iden

Lowry

MacDonald

University of Western Ontario

CRNL, Chalk Rivere

NRC, Ottawa

University of Guelph

University of Guelph

University of Tennessee

University of Tennessee

NRC, Ottawa

University of Riyadh

NRC, Ottawa

University of Windsor

University of Guelph

University of Western Ontario

University of Liverpool

University of Toronto

University of Toronto

Simon Praser University

University of Southern California

Lawrence Livermore Laboratory

University of Tennessee

Queen's University

University of Bergen

Princeton University

University of Guelph
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H.6. Mak

K. Martz

R.A. Nauman

U.E. Nelson

J.W. Olness

J.M. Perz

J.D. Poll

D. Racansky

K. Shanker

J.J. Simpson

R.S. Storey

G.L. Struble

T.F. Thorsteinsen

B.Y. Tong

E.K. Warburton

H.rt. tfeller

Queen's University

Lawrence Livermore Laboratory/

Florida State University

Princeton University

Simon Fraser University

Brookhaven National Laboratory

University of Toronto

University of Guelph

University of Toronto

University of Guelph

University of Guelph

NRC, Ottawa

Lawrence Livermore Laboratory

University of Bergen

University of Western Ontario

Brookhaven National Laboratory

Duke University
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Technical Staff

P.G. Ashbaugh

J.W. McKay

K.A. McNaught

H.J. Blanchard

J.W. Stark

H. Harms

W.F. Williams

D.J. Yaraskavitch

A.G. Woolvett

J.A. Cave

D.V. Stevanovic

B. Diacon

B. Pole

A.S. Wannamaker

T.P. Woloszyn

Director of Accelerator Operations

Accelerator Engineer

Supervisor, Electronic Systems

Electronics Technologist

Supervisor, Accelerator Technicians

Accelerator Technician

Accelerator Technician

Research Assistant (target preparation)

Mechanical Maintenance Technician

Mechanical Maintenance Technician

Research Assistant (Eng. Phys.)

Research Technician (Eng. Phys.)

Technician (Simon Fraser University)

Secretary

Computer Systems Manager (part time)

Graduate Students

U. Akano (Eng. Phys.)

C. Bamber

D. Beachey

R. Beauprie (Eng. Phys.)

J. Johannsen

R. Macaulay-Newcombe (Eng. Phys.)

N. Parikh (Eng. Phys.)

H. Roman

M. Buchbinder (Eng. Phys.) A. Sorensen

M. Caterini (Eng. Phys.) A. Trudel

M. Fernandes (Eng. Phys.)

A. Ibrahim (Eng. Phys.)

V. Janzen

S. Trumbore (Columbia University)

M. Vetterli

R. Schubank (part time)
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Publications for 1983 and 1984

1. ALFORD, CAMERON, HABIB and WILDENTHAL Two-neutron excita-

tions in 2(:>Mg and '*°Si. Phys. Rev. (submitted).

2. BROOKS, HUNT, MACDONALD, POLL and WADDINGTON Interference

effects in the charge induced spectrum of H at 4.2 K. Can.

J. Phys. (submitted).

3. BROOKS, SELEN, HUNT, MACDONALD, POLL and WADDINGTON Infra-

red absorption in proton-irradiated solid deuterium. Phys.

Rev. Letts. 51 (1983) 1077-1080.

4. BROWN, NELSON, SOUTHON and VOGEL The extraction of l0Be

from Sediments: Leaching vs Total Dissolution. Isotope

Geoscience (in press).

5. BUCKBY and KING Cross section and thermonuclear reaction

rates for the 28Si(a,p) P and 4Fe(u,p)b Co reactions.

Can. J. Phys. 6£ (1984) 134-140.

6. BUCKBY and KING Rates for some reactions in the mass range

39_OU45. Astrophys. J. 264 (1983) 278-281.

7. BUCKBY and KING Cross sections for the K(a,p) Ca and

42Ca(., ,p)45Sc reactions. J. Phys. G 9 (1983) 85-89.

1 Sk

8. BURKE Tb Electron Capture Decay May not Easily Yield a

Neutrino Mass. Phys. rtev. C. 2j4, 2339-2342.

9. BURKE, DAVIDSON, CIZEtfSKI, BROWN, FLYNN and SUNIErt The

nuclear structure of 168Er studied vith the 17OEr(p,t)168Er

and I06Er(t,p)168Er reactions. Can. J. Phys. (submitted).

10. BURKE, LIANG and WADDINGTON A Revised Level Scheme for

Tb. Phys. Lett. B. (in press).
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1 1 . BURKE, NOWIKOW, PENG and YANCH Sys t ema t i c s of the ( t , p )

r e a c t i o n in Yb and Hf i s o t o p e s near the N=108 " s a b - s h e l l

c l o s u r e " . Can. J . Phys. 61, (1983) 460-472.

12. BURKE, WADUINGTON, L0VH0LDEN and THORSTEI NSh'N. A new

a s s i g n m e n t f o r t h e 9 / 2 [ 6 2 4 ] s t a t e in rtf from t h e

1 7 9 H f ( t , p ) 1 8 1 H f r e a c t i o n . Can. J . Phys . 62 (1984) 192-197.

13 . CAMERON A t t r i b u t i o n of s p i n s t o pro ton c a p t u r e resonances

from gamma decay b r a n c h i n g . Can. J . Phys . 6J2 (1983)

115-122.

14. CAMERON, JANZEN, SCHUBANK and HABItf The r e a c t i o n

6 7 Zn(t , i ) 0 6 Cu. Nucl. Phys. A425 (1984) 433-444.

15. CHIRAKAL, FIRNAU, SCHROBILGEN, McKAY and GARNETT The

18synthesis of F Xenon difluoride from fluorine gas. J.

Appl. Rad. & Isotopes 3j5 (1984) 401-404.

16. CHIRAKAL, FIRNAU, COUSE and GARNETT Radiofluorination with
1 U 1 O

f F]Acetyl Hypofluorite: [ FJ6-Fluoro-L-Dopa. Int. J.

Appl. Rad. Isot. 35 (1984) 651-653

17.* CIZEWSKI, BURKE, FLYNN, BROtfN and SUNIER The Single-Proton

Structure of 1 3 O ' 1 3 3 ' 1 1 " i r and Perturbed Spin(6) Symmetry.

Phys. Rev. C. '£]_ (1983) 1040-1059.

18. DAS, CHARBONNEAU, WILLIAMS, WEBB, MACDONALD, PERZ, POLK and

ZUKOTYNSKI The relation between microstructure and hydrogen

content and evolution for hydrogenated amorphous silicon

films prepared by magnetron sputtering. Can. J. Phys.

(submitted).
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19. DAVIDSON, DIXON, BURKE and CIZEWSKI. Identification and

Decay Properties of the Fourth K" = 0 + Band in 1 6 8Er. Phys.

Lett. 130B (1983) 161-166.

20. DIN, CAMERON, JANZEN and SCHUBAlMK The reactions

58Ni(p,y)59Cu and 58Ni(p, p1 y )58Ni from 0.75 to 5.00 MeV.

Phys. Kev. (submitted).

21. DOVLB, NAHMIAS, FIRNAU, KENYON, GARNETT and SINCLAIR

Regional cerebral glucose metabolism in newborn positron

emission tomography. Develop. Med. Child Neurol. 2J3 (1983)

143-151.

22. FIRNAU, GARNETT and NAHMIAS Pre-Synaptic and Post Synaptic

Dopaminergic System in Human Brain. The Lancet (1984)

110-111.

23. GARNETT, HARVEY and FIRNAU Estimation of the radiation dose

1 A
in man due to 6-[ F]fluoro-L-dopa. J. Nucl. Med. (1984)

(submitted).

24. GARNETT, FIRNAU and CHIRAKAL Aromatic radiofluorination

with [18F]fluorine gas: [18F]6-fluoro-L-dopa. J. Nucl. Med

(1984) (in press).

25. GARNETT, FIRNAU and LANG Striatal dopamine distribution in

Parkinson patients during life. N. Eng. J. Med. (1984)

(submi tted).

26. GARNETT, FIRNAU, NAHMIAS, CARBOTTE and BARTOLUCCI Reduced

striatal glucose consumption and prolonged reaction time are

early features in juvenile Huntington's disease. J. of the

Neurological Sciences (1984) (in press).
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27. GARNETT, FIRNAU and NAHMIAS Imaging the central dopa-

minergic pathways in man. Fondation pour L'etucie dhi Systemc

Nerveux Central et Peripheritjue (1984) (in press).

28. GARNETT, NAHMIAS and FIHNAU Central dopaminergec pathways

in hemiparkinsonism examined by Positron Emission Tomograph.

Can. J. Neurol. Sci. (1984) 174-179.

29. GARNETT, NAHMIAS and FIRNAU Performance characteristics of

the McMaster Positron Emission Tomograph. I.E.E.G., Vol.

NS-31, No. 1 (1984) 637-639.

30. GARNETT, SOOD and FIRNAU Radiofluorlne with Xenon di-

fluoride: A new high yield synthesis of F-2-fluoro-

2-deoxy-D-glucose. Int. J. Appl. Rad. & Isotope (1983)

34(4) 743-745.

31. GARNETT, FIRNAU, NAHMIAS, HENKELMAN, P00N and BRONSKILL A

Brain Atlas of High Resolution PET. American Journal of

Roentgenology (submitted).

32. GARNETT, FIRNAU, NAHMIAS and CHIRAKAL Striatial dopamine

metabolism in living monkeys examined by positron emission

tomography. Brain Research 280 (1983) 169-171.

33. GARNETT, FIRNAU and NAHMIAS Dopamine visualized in the

basal ganglia of living man. Nature 305, No. 5930 (1983),

137-138.

34. IBRAHIM and THOMPSON Ion Beam Mixing to Produce Bi/Sb

Alloys for Thin Film Thermo-electric Devices. Nucl.

Instrum. % Meth. (in press)

35. KRUZELECKY, RACANSKY, ZUKOTYNSKI, PERZ, POLK and LAU Doping

of a-Si:H using BF3. J. Non-Crys. Sol. (submitted).
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36. KU, SUUTHON, VOGEL, LIANG, KUSAKABE and NELSON 1 0Be

Distributions in DSDP Site 576 and 578 Sediments Studied by

Accelerator Mass Spectrometry. Initial Report of DSDP

Project - Leg 86, U.S. Gov't Printing Office, 1984.

37. LARABEE, COURTNEY, FRAUKNDORP, RIEDINGER, WADDINGTON,

FEWELL, JOHNSON, LEE and MCGOWAN Shape Effects in h n / 2
 a n d

i An
,, Bands in J Tm. Phys. Rev. C29 (1984) 1934-1937.

38. L0VH0IDEN, THORSTEINSEN, DOSSLAND, KRISTIANSEN and BURKE

States in Dy and Er populated by the (t.p) reaction.

Nucl. Phys. A (submitted).

39. MACAULAY-NEWCOMBE and THOMPSON Ion Bombardment Damage in

a-Quartz at 50-295 K. Nucl. Instr. & Meth. £1 (1984)

176-182.

40. MACAULAY-NEWCOMBE, THOMPSON and PULS Radiation damage

effects in solid wastes. Canadian Metallurgical Quarterly

^2 (1983) 81-86.

41. MATHEWES, VOGEL, SOUTHON and NELSON Accelerator Radiocarbon

Date Confirms Early Deglaciation of the Queen Charlotte

Islands. Can. J. of Earth Science (submitted).

42.* NAUDE, BRADLOW, DIETZSCH, PILT, RAE and SINCLAIR Elastic
•it) 94

scattering of Ne on Mg. Z. Phys. A311 (1983) 297-302.

43. NELSON, KORTELING, SOUTHON, VOGEL, NOtflKOtf, KU, KUSAKABE and

REYSS. Measuring Be and C with a tandem accelerator.

Radiocarbon 25 (1983) 693-700.

44. NELSON, SOUTHON, VOGEL, KORTELING and KU Progress in Radio-

isotope Dating at SFU. Nucl. Instr. & Meth. (in press).
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45. NEWCOMBE, THOMPSON and PULS Radiation Damage Effects in

Solid Wastes. Canadian Metallurgical Quarterly '12_ (1983)

81-86.

46.* NYB0, THORSTEINSEN, L0VH0IDEN, FLYNV, CIZEtfiSKI, SHKLfVE,

DECMAN, BURKE, SLETTEN, HILL, KAFKHELL, KUKCEtflCZ,

RUCHOtfSKA, NYMAN and SCHAHDT The Nuclear Structure of

2 2 5Ra. Nucl. Phys. A408 (1983) 127-149.

47. PALAMETA and WADDINGTON Background Subtraction of Heavy

Ion, xn Spectra. Nucl. Instr. & Meth. (accepted for

publication) .

48. PILT Evidence for triton and a-particle clustering at high

excitation in 1 5N. Nuovo Cim. 74A (1983) 185-197.

49. PILT, CAMERON, SCHUBANK and HABIB The mass and energy

118
levels of In. Phys. Rev. C (in press).

50. SELEN, BROOKS, HUNT, POLL, MacDONALD and WADDI.VGTON

Infrared Absorption in P r o t o n - I r r a d i a t e d Solid Deuterium.

Nucl I n s t . Meth. :230(B2) (1984) 720-724.

5 1 . SELEN, BROOKS, HUNT, POLL, MacDONALD and WADIJINGTON An

Infrared Absorption Study of Electron Trapping in Proton-

i r r a d i a t e d Solid Deuterium Below 12 K. Phys. Rev. L e t t . 5^

(1983) 1077-1080.

52. SHANG, PILT, VETTEKLI, TRUDEL and KUEHNER Energy Levels of

5fcJCo Studied by the 5 8 N i ( 5 , a ) 5 6 C o Reaction near 0 ° . Nucl.

Phys. A425 411-422.

5 3 . * SHELINE, DECMAN, NYB0, THORSTEINSEN, L0VH0IDEN, FLYNN,

CIZEWSKI, BURKE, SLETTEN, HILL, KAFFRELL, KURCEWICZ,

204



RUCHOtfSKA, NYMAN and SHARDT Evidence for Stable Octupole

Deformation in 2 2 5Ka. Phys. Lett. 1338 (1983) 13-16.

54.* SIMPSON, JAGAM and PILT The electron capture decay rate of

rt0V. Phys. Rev. C (submitted).

:>5. SOUTHON, VOGKL, NOWlKOlV, NELSON, KORTKLING, KLI, KUSAKABK and

HUH The measurement of Be concentrations with a tandem

accelerator. Nucl. Instr. » Meth. 205 (19K3) 251-257.

56. SOUTHON, VOGt'L, RICHARDS and NKLSON The Measurement of l0Be

with an Accelerator at :j MV. Nucl. Instr. % Metti. ̂ JJi

(19H4) 435-437.

57,* SPEAK, VERMKUR, BSAT, KliEHNKK, HAXTEtt and HI VlXS An improved

determination of the quadrupole moment of the first excited

state of J Pb. Phys. Lett. _1_28B (1983) 29-32.

58. STEVANOVIC, THOMPSON and DAVI ES Sputtering of Frozen Xenon

by keV Heavy Ions. Nucl. Instr. (4 Meth. jn (1984) 315-320.

59. STKVANOVIC, TOGNKTTI , CAHTKR , CHrtISTODOULIDBS, IBRAHIM and

THOMPSON Disorder Production in Ion Implanted GaAs at 40 K.

Rad. Effects 7J. (1983) 95-107.

60. SZIKLAI, CAMERON and SZOGHY g . isobaric anaiog resonances

in 51Mn. Phys. Rev. C30 (1984) 490-506.

61.* VEHMEER, ESAT, KUEHNER and SPEAR Electric-quadru >ole moment

of the first excited state of 1 2C. Phys. Lett. 122B (1983)

23-26.

62.* VERMEBR, ESAT, KUEHNER, SPEAR, BAXTER and HINDS Coulomb

Excitation of the 2.815 MeV (3~) and 4.086 MeV (2+) States

of 2 0 8Pb. Aust. J. Phys. 3_7 (1984) 123-135.
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63. VETTERLI, KUEHNEK, TRUDEL, WOODS, DYMARZ, PILT and WELLER A

Measurement of T9() for the H(CI,Y) He Reaction and D-state

effects in 3He. Phys. Rev. Lett, (submitted).

64. VOGEL, NOWIKOW, SOUTHON and NELSON Survey of simple carbon

compounds for use in a negative ion source. Radiocarbon 2J>

(1983) 775-784.

65. VOGEL, SOUTHON and NELSON Radiocarbon Dating of Small

Samples by Accelerator Mass Spectrometry. Contribution to

the monograph "The Archaeology of Fugo Moro Island: New

Explanation of Diagnostic Ceramic Assemblages in Northern

Luzon, Phillipines", by B.E. Snow and R. Shutler, Jr.

66. VOGEL, SOUTHON, NELSON and BROWN Performance of Catalyti-

cally Condensed Carbon for use in Accelerator Mass Spectro-

metry. Nucl. Instr. & Meth. (in press).

67. WANG and THOMPSON Implantation of Mi Thin Films and Single

Crystals with Ag Ions. Nucl. Instrum. & Meth. (in press).

68. WOODS, KUEHNER, PILT, TRUDEL and VETTEKLI Spin-parity

assignments for Cu levels via the Zn(S,a) Cu reaction.

Nucl. Phys. A402 (1983) 31-39.

* Work carried out in other laboratories
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View of the FN accelerator pressure tank from the high-energy

end.
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