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I.  INTRODUCTION

This report summarizes the work carried out at the Nuclear
Physics Laboratory of th6 University of Colorado during the
period November 1, 1974, to November 1, 1975, under: contract
E(11-1)-535 between the University of Colorado and the United

States Energy Research and Development Administration.

A considerable fraction of the experimental studies reported
this year bear on the question of the importance of two-step
mechanisms in nuclear reactions.  Since a great deal of nuclear
structure information hinges on the results of such reaction

studies, these reaction mechanism questions are of great importance.
The theoretical group and experimental group continue.to work close-
ly  in  these  investigations.

The two-step reaction studies, as well as a number of inte-
resting structure studies in nuclei with high level densities, have
been facilitated by the capabilities of the energy-loss spectrometer.
The neutron time-of-flight facility has been heavily used in an
investigation of proton pairing for the 40 <Z<5 2 region.

The past year has seen a continuing increase in our medium-
energy program.  Since the EPICS facility at LAMPF has not been
operational during the contract year, the medium-energy contri-
butions to this report have been dominated by theoretical studies.

However, the experimental group has been actively participating in
the construction of the EPICS facility as well as designing several

exferiments to be proposed for beam time at LAMPF. The multipole ·
magnets designed, constructed and mapped in this laboratory have
allowed the design resolution of the EPICS channel to be met at

full aperture in recent measurements with an alpha particle source.

Our interaction with other research groups includes astro-
physical investigations and radiobiological studies with neutrons,
as well as the trace element studies of both medical and environ-
mental interest.

The theoretical program in medium energy physics has concen-
trated on investigations of n-nucleus interactions in support of

proposed LAMPF studies. Investigations of finite-range effects at
low energies, high energies and in two-step reactions have yielded

novel and interesting results.

-1-



II. EXPERIMENTAL PROGRAM

A.  Nuclear Physics

1.  Charged Particle Experiments

a.  Single-Nucleon Transfer Reactions

,/i.  A Study of the 9Be(p,d)8Be Reaction at 14.5 MeV -
W.    R.    Zimmerman f .t> -5 5

From the beginning of the controlled thermonuclear reactor (CTR)
program, the mainlreactions of interest have been those4between iso-
topes of hydrogen . In particular, the reaction D+T ·-• He+n+17.6 MeV
has the largest· reaction cross section in the energy range of interestl.

More recently, study has been made of the feasibility ·of using charged
particles of higher Z in reactions such as ptgBe =. d+20 +0.56 Mev.2
This reaction is expected to go primarily through the ground and first
excited states of 8Be.3  In order to test the feasibility of this

reaction for the CTR program, it is desirable to measur  the'reaction
cross section over an energy range of 10 keV to 15 MeV.

It was decided to measure the 9Be(p, d)8Be differential cross
sec€ion for the ground state and first excited states of 8Be at 14.5
MeV.  This would serve to complete the study of the reaction cross

secti R leading to the ground state of 8Be in the 1-15 MeV energy
ranget -7   and would extend the measurement .of the reaction cross
section leading to the first excited state of.8Be to a lower energy
than has been previously reported.

Data were taken at 10' and from 15' to 165' in .10' steps using
a 2.41 mg/cm2 self-supporting Be target and a E, dE/dx solid state

counter with standard particle identification electronics.  The
angular distributions for the ground state and 2.94 MeV excited state
are shown in fig. Al-al.

A DWBA analysis was done for the reaction leading to the ground
state and 2+ first excited state of 8Be using the computer code
DWUCK.  The deuteron optical parameters for the outgoing channel were
taken from a study of the elastic scattering of deuterons on carbon
by Satchler.8  The proton parameters. of Perey  were judged to give a
slightly superior fit to the ground state of 8Be than the parameters

10of Watson et al·    and so were8used to fit both the ground state and
the 2.94 MeV excited state of  Be.  The calculated angular distri-
butions are displayed as solid curves in fig. Al-el. The curves have
been adjusted to fit the data at the forward peak.

The fit to the ground state of 8Be is deficient at scattering
angles 2 80'.  The spectroscopic factor for the ground state reaction

was calculated at the forward scattering peak and was determined to
be S .= 414 This value should be compared with the value

11

S.f. 11 25880
as calculated by Cohen and Kurath for pick-up from 1 P3/2

she   of 9Be.  The fit to the 2.94 MeV excited state of 8Be is very

poor and is smaller than the experimental angular distribution by

-2-
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nearly an order of magnitude over most of the angular range.  Because
of the poor fit, no spectroscopic factor could be extracted.

The failure of the DWBA calculations to reproduce the data is

not surprising.  There are ambiguities in the optical model for light

nuclei, and the high deformation B - 1.1 12 for the 9Be nutleus sug-

gests the possibility of non-trivial f shell contributions to the

ground state wavefunction.13  Two-step processes have been found to

be important in the 9Be(d,p)1 Be reaction14 and wouldhlve to be con-
sidered for any realistic calculations. Emerson et al. studied the

--

9Be(p,daa) reaction at 9 MeV and concluded that final state interac-

tions through the ground state 2nd first excited state of 8Be and

through the 2.184 MeV state of  Li were significant.

-3-
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24       28
ii.  Single-Proton Stripping.on   Mg and   Si -

R. J. Peterson and R. A. Ristinen

The analysis of these data are complete,.and the results have
been published.1  The important result.is the close agreement of
the spectroscopic factors to the predictions of the Nilsson scheme,
and the successful accounting for the excitation of 7/2+ states in
25Al and 29P .by a two-step process.  The two-step .process follows '
the paths of inelastic scattering, followed by stripping, or strip-

ping followed by inelastic scattering.  The data for the 1.61 MeV
7/2+ state of 2: Al are shown as fig. Al-a2. The dotted curve is the

I

24Mg (3He,d)25Al -
1.610 MeV

7/2 + Fig.. Al-al The two-step
- prediction for the yield
2  1 0-           ;                        - to the 7/2+ state of 25Al
3                                         is shown compared to the

data. See text' for details.

.................i
-2                                    via  2 +

I0
-         /----t-7/2+

only     -

- 2'T )       -
0+---5/2 +

5   18  20  30  40  50  60  70
®cm -4-



g7/2 transfer., which is hardly to be expected.  The top solid curve
is thI full two-step yield, as indicated by the sketch.  The
0+- 2 - 7/2+ coupling alone gives the lower solid curve. Tlie inter-
ference is thus seen to be very constructive.

1 R. J. Peterson and R. A. Ristinen, Nucl. Phys. A246 (1975) 402.

3
iii. .The ( He,d) Reaction on.Platinum - M. L. Munger,

R. J. *eterson, N. DiGiacomo and G. Smith

A study of the proton transfer reactions on the transitional
nuclei near A=196 is underwa Some sample results for
194pt(3He,d)195Au and 196Pt(3He,d)197Au are given.  A beam of 41 MeV

He ions was obtained from the University of Colorado cyclotron and
the energy-loss spectrometer was used to obtain angular distributions

from 5' to 350.  Isotopically enriched platinum wag evaporated onto
carbon foils for targets (Pt thickness < .07 mg/cm ) and self-support-
ing aluminum targets (Al thickness - . 1 mg/cm2) were used for calibra-
tion.

Typical spectra for the two different isotopes Pt and Pt
194 196

are shown in fig. Al-a3.  Angular distributions for several known
states are shown along with DWBA calculations using optical model
parameters due to Wildenthall for 3He and Hinterberger2 for deuterons

in fig. Al-a4.

200.    ' ' : ' : ' ' ' 'I' : ' ' , : ' : 'I' ' ' , ' ' , ' ' 200. ''1'11'1'11'11 Ii''I''I''ll''ll

.-I .-I

L- - L-                                                                        -

0          5                            0
0                                        W
c           l                                        :         8C                  M-                                                    1-
- -             1»-        -      - »-.0     9:        .10 . S l
t         §  i :1        t 1 1   1:J                                         J

O  -                        1      1        i    I       i                       -                   O  -                                       *           1        .1       I       -
0            0 1    -

449•1111 , 11 I LO.O                                                                                                            0.0    ,,  1  ,        1,1'  .1Ii" Ii LL
100 Channel Number 400 150 Channel Number 450

194PT(3HE,D)195AU 30 DEG 196PT(3HE,D)197AU 22.5 DEG
-- - * *

-.-I    -.---1.-------.-

Fig. Al-a3.  Spectra obtained at an energy of 41 MeV with a net
resolution of 30 keV.
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195
Spectroscopic factors for Au states are listed in Table II-I.

The results for 197Au are remarkably similar.

TABLE II-I

Spectroscopic' factors for several states populated in. the  
194 3· 195

Pt( He,d) Au        reaction:

Ex                                     f                                1                           S.
Jt

0.0                     3/2                  2                .18
.061 1/2                                       0                                   .1 5

.318' 11/2                 5               .15

.438                   5/2                 2                .26

.841                   1/2                 0                .31
1.35· .

(1/2 )               0               .04
1.51 (1/2 )                0                .14

The orbitals in Table II-I are just those expected to complete
the Z=82 shell closure, and the summed spectroscopic factors measure

2     194the occupation number U. for Pt.  This distribution of stripping
strength is being compaJed to several nuclear models for this mass

region.  One important feature is the fairly strong 5/2+ state; it is

-6-



expected from a;spherical shell model that the 2d5/2 orbit would
be totally filled by Z=78.

1 B. H. Wildenthal et al·, Phys. Rev. Lett. 19 (1967) 960.
2
Hinterberger, Nucl. Phys. All (1968) 287.

iv. Proton Spectroscopy of '  Sr via the ( He,d)
86.88            3

Reaction - M. J. Schneider, R. E. Anderson and
P. G. Brabeck

This experiment, for which preliminary analysis was described

in last year's progress report, has been completed and published in
Nuclear Physics. Several of the conclusions of last year have been
modified and we are now able to document with confidence several
surprising phenomena in the nuclei studied.

There is much interest in the proton structure of nuclei  near

mass 90.  This region is worthy of investigation because N=50 closes
the gg/2 neutron shell and there is still conflicting evidence on

85 87
hqw well Z=38 closes the f5/2 and P3/2 proton shells.  The   '  Rb
(-He,d) experiments were undertaken to shed more light on whether

Z=38 constitutes a good closed shell.  For if it does, the Rb iso-
topes (Z=37) should have ground states describable as single proton
hole configurations.

Another motivation for this study is the scarcity of information
available on proton excitations in 86Sr.  In this region the f5/2'
P3/2, Pl/2 and gg/2 single particle energies are extremely close.
Therefore proton excitations should have energies comparable to
neutron excitations in 86Sr, and should have energies lower than

neutron excitations in 88Sr, since the latter excitations can come
only from promotions to the distant d5/2 shell.  In spite of this
straightforward prediction, excitation energies and (p,d) yields of
low lying Sr states are well predicted by a shell model calcula-86

tion which uses only the lg9/2 and 2Pl/2 neutron shells.  One there-
fore wonders why 86Sr has no lower excited states formed by proton
promotion within the three close lying levels of the f-p shell, and

one questions what role proton excitations play in the ostensibly

vgg/2
-2 excited states of 86Sr.

Our bombarding energy was 33.3 MeV, and the outgoing deuterons
were momentum-analyzed and detected in the energy-loss spectrometer.

Several errors in last year's report should be pointed out.  The
2.642- and 2.673-MeV states are not well resolved.  We previously
reported that the latter has an t=l angular distribution, but more
careful analysis of forward angle spectra reveals that it is actually
1=4, consistent. with its 5- assignment (see fig. Al-a5). Also the
level previously thought to be at 2.800 MeV turns out to be at
2.878 MeV when spectra are carefully calibrated, thus eliminating
another anomaly.

-7-
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85 87If   '  ·Rb were simple proton hole nuclei, we would expect,the
(3He,d) reaction to strip a single proton into the f orbit in the

51 2
former and into the P3/7 orbit in the latter (i e , tne summed spectro-
scopic factors for all'·E=3 transitions in 85Rb(1He,d) would be 1.0,
and similarly for 1=l,j=3/2 in 87Rb(3He,d)).  Furthermore, there would
be no 1=l., j=3/2 transitions in the former and no 1=3 transitions in

-8-



the latter reaction.  What we find, in fact, is that protons are

stripped into two  Rles in the f (valence) shell and into one hole
in the p-shell in  -Rb, so that this nucleus does not appear to
have a ground state describable simply as

Nf5/2-1.  With the 87Rb
target, protons are stripped into two holes in the p-shell.  We

cannot say how this strength is divided between the P3/2 (valence)
and Pl/2 orbits.  Assuming some of it goes to the latter, we con-
clude that 87Rb.logks more like a single proton hole (FP3/2-1)
nucleus than does Rb. Is this change of shell model characteristic

(and of valence orbit) due to the two gg/2 neutron holes in 85Rb?
If it is, then we are faced with an enira:  the 86Sr states below
3.2 MeV previously identified as vgg/2-  and vpl/2-2 are populated
very weakly in the present experiment. This is illustrated in
fig. Al-a6, which shows that all neutron hole states (indicated by

assigned configuration at right) are populated weakly (indicated by
"weak" at left) in 85Rb(3He,d). Numbers at far right are (3He,d)

0strengths.   Hence they appear to be'pure neutron hole states.

STRONG 3.687

•          3.556
e           3.500
•           3.396
•      3.291

WEAK 3.13 5 - 2 99/2 4- -    0.013

STRONG 3.056
WEAK 2.997 2.955 99;2

80- 0.0

WEAK 2.878 2.855 -2 6+-
WEAK 2.788 0.099/2

   2.642 2.673 <2 9 /2 5--     0.069

•         2.482

" 2.230    4+ 0.004

. 2.100 N  0 + 0.067

STRONG 1.854

WEAK 1.077 <2 2+ 0.050

0.203

STRONG 0.0 9 2 0 +

86                    3
Fig. Al-a6.  Levels of Sr.  Strength in the ( He,d) reaction (as
defined in the text) is listed at the left. Neutron excited states

excitation energies are listed separately from those of proton
excited states.  Assigned neutron configurations  and number of
protons transferred in (3He,d) are listed at the right.
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Therefore in spite of the close spacing of the Pl/2'p3/2 and f5/2
proton orbits suggested by levels of 81Rb
(and 87Rb), proton excitations do not mix substantially with low-
lying neutron excitations and play little role in 86Sr below 3 MeV

excitation.  If the two gg/2 neutron holes in 86Sr strongly affect
proton configurations, it is curious that they do not mix with them.
We have no explanation for this phenomenon.

® 102
v.  Odd-Odd Nuclei in the Mass 100 Region: Rh -

R. E. Anderson, J. J. Kraushaar and B. M. Ifl,uger

In a continuation of the study of the multiplets formed by the
last neutron and proton in odd-odd nuclei, the level structure of
102Rh was studied using the 103Rh(p,d) 102Rh reaction.  The ·proton
bombarding energy was 27 MeV and the emergent deuterons were ob-

serveil' with a resolution of  18 keV using the energy-loss-spectrom-
eter.

Calibration of the data was achieved by comparison with the
106Pd(p,d)105Pd reaction leading to well known levels; in 105Pd.
The calibration data were taken, using the same spectrometer setting
as those used for the 103Rh(p,d) reaction, at angles of 10', 20' and
30', and the results were used to fit a polynomial of channel number
vs. deuteron momenta.  The fitted polynomial was then'used t  calcu-
late the momenta of the deuterons produced in the 103Rh(p,d)T02Rh
reaction.  Such a procedure yields excellent relative momenta for the
detected deuterons (corresponding to an energy  ncertainty of a few
keV) but uncertainties in the relevant Q values  (about 10 keV each)
made it necessary to normalize to a state of known excitation (in
most cases this would be the ground state) in order to,determine the

absolute excitation energies of the levels.

102
Very little information concerning the level structure of    Rh

is currently available4,5 and most of this information concerns the
ground state. Nuclear data sheets list the 102Rhz,ground state spin
and parity as (0-,1-,2-) while beta decay studies  indic183 a 1
assignment.  Partially because of this we feel that the Rh ground
state may not be excited in the (p,d) reaction, as discussed further
below.

The excitation energies of the various levels were thus obtained
relative to the low-lying transition seen.  Additional calibration

data were obtained for the 108Pd( 01)107Pd ground state. transition,106
and, together with the.   Pd(p,d).  Pd  a£a yielded two strong states
about 400 keV apart.with the low lying   ZRh transition situated be-
tween them. Based on predicted Q values  the excitation energy of
this state was calculated to be 40 keV with an uncertainty of 35 keV.
The uncertainty includes the effects of uncertainties in the Q values

of the various reactions plus  target thickness effects.  The relative
excitation energies are much more precisely determined, however, as
mentioned above.

- 10 -



Angular distributions were extracted from the data and com-
pared  with the results of standard DWBA calculations. The results
of these fits are shown in figs. Al-a7 to Al-a10.  Excellent fits
to pure 1 values were achieved in most cases, although some weak
1=O transitions were seen at forward angles mixed with other trans-
itions. In the case of the 535 keV and 577 keV levels the peaks
seen in the 5' spectrum were clearly much wider than other peaks in
that spectrum, indicating the presence of two separate levels in
each case. In addition, the 1=0 and 1-3 components of. the  535 keV
level require that two states of differing parity be present.
Although the width of the 620 keV level was not noticeably large at
forward angles (this is the weakest of the four 1=O transitions
seen), the possible final state spins which can be excited by 1=O
and 1=4 transfer again require  that two states be present. A small
amount of 1=3 strength is also found in the levels at 296 keV and
535 kev.

The results pictured in figs. Al-a7 to Al-a10 show that neutron
pickup data are dominated by contributions from the 2d5/2 and/or 2d3/2
orbitals with only small fragments of the lg7/2, lg9/2, 3sl/2 and
lh11/2 orbitals present.  The d5/2 orbital is well known to be very
active in this region (e.g. all the odd-A Pd isotopes from 99Pd to
111Pd have   5/2+ ground states).  Assuming that the 40 keV transi-
tion (the strongest transition in the spectrum) is due to the 2d5/2
orbital, a spin-parity assignment of 2- or 3- is implied for this
level, which is inconsistent with the 1- assignment of ref. 5.  In
104Rh the 2- state is located at 51 keV (althoufh the ground state

is listed as a 1+ state) while the 2- state in Rh is the groundToo

state.  Since a d3/2 transfer, which our data cannot rule out, does
permit a 1- assignment for the 40 keV level and since the measured
excitation energy differs from zero only by an amount approximately
equal to the uncertainty in that measurement, the question of whether
the 40 keV level is, in reality, the ground state is far from re-
solved. It is hoped that when further data are obtained for the
101Ru(3He,d)102Rh and 99Tc(a,ny)102Rh reactions more light will be

shed on this question.

An interesting feature of the data may be noted by calculating
the summed spectroscopic strengths of the various levels listed in
table II-II.  The largest value that may be obtained for this sum is

about 2.7, although a value of about 2.4 is probably more reasonable.
Either of these is quite small compared to the seven which is expected,
based on the number of neutrons available above the N=50 shell closure.
There are several relatively weak levels above 1500 keV in excitation

which have as yet not been analyzed, but it is not likely that their
contribution will greatly6increase the sum obtained above.  A similar
situation was encountered in the ,d)106Ag reaction where 38%af the107 Ag(P
expected strength was seen in the first 1200 keV of excitation.  These
cases leading to  da-odd residual nuclei contrast with the situation
observed2 in the  06Pd(p,d)105Pd reaction where about 80% of the ex-
pected neutron pickup strength was seen in the first 1000 keV of
excitation.
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TABLE II-II

E (keV)            1                        C S
2

J<                                  34

40               2 .237, .201
120              2 .056 .048
203              2 .232 .197

296              3         .016
337              4 .420 .293
419              2 .139 .121
535 0+3 1=3,0.004 1=0,0.159

577 0+2 1=2,0.073
1=2,0.063

f 1=0,0.178

620 0+4 1=4,0.173
1=4,0.123

f 1-0,0.077
646              2 .041 .035

699              5          -                            .151
731              2 .097 .083
776              2 .107 .091

876              2 .037 .031

908              0                                      .176
916              4 .099 .070
1003              4 .113 .076
1024              2 .008 .007
1235              2 .006 .005

1292              2 .036 .030
1320              2 .030 .021
1386              2 .007 .006
1473              2 .008 .007

1

2
B. W. Ridley et al·, Nucl. Inst. and Meth. (to be published).
R. E. Anderson et al·, Nucl. Phys. A242 (1975) 75.

3 N. B. Gove and A. H. Wapstra, Nucl. Data Table 11 (1972) 127,

and private communication.
4 K. Histake, Journ. Phys. Soc. of Japan 16 (1961) 1280;

A. de Beer, J. H. Stuivenberg, B. Meindersma and J. Blok, Nucl.
Phys. A138 (1969) 457.

5 J. Konijn, E. W. A. Lingeman, F. Drederix, B. J. Meijer,.P.

6
Koldewijn and A. A. C. Klaase, Nucl. Phys. A138 (1969) 514.
R. E. Anderson et al., Nucl. Phys. A242 (1975) 93.

Vi. Energy DependWnce of the Normalization Factor
for the 5oNi( He,a)5 Ni Reaction - J. R.
Shepard, W3 R. Zimmerfnan, J. J. Kraushaar and
P. Kaczkowski

In the usual distorted wave Born approximation approach to transfer
reactions the simplifying assumption is made of a zero range interaction

)0
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between the transferred particle and the incoming projectile (for
pick-up).  Such a procedure results in a transition matrix element
depending on the initial and final distorted waves and the nuclear
wave function of the transferred particle.  Details of the ejectile
wavefunction are incorporated in a single constant,/ Do, which nor-
malizes the zero-range DWBA matrix element.  This quantity is
usually assumed to be independent of energy, although, as will be
shown below·, there is ample reason to expect this. not. to be the
case.

58 - 3     57
We have undertaken a comprehensive study of the'  Ni( He,a) . Ni

reaction leading to the strong pick-up levels, namely the f=3/2-
ground state,and the 7/2-  levels at 2.58 and 5.23 MeV.   We have
located reaction data for bombarding energies.of 15, 18, 25, 37.7,
41.2, 51,.83.5, 205 and 217 MeV.1-7  This affords us an excellent
opportunity to observe the energy dependence of the zero-range
normalization of the (3He,o:) reaction.

In doing · the zero-range DWBA calculations, we initially assumed
that there were energy independent spectroscopic factors for each of

the three transitions examined; their values were taken from ref. 3
and are:  S (to 3/2-)=0.77, S (to 1st 7/2-) = 3.5 and"S (to 2nd 7/2-)-
2.7.  The beund-state neutron wavefunctions were· always computed
using the same well geometry (see table II-iII).  In order to minimizespurious effects due to inconsistencies in. He and a optical model
parameters, we obtained energy dependent global fits for both projec-
tiles:to elastic scattering data covering the energy region' up to
-85 MeV. The optical model parameters used in the -210 MeV cases
will be. discussed later.  All optical model parameters are listed in
table II-III.  These potentials, it is worth noting;'belong to the
real-volume integral per target nucleon   pair, J / A. At=440  MeV   fm3
family.  This'assures well-matching conditions of a type which has
long.been known to be required for 8roper description of transfer
reactions in the zero-range DWBA. 8, Furthermore, this choice of
families is consistent with recent work (see sect. II-A-1-d-i in
this progress report and ref. 10) suggesting that, when two-step

contributions to the elasti8 cross section are properly accounted
for, the JR/A At=440 MeV fm  families are selected on the basis of
high-energy,,  ack-angle data.  Test calculations at 25 MeV show,
however, that DWBA cross sections depend only weakly on the families
of the elastic scattering potentials.  Behavior at higher energies
is presently being examined.

Zero range  BA calculations were performed using the codes
CHUCK and DWUCK. Both standard and approxiTTte finite range(using the local-energy-approximation or LEA.7 DWBA results were
obtained and compared with the data. The overall normalization
factors arising from a best fit by eye of the DWBA results to

2experiment gave "empirical·' D values. The quantities obtained  in
this manner are summarized in'fig. Al-all.  Characteristic fits to
the data appear in figs. Al-a12, a13, and a14.
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TABLE II-III

Optical Model Parameters

3He   58Ni

22-83.5 MeV

u            r            a            W             r'            a'            rD c
-156.1 0.720 -29.46 1.257 0.806          1.40   10 param.

-0.0543E
1.20 -0.00064E +0.0809E -0.00216E +0.00166E search-

(r-1.20  fixed)
205 MeV

u            r            a            W             r'            a'            r
V                                               C

-159.73 1.20 0.637 -27.70 1.420 0.790 1.40 Best fit to
- 217 MeV data

(Ref. 14)
p                             57
u'l a+ Ni

21 to 86 MeV

u            r            a            W             r'            a'           r
V                                           C

-180.63 1.20 0.773 -6.657 1.833 0.280 1.40  10 param.
-0.0755E -0.00069E -0.1933E -0.00435E +0.0053E search

(r=1.20 fixed)

210 MeV

u                     r                     a                     W                       r'                      a'                    r
C

-190.07 1.20 0.687 -30.82 1.289 0.940 1.40 Extrapolated
parameters

57n+ Ni

u            r            aa)

1.20 0.72

   Real depth adjusted to give correct bibding energy; Thomas spin-orbit term with X=25 included.
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Fig. Al-a12.  DWBA calculations are compared with the data for the
transition to the 2.58 MeV 7/2- level for E(3He)=25 MeV.
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Althoughtthere is considerable scatter in the.extracted values

of·D  (due to experimental uncertainties and the imprecision of
normalization by eye) distinct trends can be discussed.  For the
standard calculations, D values are largest  at  E(3He)· - 20  MeV;
the magnitude of D  at t is energy agrees quite well with the 479
MeV fm1/2  alue obtained by Stock et al.9 in the analysis of
18 MeV Cr( He,a) data.  At higher energies there is a definite
overall decrease in D , with the 83.5 MeV value being. only -60% of0
the 20 MeV maximum.

When the.LEA is used' in· the calculations, the values of D  are
somewhat different.  The maximum at 20 MeV and the fall-off wi h
energy are still evident, but the overall vaiue of D  is reduced,
roughly  by a factor  of two. Since the effect  o f th'e9LEA  is   to
reduce contributions  from the nucliearl interior,· it' is clear that
these contributions are destructive.

The.decrease in D  can best be understood by first examining
the trans'ition matrix element in the Plane-Wave Born approximation.
This is done in detail in sect. III-I of this report.  For the
present, we note that the standard D  is related to the Fourier

transform, Do(8) of the product of tRe interaction. potential V and
the .light particle (a in this case) wavefunction 0. -Specifically

r  i i·r   -
D=D (8=0) where D (8) = .j e V(r).0  (r) df,   In the00   0

Plane-Wave Born.approximation, the cross section·consists of two

factors, one of which can be identified with the usual DWBA cross
secti6n, the other being |Do(8)12 where,. for the (3He,a) reaction,

6  = 23    -  3/4 Ra
Assuming a Hulthen  form  for  the a wavefunction

He3
in an.n- He 'decomposition,  ·  D (8) is shown in sect. .III-1.  Since

8 =ht . 2 increases rapidly with energy
K3He + 9/ 16 K2 - 3/2KJHeKI cos 0

(and scattering angle, 0) we anticipate that the "effective" D might
drop with energy.  By referring to fig. Al-all, it can be seen'that
qualitatively, this prediction is accurate.  Unfortunately, the
simple dependence on D  of the PWBA cross section does not carry over
to the DWBA result2.  I  we multiply the simple DWBA result (without
LEA)  by  |Do (8·(0))|  ·  we  get the result shown  in fig.' Al-a15. Agreement
with the data lS somewhat improved, but still sufficiently different
from the LEA result (and the data) to emphasize the inadequacy of the
approach.  In the immediate future, this Eechnique will be used over
the entire energy range to determine how well the energy dependence
of the magnitude of the cross section is described.

12
Exact finite range calculations using the 'code LOLA   have also

been performed.  In this procedure, the interaction-wavefunction pro-
duet V  is carried explicitly through the integration of the DWBA
matrix0 element. Hence the exact finite range (EFR) result has an
absolute normalization.  These calculations describe the energy depen-
dence of the.reaction quite well, especially for the·1=3 transitions.
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The shapes of the EFR angular distributions agree closely with the
LEA results (which differ significantly from the non-LEA calcula-
tions).

The results to date show that there is a considerable energy
dependence of the normalization of the DWBA prediction of the
58Ni(3He,a) cross section.  This dependence can be understood
qualitatively in terms of the momentum space components of the

light particle wavefunction and interaction.  The facts also sug-
gest that the LEA is sufficiently accurate, even at 200 MeV, to

reproduce accurately the considerable effects of finite range on
the shapes of the angular distributions.  Nevertheless, the LEA
cannot account for these effects precisely enough to reproduce the
variation with energy of the experimental cross sections.  However,
an additional success of the LEA is that the maximum D  value ex-
tracted (where &=O, or D =D (8)) is more nearly in agrEement with
theoretical estimates than  he one extracted using the non-LEA
calculations.

Considerable work remains to be done in this project.  Con-
clusions regarding the 200 MeV data can only be regarded as tenta-
tive due to uncertainties in the optical model parameters which are
currently being resolved through analysis of high energy elastic
scattering data. Exact finite range calculations are sensi-14,15

tive to details of the a wavefunction, and efforts are now underway
both to understand this sensitivity and to obtain an accurate a-
wavefunction.
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78
vii.  Level Structure of   Br - B. M. Kluger, R. E.

Anderson, R. J. PeterM©n and R. A. Ristinen
78                                   1

Previ us studies of Br include observation of the (p,n)
and ( ,ny)  reactions, observation of the decay of the metastable
state  and measurement of g factors for the 181 keV metastable
state4 and the 32 keV first. excited state.5  These earlier studies
determined energy levels up to 570 keV and revealed rather little
nuclear structure information.  They give f assignments of 1  for
the ground state, (2-) for the first excited state and 4C+  for the
18I keV isomeric state.

In order to obtain more information on the locations and struc-
78ture of the excited states of Br we have observed several nuclear

reactions.  In a doubly odd nucleus such as 78Br, single-particle
transfer reactions are very useful for identifying the members of
various configuration multiplets. A spectrum taken for the

79Br  ,d)78Br.reaction is shown in fig. Al-a16.  We also observed
the   Br 8'd)80Br reaction to look at analogous strudture in 80Br,
and the   Se(p,d)79Se reaction to observe neutron pickup in a
neighboring nucleus without odd proton coupling.  In these studies
the incident proton energy was 22.8 MeV.  Angular distributions were
obtained at a resolution of about 14 keV with the energy-loss spec-
trograph.6  Energy calibration for these reactions was done at 20'

61using known energy levels in   Ni, 103Pd and 80Br.  The angular

distributiods for these reactions were comfared with DWBA calcula-tions generated by the computer code DWUCK  and the orbital angular
momentum transfers were obtained.  The spectroscopic strengths were
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Fig· Al-a16.  A spectrum taken at 100 for the 79Br(p,d)78Br reac.
tion.  The energy resolution is about 14 keV.

calculated for the states populated with a single 1-value and

calculations are in progress for states populated with an admix-
ture of 1-values.  These results are listed in table II-IV.

77         78A spectrum taken in the   Se(3He,d)  Br reaction is shown in
fig. Al-a17.  The 76Se(3He,d)77Br and the 78Se(3He,d)79Se reactions
were also observed to give information on proton stripping in neigh-

boring nuclei without odd neutron coupling. In these studies the
incident 3He energy was 41.0 MeV.  Energy calibration for the

77Se(3He,d)78Br reaction wasdaneat  100,  20' and 30' using known energy
levels in 28Si seen in the 27Al(3He,d)28Si reaction.

Even with our presently limited data analysis we can still
deduce some information about the level structure of 78Br.  The
target nucleus in the 79Br(p,d)78Br reaction is known8.to have a

ground state spin and parity of 3 2- consistent with the presence
of a 2P3/2 uncoupled proton.  In  8Br the

2P3l 2 proton interacts
with the odd neutron hole produced in the pickup reaction to deter-
mine the spins and parities of the states excited in this reaction.
We observed 1-transfers of 1, 2, 3 and 4. The preponderance of 1=l
and 1=1 + 3 transitions reflects the greater availability of these
neutron states at the Fermi surface. The strongest transition to a
negative parity state is expected to involve  a,1gg/ 7 neutron pickup
leading to members of the [H(2p3/2)-lv(lgg/2)1] conTiguration multi-

plet.  The existence of levels with 1=2 transfer is unexpected since
no d state is found closer than one major shell closure away.  How-
ever, their existence seems firmly established since we also observed
them in the BOSe(p,d)79Se reaction.  A 2d5/2 pickup would mean that
a level which is across a major closed shell would have to be populated

in.79Br.  On  the other hand, the ld3/2 level is down two closed shells.
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TABLE II-IV

Summary of spectroscopic information obtained from · the ·
79.Br(P,d)78 Br reaction.

Energy (keV)   Energy (14 keV 2

(NDS)        reholution)       1
CS

79Br(P'd)78Br J<        J,

0.0
,

0 1+3
32.3             30
55.1             52          1+3

125.0 125 1 0.22 0.19.

180.8
193.5             -           ·.
197.0 202 1+3
204.4
244.7 242 . 2+4
264.9 263           4 1.99 1.13
311.2
329.2 327 1 and 4
367.8 369           2 0.036 0.029
390.0 389 2+4

433.4 435           1 0.28 6.26
446.9
479.i 475           4 2.57 1.48
499.2 495 1+3
508.0
523.0
545.0 551           1 0.10 0.087
570.0 579           1 0.034 0.030

643           1 0.12 0.11
717 1+3
792           1 0.097 - 0.086
854 1+3
868 1+3
891 1+3
916          '1      0.11 0.097
930 1+3
989       1 0:087 0.077
1005           1 0.10 0.084
1026           1 0.053 0.046
1039           1 0.038 0.034
1060           1 0.034 0.030
1130           1 0.019 0.017

'

1173           1 0.018 0.016
1188 1+3
1200 1+3
1243           1 0.015 0.013
1269 1+3
1279
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77   3     78Fig. Al-a17.  A spectrum taken at 10' for the Se( He,d)  Br
reaction.  The energy resolution is about 55 keV.

For the 1=2 transfer we have & =0-, 1-, 2-, 3-, 4- and for the 1=4
transfer, assuming simple g9/2 neutron pickup, we have J"=3-, 4 ,
5-, 6-.  Higher seniority states lead to additional possibilities.
Assuming the levels with 1=244 are single levels, we may assign
JB=(3-,4-) for the 242 and 389 keV levels. The transition to the
369 kev level is pure 1=2 and the level may be assigned a f=(0,
1, 2, 3, 4)-.  The other negative parity states at 263, 327, 475
and 663 keV are excited with 1=4.  They may be assigned f=(3, 4,
5, 6)-.  According to previous work there should be anothes nega-
tive parity level at 32.3 keV with J'FT=2-.9 Pleiter et al·
ascribe a [Tr(P3/2)-1\,(g9/2)3 7/2]2- configuration to. this level.
We observe only very weak excitation of this state and it does not
exhibit an angular distribution characteristic of any particular

1 value.

4
The 180.8 keV isomeric level has been previously studied  and

its possible confi¥urations have been limit d to  4
[T[(1gg/2)lv(2P]l/2)"]4-  and [Tr(g8/2) lv(lgg/2)-  7/2]4   . This level  was
not excited in the  79Br(p,d)7 br reaction, which is consistent with

either confi uration. However, observation of this level in the
77Se(3He,d)7oBr reaction will allow us to eliminate one of these two77configurations, since the odd neutron in   Se resides in the 2Pl/2
orbital.

One would expect strongly excited levels from neutron pickups
which produce the configurations [Tr(2P3/2)-lv(2Pl/2)-1]1+,27, + +
[F(2p3/2)-lv(lf5/2)-1]1+,2+, 3+,4+ and [n(2P3/2)-lv(2P3/2)-1]0 '1 ,
2+,3* and possible weakly excited levels from
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[n (2P3/2)Ilvil f /2. -1] 2+,3+,4+,5 . The 1=l. transfer can
produce  J  =0.,1   , 2    and  3+  and.1=3 can produce  f=1+,2+,3+,4+,
5+ and 6+.  We see many states populated by pure t=1 transfer
and many populated by an admixture of 1=l and 1=3.

Completi6n of·spectroscopic strength calculations for the

79Br(f,d)78Br reaction and angular distribution analysis.of·the
77Se ( He,d) 78Br ·reaction will clarify some of the remaining

 uestions.   .Data· from  the
y-y coincidence system with  the

5Ag (a, ny)78Br reaction is also available and will. be included
with the charged particle reaction data to deduce the level
scheme of Br and to compare the results with shell. model

78

predictions.
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b.  Two or More Nucleon Transfer Reactions

j.1.  Search for Two-Step Process in the Ni(p,t)
Reactions - M. J. Schneider, J. D. Eurch
and P. D. Kunz

Proceeding with the program outlined in last year's progress
report we have obtained angular distributions for the 62,6ONi(p, t)
reactions at 26.9 MeV bombarding energy.  We were able to over-
come the severe difficulties associated with this extremely endo-
thermic reaction by careful gating of the scintillator and propor-
tional counter anode signals from the focal plane detector of the
energy-loss spectrometer.  In addition to data on many allowed
states in the residual nuclei, 60,58Ni, we measured angular distri-

butions for four unnatural parity (and hence first-order forbidden)
states; three of spin 3+ and one of spin 1+.  A portion of the
62Ni(p,t) spectrum is shown in fig. Al-bl, giving an indication of
the  difficulty of extracting  data on tliese states,  one of which
lies at 2.625 MeV.  Fig. Al-b2 shows the angular distributions of
these four states, all of the order of 1 gb/sr.

10000. ,„ll„„1„„„l'll,„„,„ill„l„„,Ill„„ll'll„,„l„

-                                                   1.333           -

(0                                                              -

S .
-      N  (D O                   -/0-

.-I A  N N

0'-         f   -4                            -0
.-.

-     15      -0- .-

Z -ts-  . ,
U

1 - .1111111111111111111111111111111111

0.

100 Channel Number 700

62NI(P,T) 27.5 DEG

62
Fig. Al-bl.  A portion of the Ni(p,d) spectrum.  The 2.625 MeV
state is 3+ and hence is forbidden in (p,t) to first order.

We are testing the assumption that these states are populated
via two-step processes by using the wavefunctions of Glaudemans

in two-step calculations with the code CHUCK. Explicit wave-
functions are essential for a meaningful two-step calculation in

mixed configuration nuclei such as these.  The wavefunctions con-
sider three active orbits (P3/2'f5/2 ) and are quiteand Pl/2
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Fig. Al-b2. Angular dis tributions  of four unnatural parity
62 60states in the (p,t) reaction on   ,  Ni.  Accompanying curves

are sequential pickup (p,d)+(d,t) calculations using the wave-
functions of Glaudemans.
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62
complex (for example, the first 2+ state of   Ni comprises 33
terms) and hence, a considerable amount of effort has been
devoted to the angular momentum recoupling technique required
to extract spectroscopic amplitudes for use in CHUCK. Several
programs were written to manipulate the wavefunctions for this
purpose.  To date, we have done sequential pickup (p,d)+(d,t)
calculations   for  all  of the ··unnatural parity states populated.
We have also made inelastic + double-transfer calculations for
three of them.  In the sequential pickup calculation there are

four possible paths the reaction can follow when going from a
0+ to a 3+ state.  These are Pl/2 followed by-f5/2, its inverse,
P)/2 followed by f5/2, and its inverse (ignoring the possibility
oi  excitations  of  the f7/2 shell) .   For each path, the amplitudes
were summed over the four intermediate states of the appropriate
J" that were calculated by Glaudemans. When each path inter-
feres destructively with its inverse, the curves shown in fig.
Al-b2 result.  We emphasize that there are NO free parameters in
these calculations and hence the sequential pickup hypothesis
accounts very well for the magnitudes of two out of three 3+
transitions.  The third transition may be suffering from omission

-1of possible
f7/2 components.

To see how other two-step hypotheses compare with the data,
we have turned to inelastic + double pickup calculations for the
3+ state in 60Ni.  The two possible paths (p,p')+(p,t) and

(p,t)+(t,t') were considered separately and are shown in fig.
Al-b3.  The only inelastic collisions considered were (p,p')

between the 0+ anl 2+ states in 62Ni and (t,t') between the 2+and 3+ states in   Ni.  The Yukawa proton-neutron interaction
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for the former had a range of 1 fm and reproduced present inelas-
tic  data- with a depth  of  290 MeV, similarly to ·previous  work. 1
The triton-neutron interaction'was taken to be of Yukawa shape
with  the  same rms radius and volume integral a3 the Gaussian
interaction used by Ascuitto and Glendenning.   Fig. Al-b3 shows
that the latter falls. far. below the data and the former does
not appear to contribute to the transition.  In the figure, BOTH
inelastic + double transfer calculations have been multiplied by
a factor of about 10.  It does appear clear, though, that inelas-
tic  process·es play little role in two-step processes, despite the
moderate collectivity of this nucleus. Fig. Al-b4 shows that' both
two-step mechanisms contribute to excitation of th'e·· 1+· state-in
58Ni at 2.902 MeV, and account very well for its angular distri-
buti6n.

1 G. R. Sktchler,'Nucl. Phys. A95 (1967) 1.
2. R. j. Ascuitto· and N.·K. Glendenning, Phys. Rev. C 2.(1970) 1260.
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ii. The sc(p,a)  Ca Reaction to High Spin

States - N. biGiacomo, R. J. Peterson and
G. Smith

Recent heavy ion work has revealed the existence of states in
42(a with spins·as high as 11-.1. These may be viewed as due to the
neutron 'configuration coupled to 6+,  and the T=0 core in the 5-
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particle-hole state. Excitation of this multiplet is allowed
by the 45Sc(p,a)42(a reaction, offering a rare chance to use a
direct particle transfer reaction to study a nucleus in a state

of such high angular momentum.

Three preliminary spectra have been taken with solid state

detectors at a proton energy, of 27 MeV.  A sample spectrum is
shown as fig. Al-b5. The resolution is poor (200 keV) due to
the use of a.thick target and uncooled detectors, but the low-

lying states are seen as expected.  Energy calibration was
accomplished by the 27Al(p,4He) reaction.  Detection of the 11-
state is hampered by the large background at 8.3 MeV, but even

with these poor preliminary spectra, bumps are noted within 30
keV of the correct positions of the 11- and 7- states.  Further
work with better resolution will be conducted to measure angular

distributions for these states.  The simple 6+ x 5- assumed
structure will make possible predictions of the relative yields,
and an interesting test of the nature of these high-spin states
seems feasible.
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Fig. Al-b5.  A preliminary spectrum with poor resolution at
a proton energy of 27 MeV. The locations of several known
states of 42Ca are indicated.

1
E. K. Warburton, J. J. Kolata and J. W. Olness, Phys. Rev.
C 11 (1975) 700.

24                               22
iii. The Mg(d,a) Reaction as a Test of Na

Wave Fd-nctions - M. J. Schneider and 1
J. W. Olness (Brookhaven National Laboratory)

The shell model calculations of Preedom and Wildenthal for
22Na, a rotational nucleus with a large deformation, manifest
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collective-like properties (e.g., "bands")  and have been successful
in reproducing various experimental data, such as electromagnetic
transition rates, lifetimes and single-particle spectroscopic
factors.  Further tests are still useful, though.  In particular,
the two-particle transfer reaction.can be most. informitive, since
coherent interference between nucleon pairs transferred from varil
ous configurations provides high sensitivity to the. wavefunctions

used in the calculation.  With such tests in mind,·we have under-
taken a study. of the 24Mg(d,a)22Na reaction at 26 MeV bombarding

energy.  .The,study has been completed and submitted for publication
in Physical Review Q.

Several previous studies have pointed out the importance of
matching the geometries of.the potential wells for incoming and
outgoing particles in order to increase the reliability of DWBA
calculatiohs of reactions with significant momentum-mismatch such
as the (d,a) reaction. The appropriate Woods-Saxon optical param-
eters of Perey for 25.9 MeV deuterons on 24Mg and'of Satchler for
28 MeV alphas  on  24Mg  have real "radii"   (r )  of  1.1 5  and  1.7  fm,
respectively.  Therefore the original data on which both sets are
based were refitted using the code OPTIM.  However, the alpha well
radius could.not be reduced below 1.4 fm without the calculated
elastic cross section diverging sharply from the experimental result,
and similarly the deuteron well radius couldn't be increased beyond
1.2 fm.

We chose to adopt the suggestion of Stock et al., following
the path outlined for several previous (d,a) investigations, by
doing the DWBA calculation with matched optical parameters for

r =1.2, even though.the resulting alpha particle elastic scattering
is not well reproduced (fig. Al-b6).

Two·shell model calculations were tested:  those of Preedom
and Wildenthal, and those of Wildenthal and· Chung.  In brief, both
use an 160 core, the entire ls-2d shell model space, and an empiri-
cal interaction based  on Kuo's matrix elements  as a starting point.
In the former calculation, th'e two-body matrix elements were adjusted
to reproduce as well as possible 72 level energies in the A=18-22
region.  In the latter calculation a more global point of view was
taken and the Hamiltonian was adjusted to best reproduce level ener-
gies from A=17 to 26.

The calculated cross sections shown in fig. Al-b7 are based on

the Preedom-Wildenthal (d,a) transition amplitudes.  A (d,a) reaction
normalization N(d,a)=580 was found.by comparison of predicted and

experimental cross sections for eight of the ten positive parity
states in fig. Al-b7.  The other two states demonstrated poor agree-

ment of prediction and experiment, as is discussed below, and were not
included in calculating N.  The numbers accompanying the ten curves
in fig. Al-b7 are the factors by which N=580 had to be multiplied to
give curves of the magnitudes shobn.  Six of these numbers lie between
0.57 and 1.33, i.e. within +43% of 1.0.  The uncertainty in deter-
mining N from any one angular distribution is of the order of 33%,
and hence for these six states any errors in the shell model calcula-
tion are almost obscured by the "noise" in our measurement process.
We consider this to indicate a successful calculation.
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Fig. Al-b6. Elastic scattering of 25.9 MeV deuterons and 28.5 MeV
alphas on 24Mg.  Where error bars are not shown they are smaller
than data points.  For deuteron scattering, accompanying curve is

optical model fit using r =1.2 parameters.  For alpha scattering,
solid curve is fit using r =1.4 parameters and dashed curve uses
ro=l.2 parameters.

The angular distributions calculated using the Wildenthal-

Chung shell model calculations are largely unchanged in shape from
those shown in fig. Al-b7. The single exception is for the 3

state at 1.984 MeV, for which the latter calculations predict
relatively more L=4 and hence yield better reproduction of the

data.  The shortcomings of this calculation are manifested in the
greater spread of N(d,a) required to fit nine states.

Although the normalization for the 41 state becomes comparable
to that for other states, two 1  states are strongly overpredicted

and the 5+ state is underpredicted.  For seven states the average
value of A using the latter shell model calculation is 750, with the

extremes within .172% of this value.
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Fig. Al-b7. Mg(d,a) angular distributions leading to ten of

22the positive parity Na states whose shell model· wavefunctions
have bden calculated.  Curves are cross sections predicted by
DWBA using transfer amplitudes based on these wavefunctions.
Dashed curves use unmatched optical parameters and solid curves
use matched parameters. Excitation energies are given· in  MeV
and allowed L values are shown.  Parentheses designate L values
whose contributions are negligible.  Numbers following L values
are (d,a) normalizations divided by the average (d,a) normaliza-
tion for eight states, N=580.

A state near 4.522 MeV is populated in the (d,a) reaction
with a maj; imum cross section of 60 Ilb/sr, suggesting that it i 
not the 7  state previously seen at this excitation, since a 7

state would be weakly populated in a pickup reaction on an s-d
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shell nucleus.  Furthermore, its angular distribution appears to

be L=4 (see fig. Al-b8).  We therefore suggest it as a candidate
for the 42, T=0 state, predicted to lie at 4.34 MeV, but not pre-
viously identified.  This state is also predicted to be a member
of the K=l band based on the 3/2+.[211], 1/2+ [211] configuration
whose bandhead is the 1+ state at 1.939 MeV.  The 2+ member of
this band appears   to  lie  at. 3,. 059  MeV,   and our tentative identifi-
cation of the 4+ member eliminates the uncertainty in location of
the 3+ member by identifying it with the 2.969 MeV rather than
4.770 MeV level, in agreement with shell model and rotational
calculations.
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64          6...62
iv.  The  Ni (a, Me)  Ni Reaction - J. R. Shepard,

F. E. tecil End RP E. Anderson

Cross sections were measured to determine whether the reaction
64Ni(a,6He)62Ni is direct at a bombarding energy of 35.5 MeV.  If

shown to be direct, the reaction could be interpreted within the
framework of the DWBA and then compared with the more common two-

neutron pick-up reaction,  (p,t) . ·The question of directness de-
serves careful. attention in the light of earlier workl which

26showed the   Mg (a, 6He) .reaction to have large non-direct components

at this incident energy.
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Helium-six,energy spectra were measured at angles between15' and.509.(lab) using solid state E-BE telescopes with pile-up
rejection electronics. A sample spectrum appears. in. fig. Al-b9.The spectrum is .dominated by the· ground state and. first excited
2+ state. in 62Ni.  The similarity of this pattern ·of level popula-
tion. to···that observed  for  (p, t) suggests a direct pickup reaction.
In this regard, it should be noted that level population in the
(indirect·)   26Mg (0,6He) reaction  was  much more nearly uniform  with
even the unnatural parity 3+ level of 24Mg having ,considerable

62 ·
strength.  Cross sections to the ground state of   Ni are nearly

24-.equal in magnitude to those to the ground state of . ing.

I

8 a  =  2 3.

1.172 2+

il

8. -                       i   z               -
-                                              -

v" (   * " 'i' , , 'i , 7'ri A4 1"S
300 400 500
Channel Number

Fig, Al-b9.  The 6He energy spectrum.

+                +
62
The angular distributions to the 0  g.s. and first 2  levels

of   Ni appear in fig. Al-b10.  The ground state angular distribu-
tion shows considerable structure while the 2+ shows only a general

decrease with increasing scattering angle.

Preliminary attempts to describe the data theoretically using
the DWBA have been unsuccessful.  Both the L=O and L=2 DWBA angular

distributions show considerable structure; agreement with experiment
is poor. .Use of the DWBA is made difficult by the extreme sensi-
tivity of the calculations to optical model parameters.  This prob-
lem is aggravated by the paucity of mass-6 optical potentials in

the relevant mass and energy region.

Further experiments on other even Ni isotopes are anticipated;
in this way, Q-value (and Coulomb barrier) effects can be examined
along with cross section dependences on target neutron number.  An
excitation function of the 04Ni(a,6He) will also be measured to
help in answering the question of the direct character of the
reaction.
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1 R. J. Peterson et al·, Phys. Rev. C 6 (1971) 278.

3    7
v.  ( He, Be) Reaction Investigation in the Mass

120 Region - R. A. Emigh, C. D. Zafiratos and
C. S. Zaidins

3    7
The investigation into the ( He, Be) reaction in the mass 120

region has been postponed until a more appropriate proportional
counter is developed.  The present counters do not yield an anode

signal which is a smooth function of mag etic rigidity (position).This is a severe problem when detecting  Be ions in the presence
of a 6Li ion background.

The magnetic rigidity for the 7Bg particles of inteffst is
the same as that of large numbers of  Li particles from   C.

- 12
Even though the targets are self supporting, there is enough   C
present th9t any 7Be particle spectrum is swamped by the large
number of vLi particles.  Since both 7Be and 6Li particles yield

small and virtually identical signals in a scintillator, particle
separation must be done elsewhere.

The electrostatic deflector plates are of little help in
separating the 7 Be particles from the 6Li particles.  When 40 kV

are applied to the.plates, there is a separation of 1.8 cm between
the centroids of the two ejectile beams.  This separation is less
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1
than ahe width of one ejectile beam. Thus, the remaining
choice is to try to use the anode signals for particle identi-
fication.

As pointed out above, the anode signal is not a smooth func-
tion with respect to position.  As a result, the computer code
ACQUIR2 was developed to acquire data "on-line." This succeeded
in eliminating a significant humber of the,unwanted 6Li particle
signals.  Nevertheless, a large number of 'Li anode signals do
feed through to the 7Be spectrum.  This feed-through is a result

12of inadequate anode resolution coupled with   ((3He,6Li)98 cross

section  which are three orders of magnitude larger than for the
Sn(3He, Be)Cd reactions of interest.  Therefore, until the.anode

resolution can be improved or a ney method devised for heavyparticle identification, the (3He, Be) reaction ·investigations
in the mass 120 region will be discontinued.

1
See section II-C-2 of this report.               -

2
Computer code ACQUIR, described in section II-C-3-a of this
report.

Vi. Initial Spectrometer Studies of (a, p)
Reactions - R. E. Anderson, R. A. Emigh
and C. S. Zaidins

The energy-loss spectrometer was used to observe (a, P)

reactions at 35 4 MeV.  Among·the reactions studied were
27Al(n.'P)30Si, 40Ca(a, P)43Sc and 104Pd(a, P)107Ag.  The level
schemes and strengths from the first two reactions 'cited, above
are consistent with·published data.1,2  One interesting obser-
vation made with the 104pd(a,P)107Ag reaction concerned the

relative strengths of the 3/2- (325 keV) and the 5/2- (423 keV)
107

states of ·  Ag as compared to the 1/2- ground state.  From
several (t,p) studies on even-even nuclei in this shell region
it is seen that the'strenjth of the 0+ ground state is several
times that of the first 2-r excited state.3 If the (a, p) reaction
could be described as a two-neutron. transfer (analogous to the
(t,p) reaction) along with a spectator proton, then one would
expect for the 107Ag nucleus that there would be a large strength
for the 1/2- ground state as compared to the 3/2-.and 5/2- excited
states.   This is because the ground state would be expected 'to
carry all of the ·0+ collective state strength and the two excited
states would be expected to carry the 2+ collective state strength.
The spectator 1/2- proton would couple to the 0+ core to yield the
1/2- ground ·state and couple to the 2+ core to yield the 3/2- and
5/2- excited states.  From our experiment, it was found that the

5/2- state has a significantly larger strength than the strength
of the 1/2- ground state with the 3/2- state being the weakest of
the three.  It is possible that the large momentum mismatch for
the (a,P) reactions as compared to (t,p) reactions could explain
part of this anomaly, but the weak population of· the 3/2- s.tate

probably indicates a basic inadequacy of this simple model.
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1 C. E..Hunting, N. S.  Wall, Phys. Rev. 115 (1959) 956.

3
I. Fischman et al·, Phys. ·Lett. 418 (1972) 298.

R. F. Casten et al., Nucf. Pfurs. A184 (1972) 357·.
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c.  Charge Exchange Reactions

i. Two-Step Processes in the (3He,t) .Reaction
to Analog and Anti-Analog States in. 56Co -

L. D. Rickertsen (Oak Ridge. National Labora-
«» tory), M. J. Schneider, J. J. Kraushaar,

A.\  1\
e

W. R. Zimmerman and H. Rudolph (Univ. of
Pittsburth)

The calculations for this reaction have been continued by
L. D. Rickertsen to investigate the dependence of the two-step
processes on the optical model parameters, the binding energy of
the transferred nucleons and the wavefunctions of the. states
involved.  A description of the data and the preliminary calcula-

tions is contained in last year's progress report.

The greatest ambiguities found in the recent calculations
were due to the wavefunctions for the target nucleus.  Table II-V
shows the pickup strengths deduced from the experimental (3He,a)
data as well as theoretical strengths based on a simple two-

particle two-hole picture for 56Fe.  The value of the D  overla§/2
used for the analysis of the experimental data was -480 MeV -fm
The strengths in table II-V indicate significant admixtures to the
56Fe ground state beyond the 2p-2h picture.  A 20% Ap-4h admixture,
in fact, increases both cross sections by about 20% and the uncer-
tainty in the configuration mixing must then be reflected in the
AAS magnitude, since the charge-exchange strength can effectively
serve to account for this mixing in the IAS case.  For the curves
shown in fig. Al-cl the simple 2p-2h picture of the.mass 56 system
was assumed with the theoretical spectroscopic strengths of.
table II-V. The summed f streneth is distributed .over levels
placed at 1.4, 4.0 and 7.  Aev in 55Fe.  Both the charge-exchange
and two-step form factors decrease in the nuclear surface as the
binding of the interacting nucleons increases.  Thus, the inter-
ference between amplitudes due to components of the form factors

from different orbitals will depend markedly upon these binding
energies an4, therefore, upon the distribution of the spectroscopic
strength with respect to the excitation energy of the intermediate
nucleus. The net effect upon these calculations ef this Q-value
dependence may be summarized as:  a) the direct transition to the
AAS is negligible when the P3/2, Pl/2 and f5/2 strength is located

in the three lowest states of  55Fe and the centroid of the f7/2
states with 74 is above 2 MeV; b) the AL=O components of the
two-step amplitude nearly cancel each other, and this occurs when
the T> f7/2 strength lies above 3.5 MeV, and c) for the IAS, the
division Detween one-step and two-step amplitudes has a modest
dependence upon the binding energies.  Large variations in the
distribution of the intermediate states change the isovector inter-
action strength required to reproduce the IAS by less than 30%.
The effects in the first two points with regard to the AAS are indi-
cated in fig. Al-cl. The results of a calculation where the summed

li> f7/2 strength is located in a single effective state at 2.88 MeV
55in Fe are illustrated by the light curve for the AAS angular

distribution.  The one-step cross section is still negligible on
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Fig. Al-cl.  Calculation of Fe( He,t)  Co reaction to IAS and
AAS states.

3__-_  C He,a)(a, t) two-step process

-- - - - one-step charge exchange
(heavy) one-step and two-step coherently summed

(light) two- step to AAS described in text,. Effec-

tive interaction is of Yukawa form with 1 fm range and Vc=10 MeV.

this scale and, while the small angle cancellations for the two-

step are not complete, the shape is not entirely different from

the result where the T, strength is more reasonably distributed.

Furthermore, placing the total f7/2 strength into any single
effective state would result in an incorrect shape of the AAS

angular distribution and a magnitude at least a factor of 5 too

high.

The results of the experimental measurements and calculations

described here have been submitted for publication. Data were
56

also obtained on 15 other states in Co up to the split analog at
3511-3577 keV. These data are of interest since there have been
no other comparable (3He,t) measurements.  The original data do

not include the ground and 158 keV states and lack some small

angle yields on the other low excited states.  Additional data
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TABLE II-V
55

Spectroscopic factors for s.tat es in  Fe:

47 Experimental Theoretical ·, ...                     *.
Ex(MeV)

pickup, Sn 3/2 pickup, Sn two-step, Snt.SPZ

(D  = -480 MeV· -fm    ) ·td IAS to -·AAS
0

0 3/2 1.70 .90 .45 .45

0.41 1/2 0.42 .20 .10 .10

0.93 512 1.71 .90 .45 .45

1.32 (5/2--7/2-) 0.69 (f   )
7/2

.

1.41 7/2- T< 4.65 '6.00 3.0 -3.0

* 2.88 7/2- T, 1.620
' 4.00 7/2- 1, . 0.80 0.4 +2.0

7.50 7/2- j> 1.20 -1.4        0

Other strength < 1.5
(1.5-5.0 MeV)



has recently been accumulated to cover these omissions. Because
of the complexities and uncertainties in the calculations due
to the importance of the two-step processes, only macroscopic
DWBA calculations will be carried out for these other states.
The results of the measurements and analysis are presently being

prepared for publication.

24
ii.  Analysis of the MA (h, t),  (t,10  and  (h.h' )

Reactions to 1+ States - R. J. Peterson,
F. E. Cecil, R. A. Ristinen and N. Stein,
J. Sherman, E. R. Flynn (Los Alamos)

+
Data are 'complete for the excitation of the T=1 1. states

comprising the giant Ml analog states in mass 24.  Two T=O 1+
states are also seen in the inelastic scattering, and an inelas-

tic scattering spectrum is shown as fig. Al-c2.  Data for the
(h, t) reaction are shown as fig. Al-c3.  The first important

feature is that the simplest central, microscopic interaction
completely fails to account for the shape and magnitude of the

data.  Thus,, no direct analogy to the Gamow-Teller process is
possible.  The tensor force interaction can account for both
the shape and magnitude of the'data, but the two-step reaction,

23e.g., (h, n.)  Mg (a, t), overpredicts the data, ana again is of
the wrong shape.

700 ': '1 1  j.1, Ch; h:)' , ' 11   '     "1  ' 't, 1 CR  't, ' 't           '3 ,     , , 
8358

t u
4+   T=1      9.5 2 041.2 MeV              m

fo 9 6  T. 0 9.515
r-                   -

(D
./

(/)
-                                                           +                                                                                        +1- - -                      -

Z         , i      lo

o                        u         A   &2
/-0

. -4 Ali   V *  4  '111"I# f,1   il
Ioo 1,"Illi':Illi,,il,lill,,'i",iliIiIil::,"Ii:,:li,,:1,1:Iill:III,tI I::

100 800
CHANNEL

Fig. Al-c2.  A spectrum taken with the energy-loss-spectrometer
for 3He inelastic scattering on 24Mg.  The T=l 1+ states are
populated, as indicated, as are the T=0 1+ states.
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Fig. Al-(3.  Data for the summed. 1  states of   Al are compared24

to the DWBA predictions for a microscopic Yukawa interaction

(VOT=10 MeV,·11=1.0 fm-1), a tensor interaction (Vt=7 .MeV,
11=0.7 fm-1). and a CCBA two-step  rocess via the intermediate
state of an. alpha particle and. 2 Mg in·its 5/2  state:

The solution to this difficulty l  s in the ground state and
excited state configuration mixing of Mg.  Any admixture of the
d3 2 configuration into the pure d5/2 configuration has the effect
or damping static Ml moments and retarding Gamow-Teller B decays.
In fig. Al-c4.  is shown the two-step prediction using a ground
state wavefunction that gives the correct measured (h,a) pick-up
cross sections, containing ·about one quarter

ld3/2,25 ee
quarters

ld5/2 neutrons.  The strong-coupling model for is assumed,l

with spectroscopic factors for proton strippin  from ref. 2.  The
1+ excited state is taken to be due to orbits  17  19 > in the
Nilsson scheme.  Details will be published shortly.

It is seen from fig. Al-c4 that this ground state configuration
mixing provides interference in the correct direction to fit the
data, but provides insufficient interference between the two L=0
shapes to cancel, leaving the desired L=2 shape peaking near 10 deg.
If the excited state is taken to be due to two mixed Nilsson orbits

a 17-19 > + Jl  - a2   17-15 >, further interference is obtained.
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Fig. Al-c4.  Data and calculations as before for the central and
tensor interactions including ground state configuration mixing
in Mg.  Note the destructive interference resulting in lower24

predictions.  The two-step calculations are shown for the mixed
ground state (a = Jl.0 ), and two models for mixing in the 1+
state, and are seen to agree quite well with the data.

The fits shown are for a = 40.50 and 40.45. Since orbits #9 and
#5 are nearly degenerate for the deformation appropriate to Mg,24

this mixing is reasonable, and su STssful in accounting for the
reaction data.  The role of the

  5 > confi uration is to enhance
the arnplitude from the 3/2+ ground state of 21Mg, and make its con-
tribution cancel more of the competing leg.  The amplitude for add-

ing a 2sl/2 proton to the 3/2+ ground state is nearly incoherent
with and weaker than the other two paths.

Also noted in fig. Al-c4 are the predicted yields for the
tensor and microscopic predictions with ground state configuration
mixing. These processes- are seen to be unimportant.   This work is
being prepared for publication.

1 G. R. Satchler, Ann. Phys. 1 (1958) 275.
2 R. J. Peterson and R. A. Ristinen, Nucl. Phys. A246 (1975) 402.
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16 3 16iii.. A Study of the Reaction  0( He,t)  F*-
F. E. Cecil, R. A. Emigh, Rt E: AndeYson
and R. J. Peterson

16
The nucleus F is known to exhibit a low lying quartet of

states (0.0, 0.19, 0.42  0 72 MeV) which are analogous to the
ground state multiplet of i6N and the lowest lying T=1 quartet
in 160.  On the basis of the. hell-model and    compaI6son with
the spin parity assignments of the levels in N and   0, the
levels in the 16  quartet are expected to be 0-, 1-, 2- and 3-.
The 0.0 and 0.72 MeV levels are acknowledgedl,2 to be of f=0-
and 3- respectively.  However, there is latk of agreement on
the spin assignments to the middle two levels.  In.an effort to

resolve this.ambiguity, we have measured ike differTEtial cross
sections to these levels in the 'reaction ·  0(3He, t) F between
laboratory scattering. angles of 5' and 40' using the 44 MeV 3He
beam from the University. of Colorado cyclotron and the laboratory's
energy-loss-spectrometer., A typical spectrum is shown in fig.
Al-c5. The measured angular distributions  of  the four levels  are
shown in fig. Al-c6.  The angular distributions of the 0.0 and
0.19 MeV levels and the 0.42 and 0.72 MeV levels are seen to be
pairwise comparable in shape and magnitude.  Similar behavior
for the magnitudes of these pairs of levels is seen in the
160(p,n)16F reaction at 23 MeV.3

400.'  '  '  '  '  1  '  ' ' 1111//11'I/'
160(3He,t) 16F

-                                     A
 ab = 200                         0

@
C-                          -
-

»- N -
t-

0                     0

t -,                                             0
i -         v.      .5   It

til    -9'

'  t T LJ : i0.0     1    1  - 4441-   A.rud/1  7  1                 1    1
50 Channel Number 300

Fig. Al-65.  Triton spectrum measured at 01ab=200.

We have compared these measured angular distributions to DWBA
calculations of one-step charge-exc ange reactions assuming L=1
and L=3 to the configurations (1Pl 2 - 2sl/2) and (lpli  - ld5/2)
respectively. The optical model parameters used in these calcula-

4tions were taken from the literature. The predicted angular dis-
tributions are compared to the data in fig. Al-c6.  A reasonable
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Fig. Al-(6.  Comparison of measured add predicted angular
distributions.

fit to the 0.42 and 0.72 MeV levels is obtained with the L=3
curve.  The ground state and 0.19 MeV level give a somewhat
poorer fit to the L=1 curve but are suggestive of this angular
momentum transfer rather than L=3. To the extent that our angu-
lar momentum transfer assignments are correct, and assuming the

ground state and 0.72 MeV level to be 0- and 3-, the 0.42 and
0.19 MeV levels are constrained  to be 2- and 1- respectively. 1
These conclusions are in agreement with those of Pehl and Cerny
and of Moss and Comiter3 whose assignments were made chiefly on
the basis of excitation energy systematics in the mass 16 system.

Our calculations, however, fail to describe the observed
relative cross sections between the upper two levels (dc/dn -
250 gb/sr at forward angles) and the lower two levels (da/dO -
10 Mb/sr at forward angles).  In fact, the L=3 calculated cross
section is smaller by a factor of two at forward angles than
the L=1.  Multistep DWBA calculations are, at present, being
carried out in an effort to understand this problem.

1 R. H. Pehl and J. Cerny, Phys. Lett. 14 (1965) 137.
2 c. D. Zafiratos, F. Ajzenberg-Selove and F. S. Dietrich, Phys.

Rev. 137 (1965) B1479.
3 C. E. Moss and A. B. Comiter, Nucl. Phys. A178 (1971) 247.
4 M.   Pignanelli  et  al·,   Phys.   Rev.   C  10  (1972)   445.
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60   3     60
iv. Study of the Ni( He,t) Cu Reaction -

M. J. Schneider'9. H.<Rudolplf-and W. R.
Zimmerman

In an effort to further our unders88ndiyg of .8Be .(3He, t)

two-siep charge exchange reaction, the   Ni( He,t)  Cu and
60Ni( He,a.)59Ni.reactions werp studied.at 38 MeV incident

energy.

The experiment was carried out with the energy-loss-

spectrometer with a resolution of 35 keV and data were obtained
from 2' to 65' lab angle.  Most of the data have been'analyzed

and angular distributions have been obtained for 16 states of
60(u. This reaction has been previoubly studied ·by one of us
at a lower bombarding energy, but no two-step analysis was
attempted then. In addition. to the superior resolution of the
pressnt experiment,  we have obtained angular distributions for
six 'OCu states not seen in the earlier study.  These are shown
in fig. Al-c7.
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3
It is planned to complete the analysis of the ( He,a) data

and then to investigate the importance of the two-step reaction

(3He,a) (a, t) using a coupled-channels analysis  with the computer
code CHUCK.  We expect to obtain 60Ni and 'OCu wavefunctions
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From the University of Buffalo group which we will use to

carry out our microscopic two-step calculations.

v.  Study of Unbound Levels in C via
10

LUB(3He, t) - M. J. Schneider, B. W.
Ridley,,.M. E. Rickey, J. J. Kraushaar
and W. R. Zimmerman

Analysis of this experiment has been completed and the
results published in Physical Review f.  Bombarding energy
was 38.2 MeV and outgoing tritons were detected in the energy-
loss spectrometer. Several conclusions reached in the prelim-
inary analysis, discussed in last year's progress report, have
been modified.

10
The C spectrum shows two broad prominences (due to

groups of unbound levels) around 5.28 and 6.60 MeV excitation.
Each of these regions was fitted in each spectrum with (1)
several peaks of variable width, to represent C states, plus

10
11

(2) several Deaks of constant width, to represent C peaks
due to the 11 B impurity in the target, and (3) a variable

linear background.  The peakshape used was Lorentzian, rather
than Gaussian as in the earlier analysis.

2The 6.6 MeV region was well fit (< X>E the mean X  for
11                 10four spectra = 2.2) with three C peaks plus one C peak of

width 190t35 keV at an excitation energy of 6.580t.020 MeV.
The remaining spectra were not fit because nf feedthrough from
the (3He,d) reaction.  The estimated error in excitation energy
is the standard deviation (16 keV) in location of this peak with
respect to 11C peaks of known excitation in four spectra plus

contribui ons due to inaccuracies of this method and uncertain-ties in C excitation energies. The estimated error in the
width is just its standard deviation in four fits.

In the 5.28 MeV excitation region, fits were attempted with
one, two, or three C peaks of variable width and location, plus10

three 11( peaks of fixed width.  The fits with one lIC peak were
visibly deficient.  Fits with three 10( peaks usually failed to

converge due to the high number of free parameters, or converged
upon negative background or negative height for one peak, suggest-

10
ing iBat there are fewer than three   C peaks present.  Fits with
two   C peaks conver5ed well.  Hence it is our conclusion  that
in this region the ( He, t) reaction strongly populates two states:

one of width 225t45 keV at 5.219t.040 excitation, and the other of
width 300t60 keV at 5.380t.070 MeV excitation.  A typical fit is

shown in fig. Al-c8.

Although there are sources of uncertainty, such as the pre-

sence of very weak peaks or very close stronger peaks, it is
believed that the above conclusions represent a unique solution

for the assumptions made. In other words, there is certainly more
than one strong C peak present; it is unlikely that there are

10
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Fig. Al-c8.  Decomposition of the 5.28 MeV region of   C as
seen in the 108(3He, t) reaction into Lorentzian-shaped peaks
plus linear background.  11( peaks are from 118 impurity in
the target.

more than two, and it is very unlikely that there are any
other two-peak solutions in the 5.28 MeV region.

Insofar as. can be determined in the present experiment,
the doublet'in 10Be at 7.4 MeV excitation appears in the
108(3He, t) reaction as a single lIC level, and the llBe quad-
ruplet at 6 MeV excitation appears as a doublet.  We conclude
that 'the onset of instability at excitation energies above the
proton separation energy leads to level shifts and widths which
preclude detailed com arative analys is between   lOC   and   l Be
above the 3.353 MeV 2  first excited state.
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d.  Elastic. and Inelastic Scattering

0          3i.  Pickup-Stripping Contributions to  He
1/' Elastic Scattering - J. R. Shepard,-P. D.

Kunz and J. J. Kraushaar

Considerable effort has gone into a study of the role of
sequential pickup-stripping processes play in 3He elastic

scattering.  An initial publicatio  dealt specifically with

83.5 MeV elastic scatterin  from 58Ni.  In that article it
was  shown  that   (3He,a) - (a, -'He) processes had large  back-
angle effects.  When these effects were accounted for in a
coupled channels formalism, it was found th t an optical

1potential   in   the JR/ Aproj  x A         =440  MeV fm family  was   re-
targ

quired to fit back angle.elastic scattering data.  This con-

trasted with r cent optical model analyses which settled on
the 330 MeV fm  family.

The project4 as·now been extsnded 59 include elasti3
scattering from Ca at 83.5 MeV Z and Al at. 59.8 MeV.

40
For the   Ca case,·neutron pickup and stripping from

the lf7/2, ld5 2 and ld3/2 orbitals was included in the
coupled channels treatment. Initial non-coupled channels

deep potential fits are compared with shallow potential fits
in fig. Al-dl, and as usual the deep potential fits are
quite poor at back angles.  Deep potential coupled channels
fits are shown in fig. Al-d2.  When the overall strength of

1
l i l l i  1  -

3        40Ca    83.5 MeV

'1 -110  J'.,4

11» -
\        \

 42 -      . 0 1 \  -
i

t i1 \
.: I
.          1

DEEP POTENTIAL

63_ FOWARD 4 FIT i         \

\- - -  DEEP POTENTIAL \

FIT TO ALL DATA

SHALLOW
POTENTIAL        'f     1\FIT TO ALL DATA

:: 1
64    I    I    I    I    I    1 1
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ec.m.

3    40
Fig. Al-dl.  One-step optical model fits to 83.5 MeV  He + Ca

elastic scattering data.
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Fig. Al-d2. Two-step-plus-elastic fits to 83.5 MeV 3He +   Ca
elastic scattering data.  Normalization of two-step processes
is discussed in text.

the pickup-stripping coupling:is. reduced:.(D02= 13  x 103  MeV2  fm3)
excellent agreement is obtained.  The empirical justification ·
for this' change in ])6 is seen.in fig. Al-d3 where the (3He,a)
cross section to the 3/2+ level of 39Ca is shown.to agree very

well with the renormalized calculated cross section.
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Fig. Al-d3.  Coupled channel
r cross section compared withi   i Ii i experiment for 83.5 MeV

40Ca(3He,a)39Ca 3/2+ ground9 0.1           1
6 state transition.
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3     27
For the He + Al elastic scattering case, pickup and

stripping of ld5/2' 2sl/2 and lp neutrons was treated in the
coupled channels rormatism.  Results of the calculations appear
in fig. Al-d4.  Again, back angle behavior with the deep poten-
tial is greatly improved when the two-step processes are in-
cluded.  Preliminary calculations show that agreement is im-

proved further when ls1/2 contributions are included, suggest-
ing that even the most deeply bound orbitals are of significance.

Future work will be undertaken to understand the effects of
changing neutron configurations (isotope dependent effects), the
nature of contributions from deeply-bound orbitals and contribu-
tions from other transfer processes such as (3He,d),(d,3He).
Effects of two-step processes in inelastic scattering also pro-

mise to be an interesting area of investigation.  Fig. Al-d5,

10-, - 1-

lilI»  -2--.......1"fl   ,W /-   Fig. Al-d4. Top portion of figure
1 L

F     »,  L 01 A -   to 59.8 MeV 3He+47Al elastic
shows one-step oRtical model fits

- 1, 1
10.-                                                                          *                            I           -t            scattering data.  Lower portion

f          - shows one-step plus two-step fits

-Deep A       di      -    to the data.
to' r

- - -Deep B 4 -
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TABLE II-VI

3    40
He + Ca       u       r      a      W       4W        r'       a'       rD                           c

Shallow 105.95 1.20 0.799 66.96 1.265 0.832 1.40
Deep (low 163.56 1.20 0.675 74.64- 1.089 0.997 1.40
angle)

Deep (with
two step - 16.2.85 1:20 0.675 67.76  . 1.089 0.997    ·1.40
D2=13x104)

40
a+ Ca

190.64 1.20 0.725 27.07 1.385 0.929 1.40

3     27
He + Al               u               r            a .·W 4xW        r '       a'    »  irD c

Shallow 104.66 1.20 0.765 61.64 1.342 0.801 1.40
Deep 166.19 1.20 0.709 91.12 0.738 1.201 1.40(e < 800)
Deep  169.43 1.20 0.686 60.24 1.380 0.759 1.40

(.rl (8 < 500)N
Deep (with
two step - 168.70 1.20 0.686 48.08 1.380 0.759 1.40
D2=26.9x104

a +   Al 191.7 1.20 0.685 37.89 1.27 0.833 1.40
27   a)

   From G. Hauser et al., Nucl. Phys. A182.(1972) 1 (for E = 104 MeV).-- a



-                                                                              -                                                                                                                          -

for example, shows that a shallow potential rather than a
deep one is required to fit the back angle cross sections for
the 58Ni(3He,3He')58Ni (1.454 MeV. 2+) reaction at 83.5 MeV.
From a calculational standpoint the additional angular momentum
couplings allowed make treatment much more difficult than the
elastic scattering case.  However, preliminary work shows that
two-step effects in inelastic scattering may improve agreement
with the data when a deep optical potential is used.

1
J. R. Shepard, P. D. Kunz and J. J. Kraushaar, Phys. Lett

2 568 (1975) 135.
H. H. Chang, Ph.D. Thesis, Univ. of Colorado, 1975, and to
be published.

3
C. B. Fulmer and J. C. Hafele, Phys. Rev. C 1 (1972) 1969.

ii. Interference Between Nuclear and Coulomb
Excitation in 35 MeV Alpha Scattering
Data on 118,120,124Sn - A. S. Rosenthal
and R. J. Peterson

At small angles the Coulomb excitation process is strong
enough to produce dramatic interference effects with nuclear
excitation.  The well-baffled spectrometer system allowed
inelastic scattering data for the collective 2+ states of
118,120,124sn to be obtained down to angles of 6.5 degrees.
The major problem in data analysis is the large tail  of the
elastic peak. Preliminary analysis of these data shows the
interference to indeed be dramatic, producing several sharp

minima.  Moreover, the shape of the angular distribution over
the interference region is not the same for the three isotopes,
indicating some role for the excess neutrons in the nuclear

excitation.  More careful peak extractions are presently being
carried out, and no results are shown here.

3                    24
iii. Inelastic  He Scattering from  Mg - R. J.

Peterson and F. E. Cecil

24
While measuring cross sections to3the 1  states of   Mg

by the inelastic scattering of 41 MeV  He, many further states
were seen up to excitations of 11.5 MeV.  Many of these have

known spins, or provided angular distributions clearly indicat-
ing the spin. Table II-VII lists the results. Comparisons were
made to collective DWBA predictions, and sample data and fits
are shown as fig. Al-d6.  A publication is being prepared on
these data.
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TABLE IILVII
3

Spins and deformations obtained by  He inelastic scattering
on 24Mg.

Exc'n TT                                            TT

(MeV)
Known J This work J          181

+
8.12              6                  6_              .059
8.36              3                   3                .18+ +
8.65              2                  2               .032+                 +
9.00 2                   2                .054+
9.30             (4 )                 2                .050+
9.52 (6_)                 6                .089
10.03              5

(5 )
.054+

10.36              2                   2                .061

11.16            (14 )-               3i              .07411.22                                 4_              .054
11.39              1                   1                .028

t.          4

24 Mg ( h,K )           -
•               41.23 MeV -   1

:
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Fig. Al-d6. Some samples of cross sections and DWBA fits for
41 MeV 3He inelastic scattering on 24Mg.  The known spins are
indicated.
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iv.  On the Excitation of Unnatural Parity
States in Inelastic Alpha Scattering -
F. E. Cecil and R. J. Peterson

We have completed our analysis of the excitation of the
12.71 MeV 1  T=O level in 12( in the inelastic scattering of
36 MeV alpha particles. The ,preliminary results  of this study
were presented in last year's progress report.  We found the
reaction mechanism to be predominantly two-step; both successive
single nucleon transfer and double inelastic scattering through
the strong 2+ (4.44 MeV) and 3- (9.64 MeV) levels. The excita-
tion of this level through an, alpha-nucleon spin orbit potential
appeared, in our calculations, to be negligible.  This work has
been published.

1

1 F. E.· Cecil and R. J. Peterson, Phys. Lett. 568 (1975) 335.

93
/v. Microscopic Analysis of Alpha-Nucleus

/      Scattering in the Energy Range from 20 to
140 MeV - B. W. Ridley and H. H. Chang

= Z
1

In the cluster model approach, Wittern  showed that the

real part of the alpha-nucleus optical potential consisted of
three terms; the direct interaction between the target and the
alpha particle nucleons, and the differences between the binding
energies of the "bound" and "free" configurations for both the
target and the projectile.  We have approximated the direct
interaction term by the real part of the folded nucleon-nucleus
optical potential. For. infinite nuclear matter, the changes of
binding energy of the alpha particle were calculated using a
method similar to that of Wittern. These calculated values1

were parameterized in terms of the local center-of-mass energy
and the matter density.  The change of binding energy of the
alpha particle was added to the folded potential using the local
density approximation.

1)  Folded potential

The real central part of the optical potential was folded
into the density distribution of the alpha particle.  The global

proton an  neutron optical potential parameters of Becchetti andGreenlees  were used throughout this analysis.  The nucleon
energy was taken at one-fourth of the incident alpha energy plus
one-fourth of the total internal kinetic energy of the nucleons

inside the alpha particle.  This averaging process is justified
by noting that the nucleon optical potential depends linearly on
the incident nucleon energy. The internal kinetic energy of the
alpha particle is calculated to be 46.0 MeV by using a Gaussian
wavefunction for the alpha particle with a root-mean-square radius
of 1.51 fm.

The optical model calculation of this folded potential plus
a Saxon-Woods imaginary potential searched to fit the elastic
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scattering dat3 are sho  as the dashed lines in figs. Al-d7
and Al-d8 for Ca and Ni at seven different energies. The
fits were certainly not satisfactory. Additional modifications
to the· folded potential were necessary.
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Fig. Al-d7.  Comparison of fits to the elastic differential
cross section for a-scattering from 4lCa.  Solid line--folded

potential plus correction due to the Pauli principle; dashed
line--folded potential only.
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2)  Effect of the exclusion principle

The target nucleus was treated as a Fenmi gas.  In the ground
state all single particle levels up to the Fermi momentum were
assumed to be occupied. The wavefunction for the bound alpha
particle in momentum space is
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-+                                         
        _0           4       -,

* = A exp [1.--L I. (k.- 1/4K)2] .6 (K -i l· Bj),  kj > KF2 a  i=l  .   1

where. A is the tojal anti3ymmetric spin and isospin function of
th

four particles, hkj and hK are the momentum vectpr for i   nuc-
leon and the: center-of-mass momentum vector of the alpha particle,
respectively.

We calculated AE, the difference of binding energy between
the bound and free alpha particle, using a local two-nucleon
force without a hard core.  The delta function in the alpha wave
function was neglected, a necessary step due to the complication
it introduced in the numerical treatment.1  The local center-of-
mass energy had to be recalculated, 'because an additional forward
m6mentum was gained as a result of preferred exclusion of the
more negative momentum states of nucleons in the ·O. particle.   The
binding energy of the nuclear matter was assumed to be unchanged.

The calculated values of AE are shown in fig·. Al-d9 and are
parameterized in terms. of the density p and local'c.m: energy

Ecm in the following functional. Eorm

AE = p(al+ a2Ecm  a3Ecm2)/(at,+ a5Ecm)

where
2

ai= ail+ ai2p   aijP .

100 1/I l l i l
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3)  Calculated poten€ial and optical model fits

The matter density to be used in the AE function was
calculated by folding the actual target density into the wave-
function of the alpha particle at each radial distance from
the target center.  The real part of the optical potential was
finally obtained by solving the following two equations

En= Ecm  Re(Vf(r)) + AE(p,Ecm)

Re(V   (r)) =E  -Eopt cm   a

where E ,E are the incident and local center-of-mass energies
of the alp   particle and Vf is the first order folded potential,
and Vopt is the total optical potential.  A comparison of the
calculated and the usual Saxon-Woods potential are shown in
fig. Al-d10.

40       58The experimental data at each energy for Ca and Ni were
fitted by this calculated real potential, and the three free

parameters of the imaginary volume potentials were adjusted for
best fit. These calculations are shown as solid lines in figs.
Al-d7 and Al-d8.  The fits became progressively better as the

bombarding alpha energy increased and excellent agreement with
the elastic scattering is observed for energies greater than
80 MeV.
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Fig. Al-d10.  Comparison between the calculated potential and
the Saxon-Woods potential that fit the data.  The values of AE
for alpha particles are also shown as the dash-dot line.
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4)  Discussion

The energy dependence of AE ascribed to the exclusion

principle was of comparable magnitude with that of the folded
potential near 60 MeV and was the dominant  factor at low bom-

barding energies.  The calculated potential did not, however,
give a very satisfactory fit to.the data at energies below
70 MeV.  The fits to the low' energy data remained essentially
unchanged by including the Coulomb potential in evaluating
Ecm.  The neglect of the delta function in the bound alpha
wave, the local density approximation in the nuclear surface,
the Fermi gas model at extreme low density, and the possible
inaccuracy in·the nucleon optical potential all  are the possi-
ble sources of error. However, the excellent fits to" high ·inci-
denf alpha energies were quite. encouraging.  Similar calculations
on  He scattering are in progress.

1
H. W. Wittern, Nucl. Phys. 62 (1965) 628.

2 F. D. Becchetti and G. W. Greenlees, Phys. Rev. 182 (1969)

1190.
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14
e.  Charged Particle Reaction Studies on   C

F. E. Cecil, J. R. Shepard, R. E. Anderson,
P. Kaczkowski and R. J. Peterson

14
The C target, discussed in last year's proposal, was

delivered March, 1975.  Two areas of investigation were under-
taken with this target. In this report we describe the charged
particle reaction studies already completed.  Later in this
progress report (section II-A-3-a) we will discus4 preliminary
results of our study of 160 through the reaction -4C(3He,n)160.

14The existing charged particle reaction data on C are sur-

prisingly sparse.  We have carried out a reasonably extensive
study of the reactions (p,d), (d, p) and (d,d') on i4C.  Earlier
(P,d)1-3 studies on this nucleus were done at considerably
lower bombarding energies and there have been no reported DWBA
analyses of the weaker, low lying 1/2+ and 5/2+ levels.  Similarly,
previously reported (d,p)1,4 angular distributions were made at
deuteron bombarding energies less than 12 MeV, although a good
resolution proton spectrum has been reported for Ed=14 MeV.5  And
finally, there have been no reported angular distributions of
states in 14C excited in inelastic scattering.

The present work was carried out with the 27 MeV proton beam
and the 17 MeV deuteron beam from the University of Colorado cyclo-

tron.  Reaction products were studied using both the laboratory's
energy-loss-spectrometer and a conventional scattering chamber
with surface barrier charged particle detectors.

15
Angular distributions were measured for levels in C at

excitation energies 0.0 and 0.744 MeV.  Other levels were seen at
large scattering angles, in agreement with the levels reported in
ref. 5, but the proton evaporation continuum prevented our measur-
ing angular distributions to these higher lying excited states.
The angular distributions of the two low-lying levels were measured

between 15' and 85' (lab) and are shown in fig. Al-el where they
are compared to DWBA predicted angular distributions assuming two
sets of deuteron optical model parameters. These parameters,
together with those used in the (p,d) analysis, are given in
table II-VIII. The DWBA calculations were done with the code
CHUCK.6  The spectroscopic factors associated with the fits in
fig. Al-el are given in table II-IX.  These spectroscopic factors
suggest that the tWO levels possess nearly all the stripping
strength for their respective f values.

The calculated angular distributions of the deuteron elastic
and inelastic scattering cross sections to the 2+ (7.01 MeV) and

3- (6.73 MeV) levels are compared to the measured angular distri-
butions in fig. Al-e2, again for both deuteron optical model sets.
The inelastic theoretical curves were generated in the DWBA assuming
a collective form factor proportional to the derivative of the
volume and surface terms in the deuteron optical potential.  The
quadrupole and octupole deformation parameters deduced from these
fits are given in table II-IX.  As is evident from fig. Al-c2, the
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TABLE II-VIII

V        ra      W         r             Vvol      R     R      surf      I aI LS rLS ·aLS rCoul

d + 14C (a) -115. O.90. O.90 '36.35 1.71 0.60 -24. O.90 O.90 1.30
14  (b)d+ C -95. 1.05 0.85    24. 1.75 0.56 -28. 1.05 0.85 1.30
15  (C)P+ C -56.21   1.10 0.71 15.88 1.36 0.50 -24. 1.10 0.71 1.25

p+ u -51.5 1.11 0.64 20.6 1.35 0.52 -22.6 1.0 0.53 1.30
14- (d)

d+ C -103. 1.25 0.65 60. 1.25 0.65 -44. 1.25 0.65 1.25
13  (e)

(a)  G. R. Satchler, Nucl. Phys. 85 (1966) 273.

0'1 (b)  C. E. Busch et al., Nucl. Phys. A223 (1974) 183.
LO

(c)  H. F. Lutz et al·, Nucl. Phys. A198 (1972) 257.

(d)  Parameter set Pl of M. Pignanelli et al·, Phys. Rev. C 10 (1972) 445.
(e)  Generated using the Johnson-Soper prescription and the proton optical model potential

of H. Guratzsch et al·, Nucl. Phys. A129 (1969) 405.



TABLE II-IX

Reaction     J r    E    S or Bx       tj      L

14                    +
C(d,p) 1/2 0.0 1.03 (a)

0.76 (b)

5/2+ 0.74 1.02 (a)

0.89 (b)
14                  +
C(d,d')         2 7.01 0.25 + 0.06 (a)

0.20 =t 0.05    (b)

3 6.73 0.32   i  ·0.08            (a)

0.25 i 0.06 (b)
14                   -

C(p,d) . 1/2 0.0 1.4

1/2  3.09 0.02

3/2 3.68 1.8

5/2+ 3.86 0.13

(a)  the first parameter set in table II-VIII.

(b)  the second parameter set in table II-VIII.

predicted fits to the inelastic data are relatively poor and
the deformation parameters must be assigned consequent uncer-
tainties of about 25%.

The angular distri *tions to the four low lying levels in13
C as measured in the C(p,d) reaction are shown in fig. Al-e3,

together with the DWBA single nucleon pick-up predicted cross
sections. The optical model parameters used in these calculations
are given in table II-VIII and the spectroscopic'factors deduced
from fitting the calculated to the measured angular distributions
in table II-IX.  The overall normalization of these angular dis-
tributions is uncertain to about 15%, due largely to uncertainty
in the knowledge of the C target thickness.

14

14   +      -The deformation parameters of the C 2 and 3 levels as
measured in the present experiment are compared to the values of
82 and 83 of the lowest lying 2  and 3- levels in neighboring
even-even nuclei in table II-X.  .The roughly constant values of

12
these parameters (with the exception of the   C 2+ level) should
be noted and suggests that even such very light nuclei are capable
of exhibiting strong, collective behavior, insensitive to the
rapid evolution of the single particle structure of the valence
nucleons.

14                                    13
With the ((p,d) spectroscopic factors to the   C 1/2- ground

state, 1/2+ (3.09 MeV) and 5/2+ (3.86 MeV) levels, we may calculate
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TABLE II-X

Nucleus
Ex(2+)         82        Ex(3-)       83

12
C 4.44 0.52 9.64 0.35  (a)

14
C 7.01 0.22 6.73 0.28  (b)

16
O 6.92 0.20 (c) 6.13 0.31  (d)

18
0 1.98 0.22 5.09 0.30  (e)

(a)  These values represent the averages of the values compiled
by Smith et al.,  Nucl. Phys. A207 (1973) 273.

(b) Present work.
(c) This value of.82 is based upon a comparison of t  reduced

electromagnetic transition probabilities of the  0 and 180
2+ levels as deduced by B. G. Harvey et al., Phys. Rev. 146
(1966) 712.

(d)  A. Bussiere et al·, Phys. Lett. 16 (1965) 296.
(e)  H. F. Lutz and S. F. Eccles, Nucl. Phys. 81 (1966) 423.
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14
the C ground state wavefunction assuming two neutrons outside
a closed 12C core.  If we assume that the absolute normalization
of the measured angular distributions in fig. Al-e3 is correct,
then the amplitudes of the C ground state wavefunction compo-

14

nents are
6               2=    S       #/42(tj)        1 j

This wavefunction is given as entry A in table II-XI.   On the
other hand, if we admit to the 15% uncertainty in the absolute
normalization in fig. Al-e3, then we might assume the 1/2-, 1/2+
and 5/2+ levels to.possess all of the single neutron pick-up

strength.  This assumption is supported by the fact that the
spectroscopic factors to these levels in the reaction 12C(d,p)
are each unity.  .(This assumption implies that.the admixture of
d3/2 in the 14C'ground state is negligible.)  In this case the
ground state'wavefunction components are given by

1.                                                          1-
€ 2=S 2/ [S +S + S   12

(1 j)           1 j Pl/2   d5/2   sl/2

This wavefunction is given as entry B in table II-XI.  The above
two wavefunctions,are compared in table  II-XI. to the ground state
wavefunction of..True.7

TABLE II-XI

2
Component:   1 Pl/2       ld5/2         2sl/2        - 3/2ld  

2

Entry A 0.83 0.25 0.10

Entry B 0.95 0.29 0.11

Entry C* 0.9501 0.2635 0.1219 0.1139

*
Entry  C  is the theoretical wavefunction ·of  ref.  7.

The 14C ground state wavefunction of True7 was shown by

Rose et al.8 to be incapable of ei lainin*4the greatly retarded
Gamow-Teller B decay between the   C and   N ground7states.  The
fact that our wavefunction agrees with that of True  lends sup-
port to the contention of Rose et al.8 that the solution to the

rfoblem of the hindered 8 tra lition must derive from a non-closed
C core.  The fact that the ((p,d) transition to'the 3/2- level

of 13C (see table II-IX) was seen to have S=1.8 instead of the ex-
pected Yjlue of 4.0 is consistent with this demand for a non-
Closed C core. (Although the reduced spectroscopic factor to

13the 3/2- level in C could also be explained by significant frac-
tionation of the 3/2- strength in 13(.)  Finally, we wish to note
that the smallness of the 1/2+ and 5/2+ s ectroscopic factors in

13( is consistent with the fact that th 5 4C(d, p) spectroscopic
factors to the 1/2  and 5/2+ levels in   C are approximately unity.

A complete report of this work has been accepted for publi-
cation by Nuclear Physics.
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2.  Gamma Ray Experiments and Beta Decay 
a:  Double Electron-Positron Pair Production by Low

\/' ·Energy Gamma Rays - R. A. Ristinen, R. J.
P.eterson and F. E. Cecil

Higher order quantum elestrodynamical (QED) effects, such
as the Lamb shift and the anomalous magnetic moment of the

electron have played a significant role in the acceptance of
this theory as an accurate representation of the interaction
between photons and electrons at low energies.

We have investigated another second order QED process by
searching for double electron-positron pair production by low
energy gamma  rays  in  the  vicinity  of a nucleus. Feymnan  dia-
grams for this process and for the familiar single:pair pro-
duction process are given in fig. A2-1.  The photon connecting
the two vertices in fig. A2-lb is, in general, off the mass
shell.  By virtue of the two additional vertices in the double

pair production diagram, the cross section for 'this process will
be smaller than the2single pair production cross section by a
factor of roughly a .

(a)

e+

7.-
'Ze

(b)             e· e+

e-7
e

Ze

Fig. A2-1.  Feynman diagrams for single and double pair pro-
duction.

The experiment was carried out by searching for triple or
quadruple escape peaks in the spectrum of a Ge(Li) detector

1o
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exposed to monoenergetic gamma rays. Such peaks are analogous
to the single and double escape peaks associated with single
pair production in the spectrometry of gamma rays with energies
in excess of a few MeV.  Gamma rays of two energies were used in
the present experiment; the 4.44 MeV 2+ to ground state transi-
tion in 12C as produced in the reaction 9Be(a, n)12C, a 1 Curie
239Pu-9Be alloy source was used for the reaction; the 6.13 MeV
3- to.ground state transition in 0 as produced in the reaction

16

13C(a, P)16N(B-)160*.  This reaction was carried out using the
17 MeV alpha beam from the University of Colorado cyclotron and
the laboratory's "fast rabbit" target shuttle system. 1

The spectra accumulated in these measurements, with expan-
ded portions indicating the regions of the triple and quadruple
escape peaks, are shown in fig. A2-2. No evidence for these
peaks was found.  From the deduced upper limits and the yields
we concluded

0(2 pair) /((1 pair)4.44 MeV 6 2.3 a2
a(2 pair)/a(1 pair) 6 8.9 a2

6.13 MeV
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f -F I
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*
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15*106.. '(b)'  '  'u  

-2 1   /m   3,                    Fig. A2-2.  4.44 MeV and 6.13
0

F
-
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Channel

These up5er limits are consistent with that of Wilkinson
and Alburger,  who used an approach similar to that of the present
work. The limit to this approach to the search for double' pair
production is, we feel, the competing process whereby one of the
members of a single electron positron pair emits a hard bremastrah-
lung photon which itself produces a single pair, the final state
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being one of two electron-positron pairs, indistinguishable
from  " true" double  pair  production.     We are presently pursuing
alternative approaches to the search for double pair production
s6 that this limitation may be circumvented.

1 1974 U.. of. C. Nuclear Physics' Laboratory Progress Report.
2
D. H. Wilkinson and D. E..Alburger, Phys. Rev.. C j (1972)
719.

b.  Coincidence Data from the (a,n) Reaction - R. E.
Anderson, F. E. Cecil, B. M. Kluger,· J. J.
Kraushaar, R. J. Peterson, D. E. Prull, R. A.
Ristinen and B. L. Smith

The y -y coincidence facility described in sect. II-C-1 of
this report has been used to study the reactions

103 106Rh (a.,n)          Ag:
75       78As ((y, n)      Br
99 102

Tc.(a,n)   Pd

at an alpha bombarding· energy of 17 MeV.   The· data were taken,
using on-line event-by-event recording of both gamma' ray energies
and routing bits indicating true or accidental coincidence. The
software for the laboratory's PDP-9 on-line computer used in both
the data taking and analysis in these studies is described in
sect. II-C-3 of this report.  An example of the preliminary anal-
ysis carried out on the 103Rn(a,n)106Ag data is shown 'in·the accom-
panying figure.  In this figure, a singles spectrum is compared to
the spectra of gamma rays coincident with the 110 keV and 253 keV
gamma rays.  Acdidental coincidence and Compton background sub-
tractions have not yet been made on the coincidence spectra in the
figure.  From the lower spectrum, the 110 keV transition from the
110 keV excited 2+ level to the 1+ ground state is seen to be co-
incident with most of the strong gamma rays in the singles spectrum
(except, of course, the 110 keV transition).  The striking enhance-
ment of some of the very weak lines in the singles spectrum as seen
in the spectrum coincident with the 253 keV gamma ray should be
noted. These and other coincidence spectra measured in this fe2c-
tion are presently under study and a revised level scheme of  O-Ag
is being developed.  Similar analyses of the other (a.,4 reaction

data are presently underway.
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3.  Neutron Time-of-Flight Experiments

89a.  Study of the Y(p,n) Reaction to the Anti-Analog

 -  and Analog Stat52& of 89 Zr - H. H. Wieman, R. E.
Anderson, F. E. Cecil, Dt A. Lind, S. Leth and
C. D. Zafiratos

1 2 89  3
Investigations by others ' of Y( He,t) scattering to the

isobaric analog state (IAS) and the assumed anti-analog state (AAS)
have shown that the one-step distorted wave born approximation
(DWBA) for a charge exchange monopole transition does not adequately
reproduce the data.  The failure may in part be due to the importance
of two-step processes since, as explained by ·French·. and MacFarlane, 3

simple charge exchange excitation of the AAS is partially suppressed.
It has been demonstrated by Coker, Udagawa and Walter4 that by
including two-step interactions the reaction 40Ar(3He,t)4OK to the

AAS and IAS can be well reproduced with a microscopic coupled channel
DWBA.  It has also been shown for the reactions 56Fe(3He,t)56Co 4 and
56Fe(p,n)56Co 5 that when two-step processes are included the calcu-

lated cross sections:for excitation of both the AAS and the IAS a5reeclosely with the measured values.  M. Stautberg Greenwood et al·,
however, have suggested that the failure to fit the cross section for
the 89Y(3He,t)88Zr reaction to the first excited state with a simple

charge exchange DWBA calculation results from erroneously assuming
that the first excited state is a pure AAS. They argue that according
to the shell model wavefunctions of Gloeckner and Serduke the AAS
strength is fragmented among several 1/2- states in 89Zr.

To investigate further both the importance of multistep interactions
as well as the possible fragmentation of the AAS strength.we have measur-
ed ·angular distributions for the reaction 89Y(p,n)89Zr to the IAS and

the assumed AAS (first excited state) with a proton bombarding energy
of 22.8 MeV.  The (p,n) cross sections were obtained using the Colorado
9-meter neutron time-of-flight spectrometer.  The target, a self-
supporting .6.0 mg/cm2 metal foil, was. fabricated by rolling.

The measured cross sections for the IAS (8 MeV excitation) and the
assumed AAS (0.59 MeV excitation) are shown in fig. A3-al with micro-
scopic, one-step DWBA calculations using the IAS wavefunction

1

| IAS, 1/2->   =  /1-1-      1  (T[Pl/2)20(v pl/2-1)>+ 4/--Iji   I  (TTg9/2vg9/21)0(Trpl/2) 
11

and the orthogonal AAS wavefunction.  The calculations were made using
the code CHUCK with the neutron and proton global potential parameters
of Becchetti and Greenlees.7  Only the V (r) term of the effective inter-
action contributes to the excitation of the IAS and the AAS.  A Yukawa
form with a range of 1.0 fm was chosen for this interaction potential.
The magnitude of  V  (r) required to normalize  the IAS calculation  to  the
data, as shown in fig. A3-al, was 17 MeV.  The poor agreement observed
at forward angles between the measured and calculated cross sections
for the 0.59 MeV state demonstrates a clear failure of the simple charge

exchange approach.  Further analysis will investigate the effect of
including two-step interactions, (p,d)-(d,n), as well as trying the

2Gloeckner and Serduke wavefunction for the 0.59 MeV state.
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lations normalized to the measured IAS state angular distribution.
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14  3     16
b.  A Study of the Reaction C( He,n)  0 - F. E. Cecil,

S. T. Durrance, R. E. Anderson, D. A. Lind, H. H.
Wieman, C. D. Zafiratos, H. W. Fielding (Univ. of
Alberta), and W. P. Alford (Univ. of Western Ontario)

14  3     16
Preliminary results of our study of the reaction C( He,n)  0

have been obtained. The reaction was carried out with the 25.5 MeV
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3
He beam from the University of Colorado cyclotron.  Neutrons were

detected.through use of the laboratory's 9-meter neutron time-of-
flight facility.  A time-of-flight spectrum taken at a scattering
angle of 8' is· shown in fig. A3-bl.  This spectrum was accumulated
for.15 millic3u *mbs of beam charge at a current of about 1 WA on
the 15 1.tgmfEm C target. In addition to t

        low     1IA
ng excited

states-.of  :. ·0· And the contaminant states in 0 and" .:Ne, levels
in   0 at about 16.3 and 17.9 MeV are seen to be strongly excited.16

rhe 22.72 MeV 0+ T=2 level is unfortunately obscured by the 140
6.59 MeV level.

500  " "1'1' " "i'1'1 1' 'I i' : ' 'I' : ' : ' ' , ' 'I' '
'4C(3He,n)160 8 DEG.
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The spectra of low lying states in O measured at scattering

angles of 09, 89 and 16' are compared in fig. AJ-b2.  Of particular
interest in these spectra are the three 0+ T=0 states at 0.0, 6.05
and 12.05 MeV.  Although not resolved from the 6.13 MeV 3- level, an
estimate of the yield to the 6:05 MeV level at 0' can 'be made by
comparing the 0' and 16' spectra.  In this comparison, we assume the
yield to the 6.05 MeV level is no larger than the relatively small
yield to the ground state at 16'; thus the yield to the 6.05 + 6.13
MeV group at 16' is assumed to consist mainly of the 6.13 MeV 3-
state.  We further assume the angular distribution of the 3- level
to be approximately constant between 0' and 16'. as was the 3-angular

distribution measured i  the reaction 12C(3He,n)140 at E3He=25 MeV
by the Oak Ridge group. These assumptions allow us to estimate
the yield to the 6.05 MeV 0+ level to be 0.37+0.09 times the yield
to the ground state.  The yield to the 12.05 MeV 0+ level was meas-
ured directly at 0' to be 0.36t0.05 times the yield to the ground
state.

2,3Brown and Green have proposed the coexistence model in an
effort to understand the low lying positive parity levels in approxi-

mately spherical nuclei.  In particular the three 0+ T=O levels of
160 are described as superpositions of Op-Oh, 2p-2h and 4p-4h states,
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the particles and holes occupying the sixth and fourth Nilsson
orbitals respectively.  The measured yields to the three 0+ T=O
levels in the reaction

14 13He,n)160,
together with a measurement

of the admixtures in the C ground state, as described in sect.
II-A-1-e of this report, will permit the coexistence model of 160
to be tested.  The DWBA calculations necessary for this com arison
are in progress. It should,be, noted that Adelberger  et  al.   have
made a comparable evaluation of the coexistence model by the analv-
sis of the yields to the three 0+ levels in the reaction 180(p,t)160,

and have found significant disparity.  However, in view of the fact
that the relative yields to the three 0+ levels as measured in the

present work differ markedly from the relative yields to the same
states as reported by Adelberger et al·,  and in view of striking
dissimilarities between the yields to low lying 0+ states in 4lCa,
as measured in the reactions 42(a(p,t)40Ca 1 and 38Ar(3He,n)40Ca 0,

we feel the present study is warranted.

We plan to expand and refine the existing data through the use
of the laboratory's 30-meter time-of-flight facility.
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c.  The (3He,n) Reaction Near Z = 50 - H. W. Fielding,

R. E. 9hderson, C. D. Zafifatos, D. A. Lind, W. P.
Alford, F. E. Cecil, H. H. Weiman and S. C. Leth

3
More extensive studies of the ( He,n) reaction in the region

near Z=50 have been undertaken during the past year to complete
studies which were detailed in last year' s progress report.1
Typical spectra obtained in the latest run are shown in fig. A3-cl
and table 3-I gives the complete list of targets studied.  Angular

distributions were extracted from the data and are compared with
the r9sults of simple (i.e., pure configuration) DWBA calculations.
The ( He,n) reaction has now been observed over a wide range of
stable isotopes between Z=40 and Z=50 and the large number of stable
isotopes found in this region present a unique opportunity to study
the two-pr9ton transfer reaction as a function of N and Z throughout
a complete major shell. Several systematic trends of the data have
been observed.

TABLE 3-I

Targets used in the (3He,n) reaction studies.

90 92 94
Zr, Zr,   Zr

92    94    96    100
Mo,   Mo, Mo, Mo

102   *Ru
104  *  106  *  108  *  110  *

Pd , Pd , Pd ,    Pd
106 * 110

Cd*, 112Cd,
114 116  *

Cd , Cd, Cd
112 116 118 120 124

Sn,    Sn, Sn, Sn, Sn

*
targets bombarded this year

First, all of the isotopic sequences studied exhibit a decrease
in the ground state to ground state transition strength as the neu-

tron number increases.  DWBA calculations (agaiy, assuming a pure
configuration) have been carried out for the Pd( He,n)Cd and
Cd(3He,n)Sn reactions, and the results suggest that this decrease is 2
just a Q-value dependence in the reaction.  If one assumes a (1gg/2)
configuration for the transferred protons in the Pd(3He,n)Cd (g.s.)
transitions the decrease in cross section of about a factor of two
is underestimated only by 10%.  Similar calculations for the (2P3/2)2
and

(2Pl/fl:
configurations show that the decrease is overestimatea

by about V/0. Since all three orbitals are known to be active in
this region from single-proton transfer studies, it seems likely
that the use of a composite proton wavefunction will closely repro-

duce the variation of cross section with neutron number.  Again, it
should be emphasized that this effect is due to variation in the Q-
value alone.

Secondly, a comparison of the ground state to ground state trans-

i ion strengths   as a funct ion   of   Z (with fixed N) indicates   that   the
(-He,n) cross section is rather low for those transitions leading to
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or from a closed shell (Zr and Cd targets) and rises as one g6es
toward mid-shell.(Pd and Mo targets).  The mid-shell

102Ru(3He,n)104Pd reaction has also been observed but the fihal
cross. section has not been obtained due to difficulties in obtain-
ing the target thickness. This behavior again is qualitatively
expected since the amount  of 0+ two-proton correlations found in

 

the ground'state wavefunctions is expected to peak near mid-shell

and fall as one approaches either shell closure.

Lastly, the neutron richoCd. and Te and all Sn nuclei ·exhibit

a· low-lying 0+ state which is excited with an anomalous.intensity
in, the ( He,n)· reaction.  Within·our resolution,·.the· excitation
energy of · this state is always consistent with the excitation energy
of the 0  member of the two-phon(?n triplet (where.known). .The.anal-

ogous statp *n t e neu rgn defidient'Ca and Te isotopes is either
not .seen .(*04Pd( He,n)+OvCd)  or· is only weakly excited as predicted
by the pairing model (106Pd(3He,n)108Cd'and 112,116Sh(3He,n)114,118Te).
Although the systematics of the intensities of these 0+ excited states
are quite similar in all.three cases, their excitation. energies are
not.  In. all cases the neutron deficient nuclei exhibit rather weak
populations of these states, and the transition strength 'rises as
more  neutrons are added: Finally, the intensity seems to reach  a
peakllg neutrons are added and then· falls by about 30%. for 118Sn
and    Te.

+  . 108
The 2.70 MeV 0  state in    Sn (the most neutron deficient Sn

isotope studied) represents the only departure from the above des-
cription.  Based on the trends observed in all the other isotopes
studied one might'expect this state to be populated.with a cross
section 5 0.1:mb/sr at 0° rather than the 0.·28 ·mb/·sr observed.
Although there is an admixture of L=2 in the angular distribution
this admixture accounts for only about 2% of the strength observed
at 0'.  In addition, the .2.19 MeV state in Sn, which is admixed

112

in about the same proportion, does not appear to have an unusually

large intensity.

+
The excitation energies of these anomalous 0  states also

exhibit definite trends although the trend is different for Z 6 50

nuclei and Z > 50 nuclei.  Where this state falls by about 0.6 MeV
and 0.9 MeV as neutrons are added in the Cd and Sn ny5 ei, respec-
tively, it rises by about 0.7 MeV between Te and Te. In Te118 114

we again find an exception since the excitation energy goes from
1.15 MeV in 118Te to 1.36 MeV in 114Te.

+
The striking appearance and systematics of the anomalous 0

states seen in the Cd, Sn and Te nuclei is not fully understood at
present.  Although several explanations suggest themselves, any
serious discussion of these ideas must be considered premature at
this time.

1
Univ. of Colo. Tech. Rept. COO-535-710.
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4.  Other Activities

a.  Thick Target Measurement of Stellar and Thermonuclear
Reaction Rates - N. A. Roughton, R. J..Peterson, C. J.
Hansen (JILA) and C. S. Zaidins

This year has seen some significant improvements in the technique
we use to derive· thermonucldar reaction rates from thick target yields.
The previous method involved extracting a cross section,  a (E), before
the thermonuclear rate, NA<av>, could be computed via the integral

CO

NA<Gv>  =  Ow2 (E)  a   (E)  dE,

where w2 (E): contains the velocity and the properly noEmalized Maxwell-
Boltzmann distribution at the appropriate temperature multiplied by
Avogadro's number, NA.  Since the yield that we measure is given by
an integral also, namely

Y(E) =    wl(E) a (E) dE,
where w (E) is the inverse· stopping power times the ratio .of. Avogadro' s
number  ivided by the molecular weight.of the target, it was.suggested
by  Paul b. Ingalls   that an integration by parts .could  be   performed.
The results of this operation lead directly to an expression for the

NA<Gv>   rate
        d      w2 (E)

NAev, = 1 Y(E) - . (- ) dE (1)
.0 dE

wl(E)

Using this approach, we are first able to fit our yield curves by
,               a ·polynomial ·in lnE using the program ASTRO, described last year, and

then use these results to generate:the values of N <av> by the program
TNRRY (Ihermo Nuclear lieaction Rates from Xields)  hich evaluates
integral (1) by Simpson's method.

All of the data from our previous experiments have been reanalyzed
by this technique. The results agree within 5% with .the original, but
longer, method.  We are also better able to estimate errors in our rates
by this technique. Table A4-I lists the total set of reactions that have
been reanalyzed or analyzed for the first time this year along with the
energy and temperature ranges over which the measurements are valid.
Figs. A4-1 and AA-2 show several yield curves recently measured.  A
paper has been submitted which discusses these results.

We have also changed our technique for the parameterization of the

yield curves. In addition to the three parameter fit as a function of
Tg  (temperature  in 109 Kelvins) suggested  by  J. W. Truran, which  are  of
the form

-3/2 -1/3     -1
NA<Cv> = T9    exp (A + BT9 + CT9  ),

we are also using the forms suggested by W. A. Fowler and his coworkers.
For the endoergic (p,n) reaction, these are of the form

NA<av> = a(1 + BT ) exp (_ 11  6059) exp (- 6 2)
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Table AA-I

Reactions, Range ef Bombarding Energies, T  Rate

Limits, and Rate Uncertainties

E                                          NA<av>min Emax

MeV-(cm) Me&-icm) Tg(min)    T (max)   Uncert.

108(p,a)7Be 0.069 2.60 0.5 7.0 23%

108(P,Y)11C 0.365 2.60 2.0 7.0 30%

12      13 7.0 20IC(p.Y) N 0-321 2.22 1.0

28       29p 3.30 1.5Si(p,Y) 1.22 7.0 17%

2951 (P'y )3Op 0.357 3.37 2.0 6.5 27%

40Ca(P,Y)41Sc 0.834 4.61 3.5 8.0 30%

46 47. 7.0 20%Ti(p,y) V 0.689 3.38 1.5

47       48 7.0 15%
Ti(p,y) V 0.831 3.77 1.5

SOcr(p'7)51Mn 0.958 4.90 1.0 7.0 15%

54       55 0.766 3.43 2.5 7.0 26%Fe(p,y)  Co

56       57
Fe(p,y) Co 0.789 1.57 1-5 3.5 60%

58       59 3.41 2.5 6.0 32%Ni(p,y) Cu 1.24

6%1(P'Y)61¢u 1.40 2.91 1.5 6.0 30%

61_ 62 3.41 0.5 7.0 32%-Ni(p.Y) · Cu 0.96

656419(p,y) Ca 0.955 4.9 1.0 7.0 15%

67       68                                                        22%
Zn(p.y) Ga 0.956 3.61 1.0 7.0

68       68
Zn(p,n). Ga 4.01 4.90 3.0 5.0 43%

70       71 2.0 7.0 29%Ge(p,y) As 1.58 4.92

74       74 0.5
' Z.0 47%

Ge(p,n) As 3.49 4.93

76       76 4.93 2.0 7.0 32%
Ge(p,n) ·As 2.28

92110 (p,y) 93Tc 1.60 4.94 2.0 7.0 34%

92Mo(p,Y)93w7c 1.60 4.94 2.0 7.0 30%

95       96
Mo(p,y) Tc 1.82 4.48 2.5 7.0 21%

95Mo(p,n)95mTc 3.26 4.48 2.5 5.0 48%

95       95                                                        50%Mo(p,n) Tc 3.11 4.65 2.5 5.5

95*10(p,y)96mTc 2.28 3-38 2.0 7.0 60%

96       96                                                        39%Mo(p,n) Tc 3.80 4.90 1.0 4.5

96 10(p.n)96mTc 3.80 4.90 2.0 5.0 35%

98       99m
Mo(p,y) -Tc 1.60 4.65 1.5 5.0 47%

100M0(P,7)101Tc 1.93 4.95 2.5 7.0 40%
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where Q is the threshold energy in MeV (c.m.).  For the exoergic
reactions such as (p,y) and (p,a) the form for the rate becomes

-2/3         7
-ST

-YT9
NA<av>    =     I (0)      · T9

. exp (-  c   )(ae   9+.(1 -a) e    )

T(113

where I(0), a, B, and y are free parameters and Tc is a fixed param-
eter defined as

TC= 4.2487 (Z12.Z22A)1/3

The parameter I(0) is given by

I(0) = 7.8327 x 10  (Zlz2/A)    · S(0)
1/3

where S(0) is the true nuclear free parameter and in these expressions

Zl and Z2 are nuclear charges of the interaction nuclei and A is the
reduced mass of the two-body system.

In addition to the newly analyzed reactions of protons on Mo, Zn,
Ge and Ca isotopes, measurements are almost complete on the proton
induced reactions with targets of Sn, Nd, Pd and Zr and preliminary

analysis is underway.  Some measurements have also bgen made with
protons on targets of Mg, S, Sr, Ba and Cd and with  He beams on
targets of Ni, Al, Ca and Cu.  We plan to continue this study for the
next year.

b.  Fast Neutron Irradiation Facility

i.  Targets and Collimators - F. M. Edwards and J. J.
Kraushaar

The high pressure deuterium gas target, as described in last year's
1progress report and elsewhere , was used to routinely produce fast

neutron beams for physical and biological experiments.  Some problems
were encountered with rupturing of the Havar entrance foil of the gas
target.  A 0.00015 inch Havar foil positioned approximately 8 inches
upstream from the target to act as a beam diffuser was found to elimi-
nate rupturing, which was evidently caused by hot spots in the incident
deuteron beam. A 2 x 3 c m steel collimator insert was designed and
field mapped for use in the endothelial cell response study (see below).
An insert which gives a 10 cm diameter field at a target to skin dis-
tance (TSD) of one meter was also designed, built and field mapping

begun.

In order to be able to use higher incident beam cfrrents and hence
obtain higher dose rates, a new gas target was designed using a double
foil entrance window with cooling gas flowing between the foils.  The
target has been tested at 400 psi with beam currents of up to 14 BA,
which is the present maximum current with the 17.3 MeV deuteron tune.
At this incident beam current the dose rate at one meter TSD, for the
10 cm diameter field, would be approximately 17 rads/min.  The possi-
bility of extracting higher beam currents is being investigated.
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The efficacy of lithium deuteride as a neutron production target
has been investigated.  Characteristics of a thick LiD target were
compared to those of thick beryllium and 400 psi (7.6 MeV thick)
deuterium targets.  Bonner spheresl were used to determine neutron

yield and average energy.  The n+y dose was measured with a Farmer
0.6 cc ionization chamber.  Beams of protons, deuterons and 3He at
their maximum obtainable energies of 27, 17.3 and 41 MeV respectively,
were used. Results are shown in table A4-2.  The LiD target generally
yields a higher average energy than the beryllium target but produces
less flux. No reaction is better than deuterons on deuterium. Of
interest is the high n+y dose rate as compared to neutron flux for
41 Mev 3He on deuterium.  Presumably this is due to a· large y compo-
nent in the neutron beam; this will be further investigated in more
detail in the,near future.

ii.  Endothelial Cell Response Study - E. L. Gillette,
J. Watters, J. Fike, (Dept. of Radiology and
Radiation Biology, Colo. State Univ., Ft. Collins),
and F. M. Edwards and J. J. Kraushaar

The response of the capillary endothelium of beagle dogs to fast
neutron irradiation is being investigated as part of a larger study
entitled, "Radiation Repair of Normal Mammalian Tissues"2, being
conducted by the Dept. of Radiology and Radiation Biology at CSU.  In
addition to neutrons, beta rays and x-rays are also being studied.

The capillary endothelium in one eye of the dog is irradiated;
the  ·6ther eye serves  as a control. The effect  of the radiation  is
assayed using a procedure reported elsewhere. Neutron irradiations3

are carried out using a 2 x 3 c m field at a TSD of 75 cm.  Dose rates
of 6-10 rads/min were used for most irradiation; a doubling of this
dose rate was recently obtained with the new double foil gas target.

To date 14 dogs have been irradiated with neutrons, seven receiving
300 rads, seven 700 rads.  A definite reduction in vascular prolifera-
tion has been obs erved. With more data, including varied neutron.
doses, comparisons can be drawn between beta, x-rays and neutrons.

The long-term goals of this project are to determine the radiation
response of capillary endothelial cells and to determine alterations in
this response produced by high LET radiation, thermal radiation or
chemotherapy.  Radiation effects on fine vasculature may be the deter-

mining factor in late response of organs composed mainly of slowly or
nonproliferating cells. The radiation response  of the central nervous
system, cardiovascular system, and other critical organs such as
kidney and liver are of particular concern to radiotherapists because
they are often in the treatment field.  The studies proposed can be
carried out in a variety of species which may provide a better basis

for extrapolation to man.

1
Comparison of Fast Neutron Beams for Radiotherapy Produced by 17.3
MeV Deuteron Incident in Beryllium and Deuterium Targets.  F. M.
Edwards, H. W. Fielding, J. J. Kraushaar and K. A. Weaver, Medical
Physics, Vol. 1, No. 6, p. 317-322, Nov. 74.

2 Funded by Grant No. 2 RO 1 CA 13899-04, sponsored by the National
Cancer Institute.
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Table A4-2

Incident Beam Energy and Particle

Target Material 17 MeV d 27 MeV p 41 MeV  He
3

10                   10                   10Flux (neut/sr-Mc) 4.91 x 10 1.11 x 10 1.29 x 10

Deuterium E (MeV) 9.33 7.18 9.64ave
(n+Y) dose (rads/gc) 2.2  x 10-2 6.4  x 10-3 -2

2.00 x 10

10                   10                   9Flux (neut/sr-Mc) 4.16 x 10 2.68 x 10 6.73 x 10

Beryllium E (MeV) 7.11 5.05 6.62ave
-2                    -3                    -3(n+y) dose (rads/Fc) 1.31 x 10 7.81 x 10 3.58 x 10

Flux (neut/sr-*c) 3.08 x 10 1.27 x 10 5.42 x 10    -
10                   10                   9

Lithium
E (MeV) 8.38 7.87 8.58i ave

Deuteride                                    -2                   -3                   -3(n+y) dose (rads/Vc) 1.04 x 10 6.27 x 10 2.67 x 10



3 Endothelial Repair of Radiation Damage Following' Beta Irradiations,
E. L. ·Gillette, G. D. Maurer, G. A. Severain, Radiology 116, 175-
177, July, 1975.

+
c.  Dissociation of H., in a Thin Foil and Possible Use in

Cell Studies - J.-J. Kraushaar; N. Iverson and F. M.
Edwards

+
A beam of H  ions is a unique projectile consisting  of  two

protons with a s paration of 1.5 A.  For almost all nuclear physics
experiments. this.uniqueness is lost since,· as soon as the H  ion
enters the target, the ion dissociates and the protons behave as
individual projectiles.  There are some situations where the presence
of two spatially correlated protons might offer possibilities for
interesting studies.    As an example, radiat ion can cause the death
of a cell by causing breaks in the DNA chain in the nucleus of a
cell.  Frequently two breaks are needed since one-break damage seems
to be able to be repaired rather easily. In summary, it is felt
that if one had two projectiles at distances appropriate for two
hits on a cell the effective RBE could be· far greater than that
for a single proton of the same energy.  The cell survival· curve

could also be expected to show differences for H and H  beams.  If
one 'could change the average s pacing between·the protons   as   they
enter the cell, it is possible that interesting biological informa-
tion could be obtained.

In order to pursue some of these possibilities beams of H2 ions
have been accelerated and some preliminary studies have been begun.
A lithium drifted silicon detector was mounted at 0' in the scattering
chamber with a ·0.092 inch diameter aperture in front of it. With the

ion source essentially turned off the direct beam of 17.4 MeV 112 ionswas taken into the detector.  The lower spectrum in fig. A4-3 shows
the result.  Some H  ions are dissociated in the residual gas after
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Fig. A4-3.  The spectrumSoa-
resulting from H  ions
impinging directly on a

i'000.-                        -   Si (Li) detector is shown
.
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1.he last bending magnet and produce the small peak at half the
energy.  The H  ions, of course, dissociate immediately as they
enter the detector, but the ion pairs from both tracks are col-
lected to give the sum signal. The  upper spectrum was taken
with a 1 mg/cm2 gold foil 9.2 inches from the detector.  Here the

Hf ions dissociate in the gold foil and the average small angle
scattering angle is large enough so that most protons enter the
small aperture of the detedtdt unaccompanied by their original
proton partner.  A series of measurements of this kind with gold
and other materials was made to ascertain the average angle
between the protons. Calculations were also carried out for

small angle scattering for the foils used.  Direct Coulomb repul-
sion of the two protons turns out to be negligible. The small

angle scattering calculations were in rather poor agreement with
the measurements and further work needs to be done.  The feasi-
bility of the cell studies with 1{2+ ions depends on whether the
cells could be placed directly on the atmospheric side of a beam
exit foil.  For a 200 Mg/cm2 foil of 12C, where the average angle
between the proton has been calculated to be 6 x 10-3 radians, and
for a spacing of foil to cell of 1 mm, hit spacings of about a g
could be obtained, which is in an interesting region for DNA.

48
d.  The Use of Ca as a Stable Isotope Tracer - F. M.

Edwards, J. J. Kraushaar, R. A. Ristinen and C.
Solomons (C.U. Medical Center)

The technique of proton activation of calcium isotopes via the
48,44- 48 44La(p,n). '  Sc reactions, as described in last year's progress

report, has been further investigated and developed.  The purpose is
to develop a calcium tracer technique that circumvents the radiation
exposure when 45Ca is used with humans.  A target changer (shown in
fig· AA-4) which allows 10 targets to be mounted, irradiated and
removed withoVt breaking vacuum in the target box, was  designed
and built. Targets are prepared by gently pressing the target
material into 1/8-inch diameter recesses in pure aluminum target
cup  and covering them with 0.0003-inch tantalum foil retained by
an "0" ring.  Up to ten cups can be mounted on the rotatable water
cooled piston which moves in or out of the outer cylinder for inser-
tion and removal of the targets.  The proton beam is collimated by
a 1/8-inch diameter aperture in the graphite shield.  Using this
system an irradiated set of targets may be removed and a new set
inserted in about 15 minutes.

The present procedure is to irradiate each target with 9 MeV
protons for 10 to 20 minutes at approximately 500 na of beam current.
The targets are then removed and set aside for 6 hours to allow
short-lived products to decay.  Gamma-ray spectra are then taken
with an ORTEC VIPlI coaxial Ge(Li) detector.  The peaks at 983,
1037 and 1312 keV in Sc and 1157 keV in Sc are integrated using

48                    44

the program SPECTR and ratios of peak areas for 48Sc/44Sc are com-
puted and no alized to 6 hours after irradiation. Since the 1037
keV peak in Sc is sometimes contaminated by gamma rays from reac-
tion products of 56Fe and 66Zn which are often present in biological
samples, the ratio of the sum of just the 983 and 1312 keV peaks to
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Fig. A4-4.  Diagram of target changer as explained in text.

44
Sc has also been calcu ted.  Shown in fig. AA-5 is ·the ratio

of the sum of all three Sc peaks (squares) and the sum of two
48Sc peaks (circles> to 44Sc for CaC12 targets which have been
doped with known amounts of 48Ca plotted versus percent 48Ca

above natui l abundance.  The ratio for a 15% increase in theamount of · Ca present is at least two standard deviations above
the natural ratio.

To test the method in a biological system a 160 gm rat was
injected intraperitoneally with 0.14 mg of 54.2% enriched 48CaC03
dissolved ininormal saline solution At a proximately the same
time   the   rat   was inj ected  with   50  gai   of 48Ca. Blood samples   of
approximately 0.75 ml were taken at set intervals after injection,
allowed to clot, centrifuged  and the serum drawn off.  The 45Ca

specific activity was immediately assayed by liquid scintillation
counting of 10 gl of the serum.  Samples were then freeze dried,
ashed, irradiated. with 9 MeV protons and counted.  Results for the
non-radioactive and radioactive calcium isotope were compared by
normalizing the 30 min sample to 75% relative amount of tracer

present (the largest count rate at 5 min was not used for relative
nonmalization since the isotopes were not injected simultaneously).
A plot of relative percent tracer vs. time for both isotopes is

shown in fig. A4-6.  Agreement is reasonable but not as exact as
might be hoped.  Some discrepancies appear to be caused by con-
taminants in the biological sample.  We are currently attempting
to locate and eliminate these contaminants by optimizing the proton
energy with respect to thresholds of competing unwanted reactions.
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Chemical processing of the samples to remove interfering elements is

also being considered.
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5.  X-ray Fluorescence Trace Element Analysis - L. L.
Nunnelley,  J.  W. V. Trish and. W. R. Smythe

a)' Introduction

As has been described in previous progress reports, an x-ray
fluorescence system has been,developed. for analyzing small (300 gg)
samples.  We have found this size to be satisfactory for many dif-
ferent kinds of samples.  The excitation is produced by the filtered
Bremsstrahlung radiation from an x-ray tube.  The fluorescent radia-
tion from the sample is observed with a lithium drifted silicon x-
ray detector.

About 2200 samples have been analyzed in·the past year.  Approx-
imately half the samples are related to the Molybdenum Project.  The
Molybdenum Project is an interdisciplinary effort to study many
aspects of dolybdenum in the environment.  Funding·is provided by
NSF-RANN.  Most of the other samples analyzed over the past year have
been related to'the study of trace element abnormalities associated

with chronic uremia and hemodialysis.  This work is being done in
collaboration with the renal section of the Denver Veterans Admini-
stration Hospital and is supported by funds from the NIH.

b) -Hardware and Software Development

An automatic sample changer along with an improved, low back-
ground collimator for the excitation beam has been constructed.  The
software has been written for a PDP-8 computer so that samples can
be sequentially advanced, irradiated and the resultant x-ray spectra
stored on magnetic tape.  This system has been calibrated and is now

routinely collecting data.  One improvement under consideration is
computer inspection of the dead time to be sure it is in the range
which the dead time correction circuitry can handle. Most of the
data reduction is now being done en the PDP-9 computer.  The recent
addition of a disk storage device for the PDP-8 computer will make
it feasible to do the data reduction on the PDP-8, when the appro-
priate software has been written.

c)  Tissue Survey of Dialysis Patients

Conceptually, an artificial kidney is a porous membrane  between
the patients' blood supply and a pool of water.  Waste products (mostly
small organic molecules, e.g. urea) diffuse from the blood to the

wa Tr.     The main electrolyte components  of the blood   (such  as  Na+,   Cl-,
Ca  , K+ and Mg+ ) are added to the water and the concentration is
adjusted to minimize the flow of these electrolytes into or out of the
blood.  In the past, no effort has been made to balance elements of

  trace concentrations.  We have been studying the general problem of
trace element transfer in the artificial kidney (either into or out
of the blood).

After patients have been maintained on artificial kidneys for
months or years, one might expect to observe trace element abnormali-
ties in their tissues.  Fig. A5-1 shows the results of analyses of
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liver samples taken at autopsy.  The samples were freeze dried and
ashed at 450' C in air to preconcentrate the heavy elements.  Ap-
proximately 300 micrograms of the homogenized ash were used for
each analysis.  As can be seen from the spectra, there are several
pronounced concentration abnormalities. Bromine is reduced more
than a factor of 20 and rubidium is reduced a factor of 4. Both
of these elements tend to diffuse out of the blood through the
artificial kidney.  Tin levels are elevated.  However, tin levels

are also elevated in the livers of people with reduced kidney
function who have not been treated with the artificial kidney.  So
the elevated tin levels may be associated with kidney disease and
not the artificial kidney.
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Fig. A5-1.  Averaged x-ray spectra of ashed liver samples.

One of the great advantages of x-ray fluorescence is the obser-
vation of many elements in one sample.  Thus the use of this method
offers the opportunity to observe previously unsuspected trace element

concentration abnormalities.  An example is the discovery of uranium
in liver samples (fig. A5-1) from dialyzed uremics.  The source of
this uranium is now being investigated.  Another interesting example
is the recent discovery of bismuth in autopsy tissue samples from a
patient who experienced kidney failure.  The principal manifestation
of bismuth poisoning is total suppression of urine formation.  However,
additional investigation will be necessary to determine if bismuth
poisoning was an important factor in the uremia experienced by this
patient.

d)  Other Biomedical Applications

One of the best potential uses of the technique of x-ray fluores-
cence is in medical research and clinical analysis.  In 1972 a shipment
of seed grain treated with a fungicide containing methyl mercury was

extensively used for making bread in a Middle East country.  We
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analyzed six head hairs from a woman who had eaten such bread,
analyzfng 7 Imn segments along the hairs.  The results for mercury
are plotted in fig. A5-2.  As can be seen, the mercury concentra-
tion rises .abruptly from a level near zero and then falls expo-
rientially back toward zero. Zinc' levels were simultaneously
measured and are shown in fig. A5-3.  The summer temperatures there
approach 120' F, and perspiration is known to be an excretion route
for zinc.  Thus it is reasonable that the minimum concentration of
Zinc occurs in summer. This. corresponds with the known history of
this hair sample.  If one assumes that the rate'of growth of hair

is constant and that the zinc minima occur in summer, then it is
possible to.Jstablish a time scale for the mercury data.  It is
clear that a great deal of information can be obtained from 6 hairs.
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Fig. A5-2.  Mercury content of six hairs.  Distance is measured
from the scalp.
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The relative speed of measurement and the small sample size
make the present system well suited for rapid analysis of blood
samples.    Fig. A5-4 shows  a  plot of bromine concentration in plasma
vs. time.  These samples were collected from a patient who had
experienced bromine poisoning.  For these measurements 10 micro-
liters of plasma were pipeted directly onto the thin film backing.
Total time of analysis including preparation can be as short as
30 minutes.
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Fig. A5-4.  Bromine poisoning recovery.  Measurements of blood
plasma samples collected daily show a steady decrease in bromine
levels.

An investigation being carried out in collaboration with researchers
at the Harvard Medical School is the study of metaloenzyme control
of sex hormone production occurring in the  ituitary gland of the

female rat.  The x-ray fluorescence system is particularly well
suited for these analyses because the pituitary gland of a rat has

a wet weight of only 4 mg.
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B.  Intermediate Energy Physics.

1.   Multipole Trim Magnets· for EPICS -: R. J. Peterson, R. A.
Ristinen, J. J.'Kraushaar,  M. E. Rickey (Indiana Univ.)
and H. A. Thiessen (Los Alamos Scientific Laboratory)

Variable correction fields are needed to obtain the best reso-
lution  from the EPICS channel at LAMPF. The fields needed  are  quad-
rupole, symmetric sextupole and antisymmetric sextupole.  A novel
design for such magnets has been developed,  and 'three multipole
magnets have bedn built, tested,,delivered and installed.  A trans-
verse.steering. magnet has also been fabricated and delivered.

The field configuration is derived from the current distribu-

tions, not the iron ·structure. The conductor used is a 1/4 inch square
mineral insulated cable which is resistant to the very high radiation
environment at the front of the channel.  The quadrupole field is from
coils evenly spaced along the long lIdgs .of the magnet.   (See fig.  Bl.)

CURRENT CONFIGURATIONS
(NOT TO SCALE)

1

li       TI 1. ,
+ + 'II-r0  +  QUADRUPOLEa    .N 1 + 0.  +1    -

1.0    0   .1
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Ff-       771   +   +   1   +  +   I r,       711:     :1 + 0 li il SEXTUPOLE11     . &1 1  +  +  1  +  +  I L

1..1..1

1+ +1. .1

1..|0*11-rEll , 0   I:     SYMMETRIC
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1+ +1. .1

Fig. Bl.  The current configurations for several multipole fields.
The quadrupole coils are evenly spaced along the long legs, and the
sextupole coils are spaced linearly closer together for larger x,
the horizontal axis in the drawing.
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The sextupole field coils are spaced linearly closer together towards
the magnet edges.  The leads for each side are taken out separately.
'1'he end coils have  the same number of turns,   so  no net current passes
through the loop of the iron return.  Several possible field configura-
tions are shown in fig. Bl.

Field mapping results are shown in fig. B2.  Data for the quadru-
pole field are shown at two currents, compared to a straight line.  The
field integrals for the sextupole fields at two currents are compared
to a pure quadratic curve.  The desired results are indeed obtained.

A more complete report has been submitted to Nuclear Instruments
and Methods.
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2.  EPICS Taut Wire System - N. Ensslin, S. Greene, K. Kanizay
and C. Larsen

During the past year sixty taut wire sensing units were assembled
and delivered to EPICS for use on the channel magnets.  This repre-
sents an expansion of the system by two additional taut wires.  These
two wires will run the entire length of the channel and will serve as
a check on the position of the first channel magnet with respect to
the fourth, independent of any displacements in the pedestal that
supports the second and third magnets.

The new sensing units also include additional fixed units for
calibration purposes.  Experiments were conducted to demonitrate that
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the calibration wires could be used t6 correct taut wire readings for

any voltage shifts due to the electronic readout circuits.  Several
modifications were made to the sensors to improve their range and
stability.  Six taut wires have been calibrated and assembled, and
support brackets for these wires have been designed, constructed and
installed in the beam line.  Two taut wires have already been installed,

and, the others will be installed shortly.

New programs have been written to calibrate the wires and to auto-

matically renormalize all readings to the latest calibrations.  The
programs have been successfully tested using one of,the newly installed
taut wires.

3. LAMPF Proposals - N. Ensslin (U. of Colo.)', D. Madland (U. of
Minnesc;ti), C. Morris (U. of Virginia) and H. .A. Thiessen

( LAS L)

Two experiments to study deformed nuclei using pions have been
approved by the LAMPF Program Advisory Committee:

148 152
#224 - Inelastic Pion Scattering fro     Sm and Sm
#232 - Inelastic Pion Scattering by  ·Mg and' 25Mg

These experiments are proposed for the EPICS pion beam line, at a pion
energy of 200 MeV.  Spectra will be taken with both positive.and nega-

tive pions at scattering angles between 20 and 70 degrees.

148
Sm is a spherical nucleus soft to vibrational excitation,

whereas 152Sm shows a low-lying spectrum common to strongly deformed
nuclei. The first experiment will measure the transition strengths to
the low-lying vibrational and rotational states of these two nuclei.
If the deformation parameters extracted from the transition strengths
agree with.·those obtained using conventional nuclear probes, this will
imply that the reaction'mechanism used in the calculations is satis-
factory for nuclear spectroscopy work. By studying both Tr  and TT-
spectra, it should be possible to determine the ratio of the'neutron
and proton deformation parameters to an accuracy of about 5%.

The second experiment will also take advantage of the expected
sensitivity of 11'+ and lT- beams to protons and neutrons, respectively.
It should be possible to extract the neutron and proton components of
the transition strengths to the low-lying collective states of 24Mg and
25Mg.  In the case of 25Mg it may be possible to determine which trans-
itions are due to the excitation of the extra neutron and which are due
to excitation of the core.

14
4.  180' Electron Scattering from N - N. Ensslin (Univ. of

Colorado) and W. L. Bendel, L. Wi-Fagg,    E. C. Jones   and

R. A. Lindgren (Naval Research Laboratory, Washington, D.C.)

Inelastic scattering of electrons from nuclei at 180' provides a
means of selectively populating unnatural parity states.  In order to
conserve the helicity of the electron, the interaction must proceed via
an electron-nucleon spin flip, exciting primarily Ml or M2 transitions.
If the target nucleus is self-conjugate, it can also be shown that the
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dipole transitions selectively populate AT=1 states (Morpurgo's
Rulel).

The present experiment was carried out at the Naval Research Lab
linear accelerator using a nitrogen gas target at 10 atm pressure.
Spectra'were taken at 40, 50 and 60 MeV incident beam energy over an
excitation energy range of 0-18 MeV.  Fig. B3 illustrates the spectrum

obtained at 50 MeV incident electron energy.  A relatively small number
of peaks appears above a background due to electron breasstrahlung in
the target.  Most of the Ml, AT=1 strength is concentrated into the

2
lowest T=1 levels, as predicted by Kurath . Several unidentified
levels are observed above 11 MeV excitation energ35.  A 1+, T=l level
at 13.75 MeV, which was observed by H. Baer et al.  via the
14N (TT-,Y) 14C reaction, is weakly excited here.
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Fig. 83.  Spectrum of 50.5 MeV electrons scattered at 180' from   N.

Of particular interest is the weak transition t° ihe 2.313 0 ,
T=1 state.  This state is the isobaric analog of the C ground state.
It is weakly excited for the same reason that the beta decay of 14C is
so anomalously slow--an accidental cancellation between the 14C and

14N ground state wavefunctions.  The present data4will be used in con-
junction with earlier electron scattering results to provide constraints
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on these wavefunctions. Other work on  the A=14 system is reported
in sect. II-B-4.

1
G. Morpurgo, Phys. Rev. 110 (1958) 721.

2 D. Kurath, Phys. Rev. 130 (1963) 1525.
3 H. W. Baer et al·,submitted to Phys. Rev. C (1975).
4 N. Ensslin.et 81., Phys. Rev. C 2 (1974) 1705.

5.  Secondary Production in Thick Target Experiments - R. E.
Anderson, J. J. Kraushaar, E. Rost and D. A. Sparrow

Recent data obtained for the 13C(Tr+,Tr°)13N (g.s.) excitation
functionl,2.differs appreciably from the theoretical: predibtions.3-5

This disagreement between theory  nd experiment led directly to a
re-examination of both the theory  and some aspects of the experi-
ment.7  However,. neither work was able to resolve the dilemma in a
satisfactory fashion.  Although the theoretical predictions of ref. 6
did reproduce the observed excitation function, the use of unrealistic
wavefunctions leaves the result subject to much doubt.  The present
work is an additional re-examination of the experimental data.1,2

13 + o 13The original C (TT   ,n   )      N (g.s. ) measurements were carried   out
by   observing the radioactive decay   of   the   13N ground- state becaus e
of the experimental difficulties associated with direct neutral pion
detection.  However, such indirect observation of any reaction pro-
vides no evidence that the final state was actually formed in the
desired fashion.  Indeed,  radiochemistry measurements of small
cross sections have shown that thick target results are quite sus-
ceptible to errors deriving from secondary reactions in the target

material.  In addition, r cent experience in attempting to observe.10the 'Be(p,Tr-,  C reaction has shown that this very problem may be
quite severe when using activation techniques in the area of pion
physics.  Thus it was decided to investigate possible secondary
reactions leading to the ground state of 13N which might account for
the observed discrepancies between theory and experiment in the
13COT+,TT°)13N %.s.) reaction.

Two reactions will be considered here.  The first rdaction is
13   +the  COT ,xp) t93produce protons in the target, and the second

reaction is the ((p,n)13N (g.s.) transition. The latter reaction
is the isobaric analog transition and hence carries a large fraction
of the available  p,n) strength. The 13C(p,n)13N (g.s.) transition
is well studied over the proton energy range

ff8m threshold (-3 MeV)7,

to 23 MeV.  In addition, a high energy data point   at E =155 MeV
permits an interpolation of the cross section at interme iate energies.
These data are presented in fig. B4.  The two main contributions to
the former reaction are pion induced knockoyi and   on absorption.
These reactions have recently been measured for C at a pion
energy of 130 MeV.  Models have been constructed for the energy depen-
dence of the reactions to allow predictions to be ma4e for the pro-

duced proton spectrum at any pion energy.

The energy and angular distributions of the protons produced in
pion reactions were fit using a variety of functional forms.  In
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Fig. B4. Total cross section for the
13C(p,n)13N (g.s.) reaction as a func-

"C(p,01'KI(g,1 -   tion of proton energy.

50 100 ISO

Ep( M#

general, taking into account the forward peaking of protons from
quasi-elastic reactions did not have much effect.  The best iso-
tropic fit was of the form

2

-da-s    1-a Y -a Y2+S e
dndT -  le        2

T
l

where y=2 E R. The factor of two comes from the average
'IT

number of pions produced at Tj = 130 MeV. The cross sections assumed
to scale as

ErT
Since the bulk of the protons are produced in absorp-

tion reactions, not .in quasi-elastic scattering.

13The carbon target was assumed to be a C slab of infinite
extent in the direction perpendicular to the beam direction (al-
though no differences in predicted cross sections were obtained when
proton scattering angles near 90' were deleted from the calculation)
and  1 cm thickness appropriate  to the Chivers  et al. experiment. 1

The rate of pion energy loss is fairly small so it was assumed that
the pions produce protons uniformly throughout the target.  The proba-
bility that the proton will produce a (p,n) reaction before either
leaving the target or being degraded below threshold is a eraged over
the energy and angular distribution of protons, and the target pro-
duction sites. The results obtained with this calculation are shown
in fig. B5 as the solid line.  Although changing the parameterization
of dc/dndT (F+,xp) can produce a different energy dependence of the
secondary production, any parameterization which reasonably
fits the pion absorption and quasi-elastic data will give essentially
the same results.

The results shown in fig. B5 are about a factor of 2 to 3 below
the data of ref. 1 and ref. 2. Thus it cannot completely explain
the discrepancies noted in the introduction. The results do show,
however, that secondary reaction processes are not negligible and
must be properly accounted for in order that any activation measure-
ment carried out with a thick target yield reasonable results.
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Fig. B5.  The data are from the ref-

- 13C('r..No)"N(,•) erences shown and the solid line is the
tesult to the present calculation for

6 ref /
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Although one can reduce the effects of secondary production by using
thinner targets, fig. B6 shows that sizable effects are expected

even at a.target thickness of 0.2 mg/cm2.  Anothei possible effect
which was not treated here was the production of  3N due to proton

contamination of the pion beam.

1 D. T. Chivers   21., Nucl. Phys. A126 (1969) 129.
2 M. Zaider et al·, Tel-Aviv University Rept. # TAUP-352-73, 1973.

Y. Sharmai  et al·, Sixth International Conference  on High Energy
Physics and Nuclear Structure, Santa Fe and Los Alamos, N.M June,.,

1975, Contribution I.D. 7.
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3 M. Koren, Ph.D. Thesis, MIT, 1969 (unpublished), June 9, 1975.

4 w. R. Gibbs et al., Phys. Rev. C 2 (1974) 1340.
5 G. Miller (unpublished).
6
A. Reitan, Nucl. Phys. B68 (1974) 387.

8  D.  A.  Lind  et  al.,  Phys.  Rev.  C 11  (1975)  2099.
R. E. Anderson et al·, Univ. of Colo., Rept. #300-535-710 and
Bull. Am. Phys. Soc. 19 (1974) 1007.9 -P. Dagley St al·, Nucl. Phys. 24 (1961) 353.

10 L. Valentin et al., Nucl. Phys. 62 (1965) 81.
11 E. Bellotti et al·, Nuovo Cimento 14A (1973) 567; E. Bellotti et al·,

Nuovo Cimento 18A (1973) 75.

6.  The Feasibility of Studying the Pion-Charge Exchange
Reaction on 3He by Observation of the Recoiling Ion -

S. Miller, J. J. Kraushaar, R. A. Ristinen, D. A.
Sparrow and R. J. Peterson

Experimental information on pion charge exchange reactions is
extremely limited.  The measurements made to date involve activation
experiments and hence give information only on the angle-integrated
cross sections. Difficulties arise with some of the measurements
because of the thick targets used, which lead to appreciable contri-
butions from sequential reactions.in the target.  Although recent
refinements in both the theoreticall and experimenta12 studies of

pion charge exchange have removed the worst discrepancies, substan-
tial differences persist.  It is felt that a more complete under-

standing of these reactions would be greatly aided by an experimental
determination of the angular distribution, particularly since the

problems associated with the activation measurements can be avoided
in a direct counting experiment.

It is clear that to properly test our theoretical understanding
of pion charge exchange reactions differential cross sections must
be obtained so that reasonably complete angular distributions are
available for No's going to specific final states of the residual
nucleus. While  a no spectrometer is needed  for a general study  of
charge exchange reactions, there are a series of reactions in light
nuclei that might be profitably studied by observation of the recoil-
ing nucleus.  The most favorable cases of this kind are the Tr- + 3He =
3H + TTO  or  the TT+ + 3H =  3He + no reactions. Recent theoretical  cal-
culations have been made on these reactions.3,4  Of particular sig-
nificance is the prediction2 that for energies primarily below 200
MeV the spin-flip process can dominate the charge exchange cross
sections.  The effects of the spin-flip contribution are expected to
be most evident in the range of 30 to 100' for the center-of-mass
scattering angle for the no.  It is clear that experimental verifi-
cation is needed of these large and somewhat unexpected spin-flip
contributions.

While it is possible that such experiments could be done even-
tually using the rro spectrometer being constructed at LAMPF, the
recoil experiment is simple in concept and very modest in the com-

plexity of the apparatus used.  It also can be designed to have an
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extremely.good efficiency.

3LAMPF Experiment 90; which has scheduled time on P  has
been.extended to include elastic scattering of pions. on 3He as
well as the charge exchange reaction.  The primary thrust of
experiment 90 is still  ho ever, a test of time.reversal invari-
ance by studying the rr  t-H-y t 3He reaction from 100 to 300
MeV incident energy.  Thus; while there is some overlap with the
proposed experiment it is felt important that precise data on the
charge exchange reaction be obtained with relatively complete
angular distributions and with incident pion energies that ·extend
down to at least 50 MeV.

Efbrt has··been made this past year to study the feasibility
of the n - 4-':3He recoil experiment, to begin a preliminary design
of the apparatus and to prepare a proposal for submission to the
LAMPF Program Advisory Committee.

At the·outset,  in the design of the experiment· it was assumed
that the detectors would be small since solid state charged particle
detectors were probably going to be used both for particle identifi-
cation and total energy determination. This requirement .dictates
the use of the small beam spot of LEP and a small. gas-cell.   The '
most important limitation in· the design is  the low .energy..of the
recoiling  3He  ions and tritons.    Fig. B7 illustrates this. problem.

140 -

120                                                     -

1 100
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 7  60 -
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0 20 40 60 80 100 120 140 160 180

8cm 77-0

Fig. B7.  The region to the right of the curve represents the
combination of n- energy and 1-ro scattering angle that will yield
a recoil triton with an energy greater than 1 Mev after it has
left the gas cell.

3
An eight cm diameter gas cell with 6 atmospheres of  He gas has
been considered with 1/4 mil Havar windows.  After energy loss both
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in the gas and window it is felt that a minimum of 1 MeV is
required for detection for the recoiling ion.  The region to thc
right of the curve in the figure meets this condition. It is
felt that a sufficiently large part of the angular distribution
is available, i.e. 60 to 180', and that incident energies· down to

50 MeV (center-of-mass) can be used. A computer program has been
written that permits the kinematics of the reaction to be conven-

iently studied if any of the above parameters are varied.

The questions of counting rates and particle identification

were investigated next.  In fig. B8 calculated spectra are illus-
trated for 132 MeV Tr- beam on the 8 cm diameter gas cell with 4
atmospheres of pressure. The relative amplitudes of the peaks are
not significant. The incident beam was taken as 1.3 cm wide by
1.5 cm high and the detector at a lab angle of 20' was· 15 cm from
the center of the gas cell with a l x 5 c m aperture.  The effects
of energy loss and kinematic broadening have been taken into
account.  The peaks are labeled according to the reaction that is
involved.  It appears at this scattering angle (0c =140' for the
Tro) that there is no major problem resolving the r;26ils from the
three reactions. In order to achieve better separation of the
3He and triton peaks at some of the angles it may prove necessary
to use a thin foil in front of the detector.  The dashed peaks
illustrate the effects of a 9 mil aluminum foil. It appears that
separation can be achieved over most of the angular range by selec-
tion of an appropriate foil thickness.  If particle identification
can be achieved in this way, it will mean that the use of solid
state detectors with an E-AE telescope will not be required and

that small and inexpensive proportional counters or scintillation
counters could be used instead.  With this modification sufficient
counters could be arranged around the gas cell to simultaneously

get fairly complete angular distributions for elastic scattering,
charge,  exchange and T+y reactions.

0
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Fig. 88.  The spectra calculated for the recoiling 3He ion or
triton with 132 MeV incident 11'- energy and a center-of-mass no
angle of 140'.  The dashed peaks represent the effects of placing
9 mils of aluminum in front of the detector.
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The question of counting rates is still being investigated.
Using the cross sections for the charged exchange reactions cal-
culated by Sparrow4.counting rates can be. expected on the order
of several counts per hour at. 60' with 107 1-r- per second on the
target.  The· elastic. counts would be about 10 times larger.

The preliminary studies indicate that the experiment may be

possible and further calculations are being made.  Particular
emphasis will be put on the problems of background counts from
proton induced reactions and the design of the gas cell and
counters.

1 W. R. Gibbs, B. .F. Gibson, A. T. Hess, G. J. Stephenson, Jr.,
and W. B. Kaufman, Sixth IInternational Conference on High
Energy Physics and Nuclear Structure, Santa Fe, June, 1975,
Contribution I.B.18.

2   Y.   Shamai, J. Alster,   E. D. Arthur, D. Ashery, S. Cochavi,
D. M. Drake, M. A. Moinester and. A. I. Yavin, Sixth·' Interna-
tional Conference on High,Energy Physics and Nuclear Structure,

  Santa Fe, June, 1973, Contribution I.D.7.
J. M. Eisenberg and V. B. Mandelzweig, Phys. Letts. 53B (1975)
405.

4. D. A. Sparrow, Phys. Letts., to be published, and Sixth Inter-
national Conference on High Energy Physics and Nuclear Structure,
Santa Fe, 1975, Contribution I.B. 26.

5 Research Proposal No. 90 to LAMPF.  A Test of Time Reversal
Invariance in Single Pion Photoproduction Through a Study of
Reciprocity in the Reactions, P. Glodis, R. P. Haddock and
J. E. Spencer, Spokesmen.

- 106 -



C.  Apparatus and Facility Development

1.  Development of a y-y Coincidence Facility - B. L.

Smith, R. E. Anderson, F. E. Cecil, J. J. Kraushaar,
R. J. Peterson and R. A. Ristinen

A compact scattering chamber, designed primarily for y-y
coincidence studies, has been installed on the gamma-ray beam
line of the cyclotron.  The design and fabrication of the chamber
and associated hardware were totally in-house.  The chamber con-

sists of a thin walled aluminum cylinder with beam entrance and
exit ports.  A target ladder, accommodating four standard sized
targets, is mounted concentrically with the two lids to the
chamber; any of the four targets may be selected under vacuum.
The laboratory's two commercially fabricated high resolution

Ge(Li) gamma-ray detectors may be simultaneously situated at
angles from 45' to 135' with respect to the forward beam direc-
tion on opposite sides of  the beam line. In order to optimize
the absolute detection efficiency of the two counters, as is

imperative in a Ge(Li)-Ge(Li) coincidence measurement, the
dimensions of the apparatus are chosen so that the two counters
may be brought simultaneously to within 1.5" of the target.
The thin walls of the chamber (30 mils) give only 3% attenuation
for 100 keV gamma rays.

There are, in addition to the beam entrance and exit ports,
four viewing ports, located 45' above and below the entrance and
exit ports of the chamber. These ports allow TV monitoring of
phosphor targets while tuning the beam and are also designed to

accommodate charged-particle detectors.  Thus particle-gamma or,
in principle, particle-particle-gamma-gamma coincidence studies
may he carried out.  Finally, standard micrometer driven colli-
mation slits (tantalum or graphite) are located 45 cm upstream
from the target.

106
Preliminary y-y coincidence studies of Ag through the

103 106reaction Rh (a., ny) Ag have been carried out. (See sect.
II-A-2-b 8f this report.)  Similar studies are planned of the
reaction - Te(a,ny)102Rh and of the totally unknown nucleus

57(u through the reaction 58Ni(p, 2ny 57Cu.  The latter nucleus
is of particular interest as it and Ni will constitute the

heaviest known mirror pair of nuclei and, as such, allow further
insight into Coulomb energy systematics.

The accompanying photograph (fig. Cl-1) shows the scattering
chamber with the two Ge(Li) detectors; the view is downstream.

Conventional electronics deliver integrated pulses from the
detectors to a ND 50/50-PDP-9 system.  Appropriate software
packages (ACQUIR and GAMMA described elsewhere in this report)
have been developed to allow event-by-event data storage on tape

and subsequent playback of selected regions of the data.
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Fig. Cl-1.  The y-y coincidence scattering chamber with both
Ge-Li detectors in place. Beam is incident from the right.

2.  Electrostatic Deflection Plates: Calibration and
Their Use for Determination of the Transverse Eiectile
Beam Widths - R. A. Emigh, D. E. Prull and C. S. Zaidins

In order to aid particle identification in a wide variety of
experiments, a pair of electrostatic deflection plates was placed
between the 90' spectrometer magnet and the helical cathode pro-

portional chamber (HCPC) .*  These deflection plates produce a
transverse deflection  x  from the center line of the spectrometer

which is given by:

Z·V
X= .C- (1)E      1'

where Z is the number of elementary charges on the ejectile, E

is its lab energy in MeV, V is the potential difference in kilo-
volts on the plates, and Cl is a constant dependent upon the
geometry of the plates and the distance between the plates and
the detector. It should be noted that the ratio Z/E is sometimes
referred to as the "electrodynamic rigidity" of a particle.

The constant Cl was determined initially by calculations
based on physical measurements of the plates and position from the
HCPC. This constant also was determined directly by experiment.

A number of different particles at various energies were deflected
by the plates and the detector was  moved to maximize the number
of desired anode signals. The calculated and experimental constants
differed by less than 8%. The experimental constant is being used
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2
along with eq. (1) in the computer code PLATES.

12         12A number of reaction&, including   ((p, p'),   C(3He,3He'),

12C(3He,6Li) and 12C(3He,'Be) were used to find the transverse
width of the ejectile beam.  The detector was placed off axis
and the voltage difference was incremented. This moved the
various particle groups across the HCPC face.  By using eq. (1),
the width of the detector window and the detector anode spectrum
to determine when the groups entered and left the detector, we
found that the ejectile beam has a transverse width (95%) of

2.3 cm.  This figure is basically independent of magnification
and type of particle and energy.

1 B. W. Ridley, D. E. Prull, R. J. Peterson, E. W. Stoub and

R. A. Fmigh, "The Energy-Loss Spectrograph at the University
of Colorado," to be published in Nucl. Inst. & Meth.

2 D· E. Prull, Univ. of Colorado NPL Technical Progress Report

(1974) 136.

3.  Computer Program Development

a)  ACQUIR - D. E. Prull

An on-line two parameter data taking program has been

written for the PDP-9 - ND 50/50 system.  The primary options
of the program are to record the x and y ADC conversions, clock
and routing bits event by event on magnetic tape for later analy-

sis and to generate a gated spectrum in the ND 50/50 memory unit.
By using a scheme of "nested" double buffering, it has been possi-
ble to keep dead time at a minimum and not impose a counting-rate
limit set by the computer speed.

b)  GAMMA - D. E. Prull

GAMMA is a program to play back the magnetic tapes recorded

by ACQUIR during gamma-gamma coincidence experiments.  The system
disks are used in a mass storage mode as a 256 K channel analyzer.
It is possible to generate up to 120 gated spectra with one pass
through the magnetic tapes.  These spectra are recorded on DECtape

in SPECTR compatible format.

c)  MEPHISTO - H. P. Blok

1
The computer code MEPHISTO  is an antisymmetrized distorted

wave program for the calculation of cross sections in inelastic
nucleon scattering and (p,n) reactions.  It uses a microscopic
interaction (direct, tensor and LS) between the incident nucleon
and the active target nucleons and includes the effects of core
polarization both in the direct and the exchange terms.

The original version of the program uses too much core memory.
Changes are being made to make the code smaller and faster without
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sacrificing essential features.  The first few overlays of the
program have been reduced already to fit into the 14300OB core
memory of the CDC 6400 computer and yield the correct results
for a test case.

1 H. V. Geramb,. KFA Jillich, unpublished.

4.  Electronics Maintenance and Development - L. A. Erb

a)  Cyclotron

i.  Main Magnet Power Supply

Specifications were drawn u$, bids requested and an order
placed for a power supply to replace the M.G. set now used to
power the main magnet. 1he design is to be very similar to that
purchased to power  the shim coils. Variable  SCR gate timing
will allow output current adjustment from 0-600 amps.  Current
regulation specifications are 1 part·in 105 of full output or
:!:6 niA. The supply is to be fully protected against overcurrent,
over-temperature, supply and load cooling water· failure, and
power component failures.  Delivery is expected shortly after
the end of this year.

ii.  RE System

Reliability of the RF system has been exceptionally high
this year. :,No major breakdowns occurred within the system.

A change in the second stage multiplier circuit was made to
improve the drive· at  high frequencies. Additional changes  are
proposed :to improve drive performance and ease of .setup to the

operator.

Development is under way on a circuit which will cause the
dee voltage regulator to track an extracted beam peak, since the

beam current is a very sensitive function of dee voltage.  Two
different techniques are being evaluated to accomplish the track-
ing.  Tests so far indicate that neutron time-of-flight timing is
somewhat improved by use of this system.

iii.  Shim Coil Supplies                                          

The new shim coil supplies have been run periodically this
year. Voltage feedback was added to the new regulators for in-
creased stability.  The magnet time constants are short and change

with iron saturation so that with current feedback alone, it was
necessary to change time constants with current.  Voltage feed-
back eliminated the need for continuously adjusting the time con-
stants to maintain stability.  The step-start modification seems
to be working well.
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b)  Beam Handling

i.  Power Supply Interlocks

Improved beam magnet power supply protection is being

provided.  A review of the failures encountered indicate pre-
regulated supply control failures and partial water circuit
obstructions account for the. majority of transistor failures.

Standard over-temperature and over-current detectors are being
developed and will be installed in the near future.

ii.  600 Amp Magnet Supplies

The capacitors in the DC output filters of a number of the
600 amp power. supplies required replacement this year.  Age and
high rectifier pulse currents degrade the capacitors until they

fail.  This is a typical failure and should be expected from
time to time.

iii.  45' Magnet Supply

The 45' magnet requires less voltage than the other 600 amp
magnets.  Previously the load matching to the standard 30-volt

supply was done with a large  water cooler resister.  This
arrangement was not satisfactory for a number of reasons.

A three-phase 480-volt tapped autotransformer became avail-
able.  It was put to use dropping the input line voltage to the
45' supply.  Proper regulation was obtained by resetting the
regulator adjustments and selecting the autotransformer tap

voltage.

iv.  135' Magnet Power Supply

Diode and capacitor failures were encountered in this su ply
this  year. To reduce the diode and capacitor inrush current,   the
supply DC filter was changed to a choke input dual section L type.
Better reliability is expected with this configuration.

The regulator was also modified to provide a "soft start" to
the load at turn-on. This modification eliminates the turn-on

overcurrent previously experienced.

c)  Data Processing

i.  PDP-9 Computer

The PDP-9 computer has been operating fairly reliably this

past year.  An inspection was performed on the power distribution
chassis as a result of an ERDA Fire Safety Inspection request.
The recommended modifications had previously been done at a time
when minor trouble was experienced.

Line printer and teletype failures dominated the down-time.
These peripherals are the most used and most mechanically intricate.
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ii.  ND-50/50

The Nuclear Data ND-50/50 pulse height analyzer interfaced
to the PDP-9 continues to handle the bulk of data collection.
Minor component failures were the only problems incurred this
year.

iii.  CAMAC

A small CAMAC system is to be interfaced to the PDP-9.

Budget limitations. eliminated the possibility of acquiring a
small mini-computer  to be used on-line· with a CAMAC system for
data acquisition.

A two-step program is going to be tried. A simpla inter-
face on the PDP-9 is being constructed to generate the appr6priate
signals to run' a ·PDP-11 dedicated crate controller.  This system
will be used until a small PDP-11 can be acquired for data acquisi-
tion use.  This will provide the advantages and capabilities of
CAMAC'at a minimum·  cos t.

d)  Experimental Support

i.  Energy-Loss Spectrometer

A second generation of HCPC electronics is under development.
A. commercial hybtid amplifier + discriminator circuit is being
evaluated for the helix wire signal processor mounted within the
detector.  The main advantage of this approach is that low level

analog signals need not be carried on long cable runs.

The scintillator P.M. tube electronics will have a linear
charge sensitive preamp built into it for extracting particle
energy information.  The anode signal will be solely dedicated to

timing.

A high voltage interlock has been furnished to Protect the
high voltage wiring during the time the vacuum is poor.  Cable
damage has been experienced in the vacuum chamber because of such
breakdowns.                                         -

The single resistive wire charge division proportional counter

is being re-evaluated to see if it may be useful for some experi-
ments not requiring the capabilities of the multi-wire unit.  Some

of the advantages expected are higher data rates and greater relia-
bility.

A new spectrometer scattering chamber is being installed.  It
will be useable for both charged particles and neutron time-of-
flight experiments.  A target ladder positioning device utilizing

a digitally controlled stepping motor has been built.

ii.  Neutron Time-of-Flight

Since it has proven difficult to eliminate unwanted 3He beam
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bursts with the ion source gate, an RF excited deflector is being
designed. This deflection ·system   is   to be mount ed externally,
in the target box, and will reduce the beam burst frequencies
by factors of either 3 or 4. Space limitations in the beam
line define the deflection plate geometry and thus the re-

quired deflection voltages.  These voltages are quite high and
are in the region where discharge losses may become appreciable.
A prototype system is being constructed for evaluation.

iii. X-Ray Fluorescence Spectrometer

Expansion of the x-ray fluorescence spectrometer has been

accomplished in a number of ways this past year.  The computer
system has been expanded by increasing core memory to 16 K words

and the addition of a 2.5 million word disk pack.  The x-ray
tube power supply was outfitted with a new electronics package

which provides voltage and current reulation and monitoring, as
well as a digital display.  It also provides a digital measure
of tube charge for use in normalizing data.

An x-ray tube power supply rectifier tube failed and was
replaced with the last spare in stock.  It is unlikely that

additional spare tubes could be acquired.  Solid state semi-
conductor rectifier stacks seem to be the only alternative and

a set has been acquired for the supply.

iv.  General Purpose NIM Modules

We continue to manufacture special function NIM modules
which are not available on the commercial market.

5.  Neutron Detector Response - F. M. Edwards, J. B. Martin,
M. D. Otis, S. T. Durrance, J. E. Garnett and C. D.
Zafiratos

Progressive failure of the BF3 counters in the present neu-
tron monitoring system at the Nuclear Physics Laboratory has
prompted an investigation into the alternatives available for a
new, more sensitive and more reliable system.  On June 27 and 28,
1975, a run was made which utilized the low-energy, monoenergetic
neutrons from the 7 Li(p,n)7 Be reaction to measure the energy

response of several neutron detectors.  The energy response infor-
mation is needed to determine which detector best reflects the
biological hazard presented by neutron spectra of the type associ-
ated with routine cyclotron operation.

Fluxes of 0.1, 0.5, 1.0 and 4.0 MeV neutrons were obtained.
Twelve neutron detectors of various types were calibrated with a
1 Ci 239Pu:Be neutron source.  Complete data for these detectors

was obtained only at 1.0 MeV.  Some useful data were obtained at
4.0 MeV, but the target deteriorated early in the run.  It is
hoped that another run of this type can fill the gaps in the data
and fully establish the energy response of the alternative detectors
so that a new neutron monitoring system can be designed.
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6.  Environmental Monitoring - J. W. Courtney, S. J.
Greene, J. R. Kineman, J. B. Martin and M. D. Otis

The cyclotE n produces radioactive contaminants,   such  as
541*1, 57Co and  Zn, when the beam interacts with steel and
copper components. These contaminants  may be released· in  par-
ticulate form and can conceivably be deposited on the ground
surface of the area surrounding the cyclotron.  A study was
made of the concentration of these contaminants in both the
soil and the prairie dogs in the neighborhood of the Nuclear
Physics Laboratory.

Nineteen surface soil samples were taken from·virious
spots around the cyclotron of which six have been analyzed to
date.  These were counted with a 3 in x 3 in NaI detector at
the Health Physics Laboratory.  Scaling factors were computed
for the Marinelli beaker geometry in which the· samples 'were
counted. These results were then analyzed on the CDC-6400
using an iterative least-squares procedure.  The soil was found
to contain several naturall 4occurring radioisotopes in suffi-
cient quantity so that the ·  Mn, 57£0 and 65 Zn. photopeaks were   .

indistinguishable.  The analysis showed that there were, appr331-
mately 5 ppm concentrations of 4OK and 238U, and 31 ppm of.2  Th.

These high concentrations were not unexpected because of the
proximity to Boulder Creek, which has been washing these minerals
down from Boulder Canyon for ages.  The concentrations of 57Co
and 65 Zn were estimated to be below 0.5 pci/g. 54Mri and 137Cs
were below 0.1 pCi/g.

Two prairie dogs were given whole body counts using the

same NaI detection system.  A prairie dog phantom was used to
establish a minimum detectable amount of 340 pCi for the iso-
topes of interest.  The concentrations of 65Zn and 57Co in
prairie dogs were estimated to be well below the detectable
limit.  The average total activity of 4OK detected was 2200
pCi.  This was consistent with the amount of 4OK normally
present in the tissues of prairie dogs.
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D.  Cyclotron Operation - A. B. Phillips

Operation for the period 1 SepLember 1974 to·31 August 1975

is covered below.  Table D-I shows hours of cyclotron operation
by purpose.  Table D-II shows hours of operation by·particle
accelerated. The 20-hour difference between totals on the. two
tables represents time spent on tests of cyclotron components
without beam.

Of the 8760 hours in the year, the cyclotron was ready for
use 86% of the time and was running 52% of the time.  Much of the
difference between availability and running time was due to break-
downs of experimental equipment.  Actual beam-on-target time was
3152 hours, equal to 69% of cyclotron running time or 36% of the

year.

The cyclotron was out of commission for 1231 hours, or 14%

of the year, with 574 hours used for scheduled maintenance, 355
hours for scheduled repairs, and 302 hours for non-scheduled
repairs.

The large increase in scheduled maintenance down time is due
to a change in the reporting method. Starting in this summary,
annual maintenance time is reported as 24-hour days instead of
8-hour working days as previously.

The bulk of scheduled repair time was due to a grounded shim
coil lead inside the cyclotron.  The rest of this time was spent
on repairs to the 5-degree steering magnet at the beam exit and
an intermittent vacuum leak, both repaired at the same time.

The unscheduled repair time was for a nasty clean-up of the
system and deflector electrodes.  During annual maintenance a
current-limiting resistor bank was inadvertently disconnected and
the electrodes were sputtered with stainless steel during subse-

quent attempts to run.

Cyclotron runs in collaboration with outside users were as
follows:

14 hours - Ball Brothers Research Corp., Boulder, Colo.--
solar cell irradiations.

10 hours - University of Colorado Laboratory for Atmospheric

and Space Physics--Jupiter photodetector irradia-
tions.

72 hours - Colorado State University, Ft. Collins, Colo.--
response of endothelial cells to neutrons.

Table D-III is a list of scheduled visitors to the laboratory

during the period.
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Table D-1

Hours of Cyclotron Operation - Purpose

Cyclotron Research Radionuclide
Month Development Staff Colla- Producti6n Subtotal

& Test borate Staff Outside &   Hrs/mo.
Collaborate

Sept. 74 380 20                           400
Oct. 74 603 603
Nov. 74 34+OT · 316 350
Dec. 74 409 409
Jan. 75 40+8T 196 244
Feb. 75 317      12                            329
Mar. 75 263      17                            280

Apr. 75 483      17                            500

May 75 . 37+5T 42
June 75 .6+2T 394 10                                                        412·,

July 75        5T         596      16                            617:

Aug. 75 379       4                            383

Totals 117+2OT 4336 96                          4569

Table D-II

Hours of Cyclotron Operation - Particle

Protons Deuterons +·       3 4 Sub-

Month 2-27 3-17 MeV     H2
He MeV

17 Mev 25-44  4-36
Other Total

MeV                                        ·         Hrs/mo.MeV MeV

Sept. 74    84                             226     90            400
Oct. 74 111 231 261 603
Nov. 74 236         33                   81                   350
Dec. 74 164         13 185 47 409
Jan. 75     89         12                   94 41 236
Feb. 75     90         83                   94     62            329
Mar. 75 103 96                   65     16            280
Apr.·75     96         40           9 151 204 500

May 75 37                                                         37
June 75    165         46                  104     95            410
July 75 101         19                  415     77            612
Aug. 75 137         31                    68 147 383

Totals 1413 373           9 1714 1040 4549
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Table D-III

Scheduled Visitors - 9/1/74 to 8/31/75

Date No. From

9-26-74        6     CU Physics 111 class
10-11-74       16     Kunzmiller Jr. High, Denver, Colo.

10-12-74       14     Colorado School of Mines, Golden, Colo.
10-27-74       11     Webelo Boy Scout Troop, Boulder, Colo.
12-7-74        20     CU Denver Center Physics Class

1-23-75        8     U. of Wyoming Physics Class, Laramie, Wyo.
2-11-75        9     9th grade students
3-13-75       13     CU Health Physics 501 class
4-1-75        25     CU Denver Center Physics 133 class
4-4-75        15     Toprock, Texas, High School
4-8-75        11     CU Physics 111 class
4-8-75        82     CU Physics 112 class
4-10-75       11     CU Natural Sciences 402 class
4-11-75       27     Baseline Jr. High class, Boulder, Colo.
4-18-75        8     CU Physics 102 class
4-26-75       35     CU Denver Center Physics class
5-6-75        35     Aurora High School, Aurora, Colo.
5-20-75       11     Physics class, Univ. Northern Colo., Greeley
5-21-75       21 High School, Jackson Hole,,Wyo.
5-22-75       21     High School, Niwot, Colo.
6-8-75 13 Physics 113 class, Community Coll. of Denver
6-19-75       12     CU Conference - American Assoc. of Physics

Teachers

8-5-75         5     CU Physics 213 class
8-11-75       40     Golden High School, Golden, Colo.

8-18-75       22     CU Engineering, High School Honors Conference
8-19-75       14     CU Engineering, High School Honors Conference

Total 505
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E.  Outside Users of Cyclotron Facilities

The Nuclear,Physics Laboratory encourages outside users

of the byclotron facility for educational and research purposes.
These uses include collaborative research dnd service .irradia-
tions.

Dr. Hendrik Blok from the Free University, Amsterdam, The
Netherlands, is visiting this year.

Professor W. P. Alford of the University of Western Ontario
has again collaborated in (3He,n) studies this summer.

We have.carried out solar cell irradiations for the Ball
Brothers· Research Corporation.  These cells are used to power'
satellite-borne instrumentation and a sniall dose of low energy
protons   "ages" the cells   so   that they provide   a more stable   out -
put in the face of solar wind protons.  The irradiations with
4.5 Mev protons were made for a total of 89 cells.

Studies of endothelial cell response to fast neutron irradia-

tion were carried out in collaboration with the Department of
Radiology and Radiation Biology of Colorado State University, as
described on page 86 of this report.

Tours of the laboratory were provided for visits from a
wide  variety. 0f educational institutions, as indicated  on  the
preceding page 6f this report.
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III. THEORETICAL PROGRAM

12      11A.  Exact Finite Range DWBA Results for the   C(p,d)  C Reaction

at 700 MeV - E. Rost and J. R. Shepard

12      11
The reszilts of a C(p,d)  C experiment at E =700 MeV were

publishedl last year by the group at the Saturne  ynchrotron.
These data are unique in Lhat the energy resolution (350 keV) was
sufficient to resolve several levels of 11C and thus provides the

first stripping or pickup informat ion above  -200  MeV.      At   this
energy the momentum transfers are quite large, and the zero-range

approximation of the usual reaction theory becomes untenable.
Nevertheless, a crude zero-range DWBA analysis was used by Baker

et  al. 1 in order to understand the relative angular distributions
measured; this analysis required a normalization parameter of
D=60 MeV fm3/2 as compared with the low energy value of -120 MeV
fm3/2. .In addition, the deuteron D-state, which because of the
nature of its momentum space wave function is expected to con-
tribute strongly, was ignored or "renormalized away" with the
overall strength parameter.

We have improved the previous work and have performed anll
absolute, parameter-free calculation for the 700 MeV 12C(p,d)  C

data. This procedure yields an improved  fit  to  the  data and,  more
significantly, indicates the dominant role of the deuteron D-state
for high momentum transfer stripping or pickup experiments invol-
ving the deuteron.

The calculations were done by adapting the finite-range DWBA
computer program LOLA2 to handle mixed deuteron S and D states.

The detailed deuteron wave function was computed in coupled chan-
nels using the Reid soft-core potential3 (see fig. 1).  The other
elements of the DWBA calculation are identical to those of ref. 1.
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interaction; dotted curve
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11
We considered only the transition to the ground state of   C

which is expected, from shell-model calculations4, to·be well
12described as·a 1P3/2 hole coupled to the ground state of   C with

a spectroscopic factor.of about 3.  Using these d verse·inputs,
the spectroscopic fa6tor , the optical potentials ; the neutron
wavefunctions. and the deuteron wavefunction3 without adjustable
parameters, we obtain the results shown in fig. 2.   In ,the lower
portion are shown the calculations for each t transfer.  Note that

too     '    '    '    ' . '    '

'2C(P,d)"C '  ED.700MeV      -

4                                       -
\                        --- ZERORANGE Fig. 2.  Lower curves show S-state\                                                                       ,„

00·6OM.v fm
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-  i_J: D-STATE 1•2,38um - to the exact finite range cross sec-
tion.  All finite range calculations

                   assume·a Reid soft-core.·deuteron wave.. ,    6
. \ function.  The upper solid curve is
4'           -     the sum.of the 1=2 and 3 finite range-

S k . A:.. - DWBA..contributions... .For :comparison-<3 -        :   - the renormalized·zero-range DWBA
\
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8 c.m.  (DEG.)

for the deuteron D-state, 1 transfers of 2 and 3 are also allowed.
The S- and D-state 1=l curves should be added coherently but since
they are both 'rather small, their effect was ignored in generating
the upper curve in fig. 2 which represents only the incoherent addi-
tion  of  the  1=2  and 1=3 contributions.

1
The fit to the Saturne data  is seen to be quite good in both

magnitude and shape and compares favorably with the renormalized

(D=60 MeV-fm3/2) calculation of ref. 1.  However, it is seen that
the deuteron D state, especially with 1=3 transfer, dominates the
usual S-state t=l transfer component, in sharp contrast to the

situation prevailing for low energy pickup reactions.

A paper has been submitted to Physics Letters.

..... -g.
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4 S. Cohen and D. Kurath, Nucl. Phys. A101 (1967) 1; A. B. Clegg,
Nucl. Phys. 38 (1962) 353.

5 L. R. B·. Elton and A. Swift, Nucl. Phys. A94 (1967) 52.

B.  Baryon Resonance Components in the Deuteron - E. Rost

A calculation of the structure of the deuteron was performed
including NN* configurations in addition to the usual (NN) S- and

D-state components.  The calculations use a coupled channel approach
where up to 10 channels could be treated simultaneously.  A one-pion
exchange potential model was used for the NN* interactions; the

nucleon-nucleon interactions were treated with a phenomenological
potential.

Initial calculations treated all ten currently "well-established"
N* resonances by coupling each in turn with the larger NN components.
After the initial study the largest eight NN* components were coupled
together with the two NN configurations and solved as an eigenvalue
problem by adjusting the strength of the intermediate range NN at trac-
tion of the Reid hard-core potential.  The results are shown in
Table III-I.

TABLE III-I

Deuteron components calculated by coupling the dominant (NN*)
configurations with (NN).

Configuration       L        S %N* D*(2.5) D*(3.0)* *

NN* (1470)         0        1 0.06 4.7 -2.0
NN* (1470)         2        1 0.11 27.7 24.2
NN* (1520)         1        2 0.07 24.2 18.1
NN* (1520)         3        2 0.19 24.3 27.9
NN* (1670)         3        3 0.08 16.7 19.4
NN* (1688)         2        3 0.11 26.7 28.4
NN* (1688)         4        3 0.32 13.2 19.3
NN* (1700)         1        1 0.18 42.1 28.0

The calculations yielded X= -0.40 and % D=5.8.

The static probabilities shown in Table III-I show a total per-
centage of NN* pieces in the deuteron of about 1%, in agreement with

other estimates.  Of additional interest are the momentum space ampli-
tudes 2 2 00

D*(8) = [h 8   + M-M*] 4TT    r2dr u*(r) jI,(Ar)
2MNN*             0
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where u* is the radial NN* component.  Table III-I presents D*(2.5)
and D*(3.0) as appropriate for high momentum transfer experiments.
It is seen that these D's may be comparable with the (NN) S and D

state values (roughly 25 and 55, respectively) and thus may be
measurable directly by an appropriate pickup exper·iment.

A paper has been accepted for publication in Nuclear Physics.

C.  Pion Charge Exchange Reactions and Nuclear Structure - D. A.
Sparrow

3
An investigation of the pion charge exchange reaction on  He,

using the Glauber approximation, has predicred substantial effects
arising from target spin-flip.  Specifically, for energies near the
resonance, the spin flip is predicted to contribute about 50% of the
cross section and dramatically influence the angular distribution.
These results are dependent upon a cancellation in the multiple

scattering series which depends upon the details of the spin-isospin
wavefunction.  ·The sensitivity of the predictions to the reaction
theory used have been tested by repeating the calculations using an

optical model approach. .The results are qualitatively. similar.  .The
optical model has also been used to extend the calculations to lower
energies, where  use  of the Glauber approximation would be suspect.
Calculations are in progress on heavier nuclei, to determine if the

importance of the spin-flip channel and the sensitivity to. the details
of the spin-isospin wavefunction persist.

This work has been carried out in close cooperation with the
experimentalists here, who are planning to measure the charge exchange
cross section on 3He.  (See section II-B-5.)  A paper describing some

of the above calculations has been accepted by Physics Letters f.

D.·  Elastic Scattering of High Energy Nucleons from Light Nuclei -

D. A. Sparrow

High energy nucleon scattering from light nuclei has been investi-
gated using a variety of scattering formalisms.  Particular attention
was paid to the effects of short-range correlations and off-energy
shell effects due to overlapping target particle potentials.  The form-

1alisms used include the fixed scatterer approximation , the first order
KMT optical potentia12, and the Glauber approximation3.

The results indicate that off-energy shell effects due to over-
lapping potentials are small for elastic scattering, even if the po-
tentials have very strong repulsive cores.  The effects of target
correlations are also small, for reasonable values of the correlation
length.  Both these effects are about the same size as differences
between the various multiple scattering theories.  Thus it appears
that high energy elastic scattering can not be used as a practical
tool to learn about the validity of different scattering formalisms,
the influence of off-energy shell effects, or the nature of the two-

body correlations in the nucleus.

A paper describing these calculations has been submitted to Nuclear

Physics.
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E. Pion Production by High Energy .Nucleons - D. A. Sparrow

The semi-classical model of pion production developed by Stern-
heim and Silbar  is quite successful at ex laining the main features

5
of pion production by high energy nucleons .  The only notable excep-
tion is the kinetic energy distribution of Tr- produced by protons (or
IT+ produced ·by neutrons) . An approximate method of including the
effects of quasi-free scattering of the outgoing pions from target

nucleons on the energies of these pions has been developed and incor-
porated into the semi-classical model.  It appears from a preliminary
re-analysis of the production data that inclusion of the nucleon
recoil will substantially improve the agreement between theory and  ,
experiment.  It is hoped that the agreement will be detailed enough to
allow a quantitative determination of the rate of pion absorption in

nuclear matter as a function of pion kinetic energy.

1 M. M. Sternheim and R. R. Silbar, Phys. Rev. D f (1972) 3117.
2 D. R. F. Cochrane et al., Phys. Rev. D f (1972) 3085;
K. 0. Oganesyan, Soviet Phys. JETP 27 (1968) 679.

 F.  Pion Elastic Scattering from Aligned Targets - Martha S. Iverson
and E. Rost ,/1  i 1.4

+-
The differences in the interactions of n  and F  particles with

neutrons and protons can be used to investigate relative neutron and
proton densities in nuclei.  The use of aligned targets with N+ and
H- beams presents considerable advantages for the extraction of neutron
density information.  As a framework for estimating pion scattering
from aligned targets we have used the Kisslinger optical potential

including a deformed nucleon density distribution in a DWBA calculation.

The difference between aligned and unalig ed differential cross sections
(deformation effect) was calculated for n- elastic scattering from
165Ho. The results are shown   in fig._.3._The deformation effect  was
found to be linear in B and should allow for the extraction of neutron
density shape information.

G.  Pion-Gamma Angular Correlations Following Inelastic Scattering -
Martha S. Iverson and E. Rost

The angular correlation between inelastically scattered pions and

de-excitation gamma rays was investigated for 100-200 MeV incident

pions using a DWBA theory with a deformed Kisslin er optical potential.The correlation function was calculated for the 0 - 2+ - 0+ transition
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Fig. 3.  Upper curve:  the unaligned differential cross section for
165

elastic scattering of pions from Ho at the incident pion energies
100, 150 and 200 MeV. The solid curve is· for TT- mesons and the
dashed.curve for F+.  Lower curve:  the corresponding deformation
effect in the differential cross section.

12                 24in   C (4.43 MeV) and Mg (1.37 .MeV) and for the..0-r.. 3-= 0+ transi-
tion in 40Ca (3.7.3 MeV).  The symmetry angles calculated for the
0 = 2+ = 0+ spin .sequence differ significantly from those obtained
in the adiabatic limit.. The model sensitivity of (TT,TT'y) correlations

12was tested for C by also using a local Laplacian optical potential.
A moderate dependence on the optical potential was observed near minima
in the inelastic differential cross sections, where the DWBA theory
differs appreciably from a simplified adiabatic approach.  An experi-
mental measurement of the correlation function at these angles may then
provide some constraints on 'different theories of pion-nucleus scatter-
ing.

H.  Pion Production by Complex Proiectiles - Martha S. Iverson and

D. A. Sparrow

Preliminary work has begun in the investigation of pion produc-

tion near threshold by complex ro'ectiles A rough estimate of the
cross section for the reaction 160(1He,3-)19Na has been obtained assu-
ming a two-step process.  The incident  He lS assumed to transfer its
two protons to the 160 core to form 18Ne.  The remaining neutron is
then treated as the bound state of a proton and a Tr- from which the
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19
proton is str pped to form Na and a negative pion.  The calculated
total cross section appears to decrease from 10 to 4 nanobarns for
incident 3He energies between 200 and 300 MeV.

A second approach uses the free two-body production data averaged
over the relative momenta of particles ill Lhe target and the projec-
tile to calculate the incoherent production 3He + 160 *A t x.  The

total cross section increases from 70 to 400 nb between 200 and 300
MeV.

Both these approaches give results which are too large to be con-
sistent with the Maryland datal.  Work is proceeding on further improve-
ments of these models.

1
University of Maryland Progress Report (1973).

I.  Energy Dependence of the Zero-Range DWBA Normalization - J. R.

Shepard and E. Rost

The zero-range DWBA has often been applied to reactions where

finite-range effects are important and even dominant. (An example is
discussed in sect. III-A of this report.)  This is generally accom-
plished by treating the light particle overlap D  (or equivalently the
Fourier transform of  V0) as an adjustable parameter.  The energy depen-
dence of D  has been studied empirically for the 58Ni(F,a)57Ni reaction        x
and is described in sect. TT-A-1-a-vi of this report.                                   6

..

In an attempt to understand the empirical energy dependence of D        ·  ...
we have tried to extend the local-energy approximationl (LEA) by using

the factorization of the PWBA in order to determine an optimal D  for a
given reaction in the DWBA. Symbolically we write

*
(-) -   (+) A-1 -   - ] drdp Xo     (r + 3/48) 0n(v)  V(p)  0ol(p) x.r    (A   r + P)

"DJ,- (1)(-)* -. - (+) A-1 -
 dr *a   (r) 0n(r) X.r   (-r r)

the ratio on the right being dependent on scattering angle so that an
approximate average must be taken.  The ambiguity involved is appreciable,

especially if one has poor momentum matching, i.e.:

(kT 2   +   kn2    -   ka2 )    R2   2    1.

Here the notation follows  the (T,a) reaction and R is a characteristic
finite range parameter

R   =          1                 _d      Do (8)    |D o e) 4 8 'A=O .

Some progress has been made in extracting the incident energy depen-
dence  of   the  "D  "   in   eq.    (1) and further  work is currently under  way.0

1
N. Austern, Direct Nuclear Reaction Theories, John Wiley & Sons, N.Y.,
1970, p. 215.
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J.  Finite Range DWBA Code Development - P. D. Kunz

A major effort has been made this past year to develop a

finite range DWBA code.  The  ode written uses the plane wave
expans.ion method'of Charlton. This technique has many advan-
tages in.speed and accuracy over the configuration space' methods               

for heavy ion and high energy light ion reactions. , While the
code uses the same mathematical techniques as the MERCURY code

of  Charlton, the, numerical and coding features are different    ..
and these result in a program which takes about·a factor of 5
less in..time. and· a factor of 2 less in core size (about 600008
on a CDC-6400) compared to the MERCURY code. · Another.saving

is realized in a very much smaller demand on the mass storage
fae'ilities of the computer.  This code on a typical case takes
about a factor of 3-4 times as ldng as DWUCK with the same
requirements ·on core size and mass storage usage.  The code is
in its final states of checking out and should:be available

for use early in 1976.

1
L.·A. Charlton, Phys. Rev. C 4 (1974) 413.

K.  Finite Range Effects in Sequential Transfer - P. D. Kunz

The role of sequential transfer reactions in the (p,n)
reaction has been examined critically. The transfer reactions
have been performedl using the zero range approximation to allow
practical computation of the two-step amplitude.  The (p,n)
reaction .proceeding through the deuteron channel allows the use

of the short ranged Vn  interaction without the complications of
the post-prior 'interchange difficulties of the (p, t)2 sequential
pickup reaction.  However, in the (p,n) reaction one finds that
the first order' finite range corrections are not small even
though in the (p,d) and (d,n) reactions the finite range correc-
tion has a.small effect on the transition amplitude.  This comes
about from the fact that the intermediate state does not con-
serve energy, i.e., it is off the energy shell, and the cancella-
tion of the correction between the two projectiles and transferred

particles no longer occurs.

The usual finite range correction. renormalizes the transfer

form factor by a multiplying function

2 mDm
F(R)  = 1 + fil ...i    R2[(ED-UD)  -  (Ep-Up)  -  (En- Un)],

where R is the finite range parameter which has a size of about
0.7 fm.  The energies of the particles are given by E while the
potential energies are given by U.  This correction tends to be
small because of the cancellation between the kinetic energies
of the particles. However, in the two-step reaction the inter-
mediate particle is off the energy shell and these cancellations
no longer occur. The E-U terms come about from the kinetic energy
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operator operating on the wavefunction for the particle.  In
the case of the two-step reaction the wavefunction for the inter-
mediate particle is replaced by the Green's function G(R,R').
The kinetic energy operator will give for G(RR')

-  v2G(R,R') = (ED- UD)G - 6(R-R')
The first term·on the right is contained in the usual small

correction term while the 6-function contains the off-shell
corrections. The 6-function will collapse the two-step term

into an equivalent one-step term which acts as a zero-range poten-
tial.  By accounting for all the factors, we find for the deuteron
ground state amplitude that the correction term is equivalent to a

pseudo potential with a strength of
2m m

Vc -3 0 2   p n   2               3R - 550 MeV-fm .
T       02

h m 

This is a repulsive potential which will strongly cancel the usual
two-step term which is attractive.  For comparison, the usual one-
step strength gives a volume integral of 200-300 MeV-fm3.  The
conclusion is that finite range effects in two-step reactions are
large and will tend to reduce strongly the two-step term and there-

fore cannot be neglected.

If the one-step term is small or zero, then the finite range
effects may be neglected and the calculations done with the zero-

range approximation should be valid.

1 L. D. Rickertsen and P. D. Kunz, Phys. Lett. 47 B (1973) 11.
2

P. D. Kunz and E. Rost, Phys. Lett. 47 B (1973) 136.
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Two-Step Processes in the (3He, t)'Reaction to Analog and Anti-

Analog States in 56Co.  L. D. Rickertsen, M. J. Schneider,
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1975.

- 131 -
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and F. E. Cecil, BAPS 20 (1975) 85.

78
Level Structure of Br.  B. M. Kluger, R. E. Anderson, R. J.
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Alford, abstract for the Austin Nuclear Divisional Meeting,
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abstract for the Austin Nuclear Divisional Meeting, Oct. 30,
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