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I. INTRODUCTION

The nuclear interaction-of heavy ions has been studied with in-
creasing vigor in recent years. The information from these various
types of reactions shows the presence of effects not seen in light ion
reactions.1’2’3 Among the numerous types of experiments being performed
with heavy lons are transfer reactions.

A transfer reaction is one in which one or more of the particles
composing the bombarding nucleus are removed from the projectile and are
attached to the target nucleus. The nature of these transfer reactions
is strongly dependent on the structure of the projectile and target
nuclei.

The properties of the final nucleus which is formed determine the
type of experiment that is performed. If a total cross section is re-
quired often a gamma ray experiment can be used, or if a differential
cross section is needed a particle scattering experiment is preferred.
Proper selection of the target and projectile determine the amount of
information which may be obtained.

The specific transfer reactions that this work concerns itself

with are 2 Al(lao 160) Al, and Al(lao 170)28Al in the lab energy

range from 24 td 34 MeV. The reaction Al(lac 12C)28Al was also

examined in the energy range 16 to 26.5 MeV.

By bombarding 27Al with 180, one and two neutron transfer reaction

cross sections were measured as a function of the 180 bombarding energy.

13C was also used as a projectile on the 27A1 and the one neutron

transfer reaction cross section was measured as a function of the 130

bombarding energy. Converting the bombarding energies to the center



of mass system allowed the comparison of the one-neutron transfer cross

sections for the 27Al(180,170)28A1 and 27Al(13C,120)28A1 reactions.

The information obtained is indicative of the structure of the 180

and 138 nuclei and also the ease with which the one and two extra

neutrons attached themselves to the 27Al target nuclei. The resulting

cross section determinations for the 27Al(lso,16 180,170)

and 27A1(130}20)28A1 reactions can be compared relative to one another

0)29A1, 27A1( 29A1,
with respect to what might be expected from shell model considerations.
The relative ease with which the experiment could be performed and the
general statements that could be made concerning the data using a

simple analysis provided the incentive to investigate the aforementioned

reactions.



II. EXPERIMENTAL TECHNIQUE

A, Beam

A diode ion source was used to obtain the 180 and 130 beams. For
the 180 beam, liquid water, (enriched to sixteen percent Hzlso) was
placed in a glass tube which was evacuated and the resulting water vapor
was 1ntroduced into the source. The 130 beam was obtained by introducing
13CN gas into the diode source.

A Model EN Tandem Van de Graaff accelerator was then used to

accelerate 180 and 130 beams. A 5+ charge state 180 beam with lab

13

energies from 24 to 34 MeV and 4+ " ~C beam with an energy range of 16

to 26.5 MeV in the lab were utilized.

B. Target
The target was a disk one inch in diameter made from one mil aluminum

foil which was thick enough to stop the highest energy particle of 180

and 130. A 26.5 MeV 130 particle is stopped in 0.85 mil of 27A1 and a

34 MeV 180 particle in 0.7 mil.4

c. Chamber

The chamber used in this gamma ray experiment was of simple con-
struction. Of major concern in its design was the elimination of
aluminum to avoid background Al gamma ray production. |

The stainless steel chamber shown in Figure 1, was constructed in
the shop at Kansas State University. The twenty inch section of stain-
less steel pipe positioned the chamber in ciose proximity to the

detector. A tantalum collimator was placed just ahead of the chamber
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Figure 1. Drawing of the chamber showing relative position of the
Ge(L1) detector. Chamber is drawn to actual size.



in contact with the stainless steel beam pipe to allow the beam to

only strike the target. The chamber and steel pipe were electrically
insulated from the beam line. 1In order to obtain clean gamma ray spectra,
the beam on the target was maximized and the current on the collimator
was minimized. The tantalum collimator also did not give off gamma rays
which are energetically close to those produced in the transfer reactions.
An added advantage of the chamber was 1ts small volume lending itself to

rapid pumping.

D. Electronics

The chamber const?ucti;n allowed the positioning of the Ge(Li)
detector directly behind the chamber as is illustrated in Figure 1.
Pulses from the detector pre-amp were further amplified using a spectros-
copy amplifier (Ortec 451) and then accumulated in a TMC multichannel
analyzer. The spectra were spread over 4096 channels. These spectra

were then stored on magnetic tape using the Digital Equipment Corporatiom

PDP-15 computer.

E. Data Acquisition

18 17

2741180, 70) 281, 2 a1¢

18 16 13 12 )28Al

0) Al and Al( C;
reactions were observed by measuring the gamma ray yields following beta
decay of 28A1 and 29Al. Since the half-lives of the 2BAl and 29Al were
long, on the order of minutes, it was advantageous to bombard the target
for a fixed time, shut the beam off and then accumulate the spectrum.

A comparison of gamma ray spectra for 180 bombarding 27Al is shown in

Figure 2. The beam-on and beam-off spectra are both shown in the same
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Figure 2. Gamma Ray spectra of 180 + 27A1 comparing the beam—on

(upper) and beam-off (lower) spectra over similar energy
regions.
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energy range. The 1.28 MeV peak which arises from the beta decay of

29A1 to the first excited state of 29

Si which in turn emits a

1.28 MeV gamma ray,5 is hard to distinguish from the background in the
beam-on spectrum. In the beam-off spectrum however the peak to back-
ground ratio is considerably larger. This makes determining the gamma
ray yield a much simpler matter for the beam-off case. This procedure
also works for the 1.78 MeV peak, which corresponds to the beta decay
of 29Al to the first excited state of 2881 followed by a 1.78 MeV gamma
ray.

The target was bombarded, the beam steered away and a spectrum
accumulated. The energy of the beam was then changed and the process
started again. In order that the accumulation time for each spectrum be
the same, a timing and electronic configuration like that shown in
Figure 3 was used. This enabled the target to be bombarded for a pre-
determined amount of time and the multichannel analyzer to count for the
same fixed amount of time.

At the beginning of each run the master scaler was started, causing
the switching box to switch back to A. The output from the switching box
was a continuous five volt dc level in either chamnel A or B. This in
turn would stop the Y-deflection, steer the beam on target, and simul-
taneously start the scaler counting pulses from the current integrator.
During this time the TMC would not be accumulating. After the pre-
determined time had again elapsed the master scaler would send another
pulse which would change the switching box from A to B, which steered
the beam away and stopped the scaler from counting and start the TMC

accumulating. This was done only once per energy setting. The process
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was stopped after the accumulation of the spectrum,

F. Half-life Measurement
In order to positively insure that the gamma rays observed in the

2951, 1t

beam-off spectrum were the result of beta decay of 28A1 and
was necessary to determine that these gamma rays had the correct half-
life. To measure the half-life, a window was set, using a single channel
analyzer, on each peak. The target was bombarded and then the beam
steered away. A scaler was set up to count the number of gamma ray pulses
that were contributed,to a single peak in a ten-second interval. The
value was recorded and the scaler reset. This process was continued
until the number of counts contributed in the successive ten-second
periods dropped to one-half the original value. When these values were
plotted on semi-log graph paper a straight line resulted, from which the
half-life was determined.

The half-l1ife determination also decided the amount of time that
was selected to bombard the target and to accumulate the spectrum. The

concern was to bombard until saturation was reached and to count until

the majority of the excited states decayed.
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IIT. ANALYSIS
A, Cross Section Determination
The equation for the number of events expected when a beam of
particles strikes a target is written in an equation of the form:6

Y =38' aQ ¢

where Q

ag

number of incident particles

cross section (cmz)
s'= thickness (number of target nuclei/cmz)
Y = yield

To solve for o, the total cross section one obtains equation (2)

° =27 (2)

To obtain the cross section one must determine each of the factors on
the right hand side of equation (2).

However since the spectra were taken with the beam off, the number

29

8 Al that decayed while the beam was on and the analyzer was

of 8A1 and
not counting had to be taken into consideration to obtain the correct
yield. The assumption that was made, by choosing a bombarding time of
twenty minutes, was that saturation was reached for the 6.6 minute beta

gAl, the longer of the two beta decay half-lives. That is, it

decay of 2
was assumed that the number of states being created equalled the number
of states decaying. To express this in equation form the following is

obtained:

de Y dY

&
5 “X (&) k- =-g (3)

where Y, = # destroyed
T, ™ # created
Y = # actual
a
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At saturation, Ya(t) is a constant and can be called Y, without the
function of t notation. Equation (1) substituted for Y in equation (3)

yields:

v = 8'0Q
a At (4)

X is the decay constant for the particular nucleus and is defined as 1/T,
where 1 is the lifetime. Putting this in equation (4) gives the yield
corrected for the number of states that decayed while the beam was on.
Y =s8'0Q 1 (5)
a x
t
or solving for o
Yat
O T ©
It is essential that the t/t factor be included to account for the

nuclei which decay while the beam is on target and the analyzer is not

accumulating.

This factor was of great importance for the 2.3 minute half-life

beta decay of ZBAl in the 27Al(lBO,UO)ZSAl reaction, since the data for

the yield was taken simultaneously with 27Al(180,160)29Al reaction data.

Because of the 2.3 minute half-life of ngl and the decision to count for

twenty minutes, the effect of the t/1 value was non-negligible for the

29A1(180.170)28A1 reaction,

B. Beam-Off Spectra Selection

The comparison shown already in Figure 2 and the 4096 channel
spectra shown in Figure 4 of beam-on and beam-off spectra for 180 bom-
barding 27A1 give a clear indication of what happens to the background

and peaks when the beam-off spectrum is used. In the beam-off spectrum
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the larger peak to background ratio facilitates analysis.
An attempt was made to identify the peaks in both the beam-on and
beam-off spectra. Table I lists the peaks that have been identified

in the beam-on spectrum. The gamma ray at 0.84 MeV is of importance to

the description of the experiment. The first excited state of 27Al lies

0.842 MeV above the ground state. The first excited state of 56Fe lies

at 0.847 MeV above its ground state. To resolve energy differences this
small with the Ge(Li) detector used was not possible. To make sure that

the primary contributor to the 0.84 MeV peak was from the 27Al and not

the 56Fe, that is that the collimation allowed the beam to see only the

target, a comparison of a spectrum of 18O on 2851 to a spectrum of 180

on 27Al was made. The 0.84 peak was considerably smaller in the 180 on

27A1 case. This ensured that the beam was striking only the target.

In the beam off spectrum the four prominent and two less prominent

lines are at 0.374, 0.511, 1.28, 1.78, 2.03, 2.43 MeV. This led one

to investigate what possible reactions with 180 bombarding 27A1 had

these gamma rays and were also sufficiently long lived in order to detect

them with the beam off.

The only reactions that had long lived states7 were 27Al(lao,lao)ngl,

18 17 .28 2 29

2741 (180,170)2841, and 27a1(*%0,20)*3sc. The 2°Al has a half-life of

6.6 minutes and then beta decays to 2981 which emits 1.28(90%), 2.03(4%),
and 2.43(6%) MeV gamma rays. The 28Al has a 2.3 minute half-life and

then beta decays to 2881 which emits a 1.78 MeV gamma ray. Both the 2881

and 2931 gamma ray half-lives are of the order of picoseconds, so that the
gamma rays appear to have the half-lives of the beta decay of 2.3 and

6.6 minutes respectively. The energy level schemes shown in Figure 5 dis-

play the gamma ray transitions involved. The relative strengths of the
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2
9Al beta decays channels to 2951 were corrected from those given in the

Table of the Isotopes by Lederer.8 More recent work by W. R. Harris et al.9

yielded the values shown. The energy level scheme of 29Al has been
inserted also.l0 The peak at 2.03 MeV is not labeled on Figure 4 but
would be near channel numbgr 2400, It is perhaps easier to see this in
Figure 2, which is a 1000 channel portion of the spectra shown in Figure 4.

One other peak in the beam off spectrum was at 0.374 MeV. This is

2

due to 43Sc, which is produced in the 7Al_(180,2n)433c reaction, with a

43 11

half-1ife of 3.9 hours, to ~Ca which then emits a 0.374 MeV gamma ray.

The 0.511 MeV peak is the everpresent amnnihilation radiatiom.

To be certain that the peak at 1.28 MeV was from the first excited

state in 2951 populated by the beta decay of 29A1 and the peak at 1.78 MeV

from the first excited state in 2851 populated by the beta decay of 28A1,
the experimental half-life was determined as explained in Chapter 1II,
section F, It was found that the half-life for the 1.28 MeV gamma ray
was 6.6 + 0.2 minutes which agreed well with the 29Al half-life. The
half-life of the 1.78 MeV state was found to be 2.3 + 0.1 minutes again
in close agreement with the 28Al half-life., The combination of the
proper energy and half-life for both gamma rays confirmed that these

resulted from the beta decay of 28Al and 29Al to 2851 and 2981, respectively.

The peak at 0,374 due to 438:: beta decaying to 43Ca with its 3.9 hour
half-life was not considered. To check on its half-life would have
taken a considerable amount of time with the method used here and was not
of interest in the cross section measurements. Secondly, the use of 180

water for the long period of time needed to obtain even a few data points

was prohibited because of its high cost.
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C. Relative Yield

After each spectrum was accumulated it was stored on magnetic tape.
Each spectrum was then reread using the program PHAIE on the PDP-15
computer. The program allowed the operator to set a delimiter on either
side of a peak and a background marker was also available. By requesting
the area, the program would print out the number of events between the
background marker and the peak that was set off by the delimiters. This
value of the area was be called the relative yield.

The measured relative yield in the 1.28 MeV peak resulting from the
decay of the first excited state in 2951 had to be corrected. As was
shown in Figure 5 the beta decay of the 28Al also populated the second
and third excited states in 2951 corresponding to the 2.03 and 2.43
gamma rays respectively. In order to take the yield in these peaks into
consideration, since 10%Z of the beta decay populated the 2.03 and 2.43

29

levels implying that only 90% of all the "“Al states formed were observed,

a correction to the area in the 1.28 MeV peak was made. To obtain the
actual number of 2°Al formed, the yield in the 1.28 MeV peak was multi-

plied by 1.11.

D. Detector Efficiency and Solid Angle

The Ge(Li) detector used is not one hundred percent efficient for
detecting the gamma rays of interest, therefore, a correction factor
needed to be determined to compensate for this effect. Also the parti-
cular geometry of the detector determines the solid angle subtended. A
factor combining the two effects is called edQ.

Determination of this factor was accomplished by placing a calibrated
gamma ray source in the same position as that of the target. Sources

were used which gave off gamma rays that bracketed the energy region of
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the 1.28 MeV gamma ray from 2981 and the 1.78 MeV gamma ray from 2881.
The ratio of the actual number of gamma rays observed in a fixed amount
of time to the expected number of gamma rays was plotted versus the
gamma ray energy. Over the region from 1.28 to 1.78 MeV, the factor
ed? was approximately linear and varied by about five percent from
1.28 to 1.78. Specific values of ed? for the 1.28 MeV gamma ray and for

the 1.78 MeV gamma ray were taken from the calibration curve.

E. Charge Conversion and Normalized Yield

The current integrator put out a pulse after a fixed amount of
charge had hit the target. The pulses, called integrator counts, were
stored in a scaler. The total number of integrator counts was recorded
for each data point.

The number of nanocoulombs per integrator count was known by the
scale selected on the device. To convert the charge to the number of
180 or 13C particle that had struck the target was a straightforwar&
procedure. Since the charge state, which is fixed by the analyzing
magnet, of the 180 was 5+ and that of 13C was 4+, a ratio of the number
of nanocoulombs per integrator count to the number of coulombs of charge
per ion striking the target was calculated. By taking these values and

dividing by the relative yleld at that energy, a value which will be

called the normalized yield, Y.

N’ resulted.

F. Target Thickness
The number of collision or the amount of emergy lost, that an 180 or
130 atom experienced, depended upon the effective thickness of the target

that it passed through. The higher the energy the greater the thickness
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of the target the beam observed.
To obtain the information on stopping power versus energy, North-
cliffe and Schilling tables were used. Their list gave stopping powers

for 160 and 120 beams on 27A1 targets. To obtain the correct stopping

powers for 180 and 130 on 27Al from the values for 160 and 12C on Al,

12C

the values listed for 160 and on 27Al were multiplied by the ratio

160 and 130 to 120 respectively. The values

of the masses of 180 and
that are listed in their tables were generated by a computer code.

Since the values for the stopping power that were listed were
spread out over the energy region of interest, 24 to 34 MeV for 180 and
16.5 to 26 MeV for 13C a curve was fit to the points. The specific
values of the stopping power at the energies used were read from the
linear plot of stopping power versus energy obtained.

To convert this to atoms per cm2, the value that was obtained in
each case was multiplied by Avagadro's number and divided by the demsity

of the 27A1 target. This value is labelled s.

G. Cross Section Calculation

To compute accurately fhe cross section as a function of energy,
values for yields would have to be obtained for many points that would
be separated in energy by small amounts. Essentially the cross section

at an energy E can be written as in equation (7).

E
o(E) / do(E) (7)
0
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Also for o(E+AE) the expression can be written as in equation (8)

' E+AE
o (E+AE) =J/f do(E')
)

If the AE is small then the integral signs can be kept and the value

- for any arbitrary o(E) can be given. However in this experiment the
uenergy of the 180 beam was varied in 0.5 MeV steps from 34 to 26 MeV and
in 1.0 MeV steps from 26 to 24 MeV. Similarly for 136, the energy varied
from 26.5 to 20 MeV in 0.5 MeV steps and from 20 to 16 MeV in 1.0 MeV
increments. A value for yield was obtained for each energy setting. The

AE's are such that the integral equations (7) and (8) can be better used

as follows
E

E+AE
c(E-lAgi)AE -/ do (E') -/ do(E') (9)
Q [o]

If the cross section is plotted versus é.nergy, /Edo(E) is
o +AE
represented by the area indicated with dashed lines anr:l/l/’E do(E') as
0o

solid lines, as shown in the following figure:

o(E')

E E+AE E'
The region in which only the solid lines are observed closely

approximates the left hand side of equation (9). Retrieving equation
(6) and incorporating equation (9) the following is obtained:

E+AE E
AE / do(E') —/odo'(E') t 1 Y(E+AE)-Y(E)

e
o (E+=3) AE T AE (QEME Qp )

(10)
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To clarify further equation (10) all the factors mentioned earlier

are combined and the result is shown in equation (11)

U(EIﬁE) - 1 P t
edQl AE s NO T

5 (YN(E-i-AE) - YN(E)) (11)

Where Y _(E) is the normalized yield for energy E

N
N is avogadro's number
9 27
p is the density of " Al
t is the time of bombardment
8 is the thickness
T is the life-time

ed? dis the detector efficiency

Using equation (11), the measured cross sections were obtained
for the 27Al(180,160)29A1, 27A1(180,170)28A1, aid 27Al(13c,120)28A1
reaction data., In order to smooth fluctuations in the data AE's of 2
through 5 MeV were chosen. If the assumptions made were correct the values
calculated using the various AE's would tend to average together, Values
for the one-neutron transfer reaction using 180 on 27Al are shown in
Figure 6. As is easily seen the values seem to be grouped very well. A
similar plot is shown in Figure 7 of thé two-neutron transfer reaction
again using 180 and 27Al.

As AE is made larger the cross sections are smoothed
further, eliminating any possible information in regards to structure
indicated by variations in themeasured yield. A disadvantage of using
a AE of five is that the region over which the cross section results
are valid is decreased. Since the cross section was plotted
at E+é§3 by choosing a AE of 2 the range of the values of the cross

section is spread closer to the extent of the original data points,
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than for a AE of 5. However any slight changes in the yield due to beam
fluctuation or variations in the data will be more strongly observed.
An alternate method for obtaining the values to substitute into
equation (11) would be to fit the values for the normalized yield
with a least squares program or equivalent. This would have allowed
the selection of AE's that are arbitrarily small. However, the program
would smooth the data points initially and the values obtained
would have been quite similar to those obtained using the data points
directly. The fitting would have taken a considerable amount of work
more than was required to perform the calculation with the specific
values of the normalized yield. It was felt that an equal amount of

information could be obtained using the AE method and the data points

directly.
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IV, DISCUSSION

A. Error Consideratioms

The error bars shown in both Figures 8 and 9 were arrived at in
the following manner. The principle source of error was the beam
fluctuation. Over the period of twenty minutes, during which the target
was being bombarded, the beam fluctuated by about five percent. The
effect of the fluctuations was to vary the level of saturation, accounting
for the limiting error.

For the stopping power or thickness Northcliffe and Schilling claim
an accuracy of one percentlz for heavy ions., The factor ed{l was determined
within three percent and is limited only by the accuracy of the particular
source used. Since for saturation, the number of decays observed were
really about six percent short, especially for the 1.28 MeV from the
first excited state 2951 gsince the half-life of the 29Al which formed
it was 6.6 minutes.

Combining all the errors, a total error of about nine percent is
found. For ease in plotting both Figures 8 and 9 indicate the measured
cross section plus or minus ten percent.

There should alse be a horizontal error bar because of the average
technique employed in the calculation. For the 29Al(l3C,120)28A1
reaction shown in Figure &, the horizonmtal uncertainty would be +0.675 MeV
in the center of mass system. A +0.6 MeV uncertainty 1s present for
both the 2'41¢*20,170)28a1 and 2741(180,%%)27A1 data on both Figures
8 and 9. The reason it is not plotted is that it would have considerably

cluttered the plots making the data hard to observe clearly.
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cross sections using a AE of 2.
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B. Shell Model Descripfion of 180 and 13C

Using the shell model as a basis the ground state configurations of

2?Al, 18O, 130 are shown in Table II. The higher angular momenta levels

of a particular state are split in such a way that they lie lower in
energy than the lower angular momentum level. The 1p3/2 and 1pl/2 levels

are a good example.

From the diagram shown in Table II, it can be seen that 180 is the

closed shell core of 160 with two extra neutrons in the 1d5/2 level.

130, on the other hand, is a 120 core with the extra neutron in the

27

1p1/2 level. Al has its open neutron levels in the s-d shell. Con-

sidering the transfer reactions from an angular momentum standpoint, 1if
just one neutron transfers from the 1d5/2 level in 180 to the lowest

open level in 27Al which is the 2s1/2 level, a maximum of two units of

orbital angular momentum are exchanged. The extra neutrons in the 130

1pl/2 level can exchange a maximum of one unit of orbital angular

27

momentum in going into the 2s1/2 level of “’Al. According to the semi-

classical theory, the reaction in which maximum transferred orbital
angular momentum is exchanged would lead to a larger transfer reaction
cross section.13 A comparison of the measured cross section for the
27Al(lBO,UO)ZBAl and 29Al(130,128)28Al reaction is shown in Figure 8.

It can be noted that just the Oppoaite'resulc is obtained with these data.
A factor of five separates the 13C from the 180 one-neutron transfer
reaction cross sections,

A second result that is shown in Figure 9 compares the 27Al(180,160

2 8
Al and 7Al(1 0,170)28A1 transfer reaction cross sections. Using the

)
29

angular momentum as a consideration again, the two neutrons, assuming that
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they transferred as a pair, would have a net angular momentum of zero.
To transfer the two neutrons to the 2s81/2 level in 27Al would imply an
angular momentum change of zero which is not strongly favored. It is
possible they would go to a higher level in the 2-"Al, however, with the
data obtained here it was not possible to distinguish the particular
levels populated. If the assumption is made that the neutroms do go to
the lowest available state in 27Al it would be expected that the cross
section for the one-neutron transfer with 180 would be considerably
larger than the two-neutron transfer. Figure 9 Indicates that this is
not the case for the data obtained, and although the one-neutron transfer
cross section is larger than the two-neutron transfer cross section it
is not as great as might be expected.

It seems that Figures 8 and 9 yield contradictions to the semi-
classical theory. Perhaps a possible explanation for both sets of data
would be that the two neutrons in the 1d5/2 shell of 185 are only par-
tially correlated which implies the wave functions for 180 has a large
overlap with both the wave functions of an 160 core and two paired neutrons
and an 170 core and one unpaired neutéon. In a loose sense this would
say that the one and two-neutron transfers measured here would be of
about the same order of magnitude. One work,l4 using the stripping
reaction 180(p,t)160 claimed the interaction of these nuclel was a direct

reaction process, tending to confirm the fact that the two neutrons are

partially correlated.

C. Centrifugal Barrier Discussion

Even if we do not assume that the 180 is a good shell model nucleus,

arguments that are equally plausible to those given for the 180 and 130



1

being good shell model nucleil can be made.

Since the one and two-neutron transfer reaction cross sections for
the 180 and 27A1 are of the same order of magnitude, it would seem to
indicate that either the one-neutron transfer cross section is somehow
inhibited or the two-neutron transfer somehow enhanced. This assumption
is made assuming that the angular momentum considerations work in favor
of the one-neutron transfer with 180 on 27A1. If the two neutrons in
the s-d shell of 180 were strongly correlated implying a strong pairing
interaction, a smaller éross section would be expected. According tov

15,16 the effective centrifugal barrier for

recent works by Goldanskii,
transfer of a pair of nucleons coupled to L = 0 is zero as compared to

a finite barrier for a single nucleon transfer with L greater than zero.
The transfer probability of a peutron pair with the apparent "switching-
off" of the centrifugal barrier may turn out to be very close to the
probability of the transfer of ome neutron through the centrifugal barrier
due to the orbital angular momentum of the one neutron. This would give

a very reasonable explanation for the data displayed in Figure 9. The

13C then would also

lower angular momentum neutron from the lpl/2 lével of
have a larger cross section than the one neutron transfer from the 1d45/2
level of 180 because of the centrifugal barrier considerations. The
pairing interaction of the two neutrons in 180 would also serve to
inhibit the one neutron transfer. The data displayed in Figure 8 is
again well explained by the centrifugal barrier comsiderations.

If the two neutrons in the 180 nucleus are strongly correlated it

would imply that it is a poor shell model nucleus. The centrifugal

barrier uses this assumption and seems to more easily explain the data.
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D. Pogssible Structure

An effect that is noted in the two-neutron transfer cross section

for 180 on 2731 that is not seen in the one-neutron cross section for

180 on 27A1 is the large dip in the cross section at E = 18.5 MeV as

18 16

shown in Figure 9. Since the data for the Al( 0) Al and

7 Al(lBO 170)28A1 reactions were taken simultaneously it may indicate

some structure effects. Because the relative population of the various

excited states in 29A1 or 28Al were not observed in this beam off gamma

ray analysis further experiments need to be performed to indicate
positively the exact cause of the dip in the data. The dip in the cross

section is probably not a result of beam fluctuations since if this were

29

so the yield from the shorter half-life of "“Al would have been more

strongly affected than the 28A1.

The cross section data for the Al(18 160)29Al reaction is of the
gsame order of magnitude as the reaction 26Mg(18 160) Mg performed by

= This 1is important since the 6Mg has the same neutron

Y. Eyal et al.
shell structure as the 27A1 and one would expect similar cross sections
as a function of energy. Their data does not go to as high an energy to

display any possible structure effects as was noted here.
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V. CONCLUSION

Because of the relative ease of performing the experiment, and the
amount of data that may be obtained in a short amount of time, and the
statements that may be made concerning this data, the research done here
was quite enjoyable. One of the important considerations to be made in
improving the accuracy of the results is to reduce the effect of beam
fluctuation. This can be effectively reduced by using a leaky iIntegrator
circuit. The integrator circuit is essentially an R-C circuit that has
an adjustable time constant which can be varied to match the lifetime of
the excited state being observed. The variance of saturation level with
beam current would then be eliminated. This would also made the observa-
tion of the 27A1(180,2n)438c reaction and other long lived reactions with
hour or day half-lives én easier task.

The technique used in this experiment is not applicable to all nuclei.
The formation of nuclei by bombarding one heavy ion on another than have
beta decay half-lives on the order of minutes, populating excited states

7

in the subsequent nuclei are limited. The 2 Al allows the use of this

technique, however the myriad of open levels in the s-d shell does not

limit or restrict the possible tramsitions of the extra neutrons in

180 or 13C. Thus, although the 27Al is experimentally easy to use, a

nucleus with a neutron level that would need only one or two neutrons to

make the shell complete would be more useful for making more specific

statements concerning transfer reactions. 14N and 3601 are possible

targets to investigate the one-neutron transfers of 130 and 180 since

there is only one remaining neutron hole in the 1pl/2 level of 14N and

only one in the 1d3/2 level of 3601. If one neutron transferred forming
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15N and 37Cl it would not be possible to use a beam-off technique to

observe the result, since the half-lives of the states formed would be
too short to measure with this experimental set-up.

It is a similar problem for two-neutron hole states in prospective

target nuclei. Two examples are 120 and 348 that would enable one to
see the strength of one versus two-neutron transfers using the 180
14 36

projectile. The problem is that the resulting nuclei " 'C and ~°S are
not well understood in terms of excited states, spins, and parity. Thus
to further pursue the data, particle scattering experiments that yield

more information with regard to the excited levels would need to be

performed.
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ABSTRACT

18 17 28

Total cross-sections for the transfer reactions Al( 0)" A1,
Al(lso 1o )29A1, and Al(lac 12C)28A1 were measured in the center
13

of mass energy range from 11 - 17.5 MeV for "C and 14.5 - 20.5 MeV

for the 180, by observing the residual radicactive nuclei
28 29 27

Al(1%=2.31 minutes) and Al(rgfé.ﬁ minutes). Thick targets of " Al
were bombarded under conditions of constant beam current for a period
of 20 minutes for each energy setting. The residual activities were
determined by switching the beam off and measuring the yield of 1.28
MeV gamma rays from the first excited state in 2951 and 1.78 MeV

28 28 29

gamma ray from the first excited state in " Si. The " Si and "“Si are
produced by the beta decay of 28Al and 29Al respectively. A comparison

of the one-neutron transfer reactions 27 A1(13C 12C)28A1 and Al(laﬂ 17 Q)

28
Al and of the one-neutron versus two-neutron transfer reactions

27 Al(lao 170)28Al 2 Al(laD 16 )27

Al is made using the shell model
as a basis. Taking into account the centrifugal barrier effects

described by Goldanskii, a reasonable explanation of the data is presented.



