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Total Cross Sections and Angular Distributions of the C"(Lis,p)017, C"(Li',d)O",
and C"(Li' e)N" Reactions from 4.5 to S.S MeV)
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Departmertt of Physees and Astronomy, Ursieersity of Iowa, Iowa City, Iowa

(Received 26 August 1965)

The Lie+ C'2 reaction has been studied for bombarding energies in the range 4.5 to 5.5 MeV. Angular distri-
butions and total cross sections have been obtained at 100-keV intervals using a dZ/ds; P. syst-em coupled to a
computer. The reaction productswhich have been studied are proton groups from the ground and first four ex-
cited states of 0'", deuterons from the ground and jrst four excited states of 0'e (the 6.05—6.13-MeV doublet
unresolved), and alpha particles from the ground and second excited states of N'4. The angular distributions
of certain of the particle groups show a rather strong energy dependence. The total cross sections, however,
are smoothly increasing functions of energy. There is no strong (27+1) dependency in total cross sections
that would imply a statistical compound-nucleus decay. The relatively smooth variation of the angular
distributions of deuterons from the excited states of 0'6 and alpha particles from the second excited state of
N' suggests that these proceed predominantly via a direct reaction. The ground-state groups would appear
to have significant compound-nucleus contributions.

I. INTRODUCTION

'N recent years the investigation of multinucleon
- ~ transfer reactions has received considerable atten-
tion (cf. Ref. 1 for a survey of "deuteron" transfer
reactions). In the particular case of the two-nucleon
transfer reaction, Glendenning' has shown how the
observed selectivity of this type of reaction in populat-
ing residual nuclear states arises. Because of the
apparent (a+I) cluster structure of Li', ' the (Lie,n)
and (Li,d) reactions should, in principle, be useful for
studies of deuteron and alpha particle transfers. In
this regard the Li'+C" reaction is particularly suited
for this purpose because many of the states of N'4 and
0" have been interpreted in terms of two and four
nucleons outside a C" core."One would expect, in
general, large cross sections for transitions to these
states and direct-reaction features in their angular
distributions.

The Li'+ C" reaction has been investigated at lower
energies for the incident Li . The C's(Li n)N' reaction
has been studied at energies of 1.7,6 3.0,~ and 3.2-4.0
MeV, ' while C"(Lis,p)0'r and C"(Lie,d)0's have been
studied at the latter two energies. ~ ' With the exception
of the reactions leading to 0" and 017 at 3.2—4.0 MeV,
the results obtained have been qualitatively interpreted
in terms of a direct-reaction mechanism. In particular,
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Inglis" has given an interpretation of the shapes of the
alpha-particle angular distributions obtained at 1.7
MeV. The results showed the ground-state group having
a backward peak and the transition to the 3.95-MeV
state of NI4 exhibiting both forward and backward
peaking. Honda and Horie" have analyzed the results
at 4.0 MeV using the plane-wave Born approximation
(PWBA) and both light- and heavy-particle stripping.
They obtain reasonably good agreement with the data.
The work of Blair and Hobbie (Ref. 9) on the protons
and deuterons, however, showed an abrupt energy de-
pendence in the angular distributions which were taken
every 200 keV. This was interpreted as evidence for a
significant compound nucleus contribution to the re-
action mechanism.

The inverse reactions 0"(d,Li') and N"(er,Li')C"
have been studied at deuteron and alpha energies of
14.6 and 42 MeV,""respectively, corresponding to Li'
energies of 10.8 and 35.8 MeV. These have been ana-
lyzed using the distorted-wave Born approximation
(DWBA) for the pickup of an alpha and deuteron.

In the present work the Li'+C" reaction has been
studied in the energy range 4.5 to 5.5 MeV at 100-keV
intervals. Angular distributions have been obtained for
proton groups from the 0.0-, 0.87-, 3.06-, 3.85-, and
4.55-MeV states of 0'r, deuterons from the 0.0, (6.05—
6.13), 6.92- and 7.12-MeV states of 0", and alpha
particles from the 0.0- and 3.95-MeV states of X".The
distributions have been taken at 10-deg intervals from
approximately 10 to 150 deg (center-of-mass system).

II. EXPERIMENTAL PROCEDURE

The Li' beam from the University of Iowa 5.5-MeV
Van de Graaff was used in this experiment. A V magnet
located in the high-voltage terminal allows the use of a

' D. R. Inglis, Phys. Rev. 126, 1789 (1962)."T.Honda and H. Horie (to be published).
~'W. W. Daehnick and L. J. Denes, Phys. Rev. 136, B1325

(1964)."C.D. Za&ratos, Phys. Rev. 136, 111279 (1964).
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Fzo. 1.Block diagram of electronics.

conventional rf ion source in addition to the lithium
ion source. The absolute energy calibration of the ac-
celerator is known to &0.2% using the I,i'(p, n)Be'
threshold.

The target chamber used for the present work has
been described elsewhere. ' The beam is defined at the
entrance to the chamber by a pair of antiscattering
apertures of diameters 2 and 2.5 mm located 15 cm
from the target. A surface-barrier detector positioned at
90' lab was used to monitor the reaction and served to
normalize the data.

Reaction particles were detected with a lithium-
drifted silicon detector (E detector) with an acceptance
angle of +1.3 deg. Particle identification was accom-
plished using a gas proportional counter.

The targets were self-supporting carbon foils ranging
in thickness from 7.4 to 9.6 pg/cm'. Target thicknesses
were measured using the shift in energies of the
Lir(P, Is)Be' threshold, and the Bes(P,&)B" resonance
at 1.881 and 1.084 MeV, respectively. Conversion of
energy loss to micrograms per centimeter' was made
using data from Whaling. '~ Extrapolation of recent

lslKCRVrAT. . :::— . %oSW4IWfftW4M (ss&kWatSl~tM %Siffle

Fxo. 2. Top: condensed
dE/Ch-versus-E display;
bottom: condensed dE/Ck-
versus-8 display after
multiplication (see text).
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1958), Vol. XXXIV.

results of Allison et ul."on the stopping powers of Li'
in N~ results in an effective target thickness of 50
keV for the beam.

Figure 1. shows a block diagram of the electronics
used. A Control Data 160-A computer was used for
two-parameter analysis of the E and hE signals with
the computer output written in turn on magnetic tape.
This system has been described in more detail else-
where. '~ All data analysis was also performed by the
computer. The data on magnetic tape were first multi-
plied in the form E(hE+C), where C is an arbitrarily
chosen constant. The effect of this is shown in Fig. 2.
The top picture shows a condensed dE/dx versus E
display of the raw data while the bottom picture shows
the same data after multiplication. The multiplication
was done for convenience in further analysis of the
data. The multiplied data were then scanned and marked
with a light pen in the regions between protons and
deuterons, etc. After this operation, a 1024-channel
spectrum of each particle group could be displayed with
provision for summation by the computer of the
number of counts in any peak. The method of analysis
has been described elsewhere in more detail. "

Absolute differential cross sections were obtained by
normalizing the results at each energy to the average
differential cross section of di, & obtained from two to
five runs using standard integration techniques. The
effect of carbon buildup was monitored by comparing
yields from different targets, one of which had been
bombarded for a long period of time. An assigned rela-
tive error of &8% between the results at different
energies is believed to be in large part due to this
effect. In addition there is an estimated error of &20%
in the absolute cross section scale due, for the most
part, to uncertainties in target thickness and equi-
librium charge of the Li ions after passing through the
carbon foils." Absolute measurements were made at
4.0 MeV for comparison to previous results. '' The
total cross sections obtained were 15% lower which
is within our estimated error. A probable error of 10—
15% was assigned in the previous work.

III. RESULTS

a. Protons

Figure 3 shows a typical energy spectrum of the
proton groups from states of 0'~. Because of the com-
plexity of the level structure above 7.5-MeV excita-
tion the peaks are not well resolved in this region. [The
full width at half-maximum (FWHM) peak widths
ranged from 120 keV for protons to 250 keV for low-

energy a particles. f The continuum which begins at

6 S. K. Allison, D. Auton, and R. A. Morrison, Phys. Rev.
138, A688 (1965)."R.R. Garison and E. Norbeck, Phys. Rev. 131, 1204 (1963).

D. W. Heikkinen, University of Iowa Report, University of
Iowa 65-24 (unpublished).

"The equilibrium charge of Li was taken from C. Zaidins,
California Institute of Technology Report, 1962 (unpublished).
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FIG. 3. Energy spectrum of pro-
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peak.
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4.5-MeV excitation can be ascribed to reactions which
have as the ftnal state 0"+p+e or C"+He4+p. The
Q values for these reactions are 3.45 and 1.25 MeV,
respectively.

The results of excitation-curve measurements taken
at 42' lab are presented in Fig. 4. As has been noted,
each point has associated with it an error of &8/q. It
can be seen that a certain amount of structure is
apparent, outside of errors. However, no evidence is
seen for strong compound-nucleus resonances.

The angular distributions of the proton groups
(po—p4) are shown in Figs. 5—9. Also shown are the
coeflicients AL/As obtained by fitting the angular dis-
tributions to a Legendre polynomial expansion of the
form

do' ( Lggax A Lr, (cose) I.
dQ 5 L=i Ae

For the proton groups I.,„,=6 resulted in a satis-
factory fit while 1. ,„=8was needed for the deuteron-
and alpha-particle groups. " The error bars on the
A L/As coefFicients represent the residual fitting errors."
These are always larger than the statistical errors in
the present work. By taking the ratio AL/As the effect
of rapidly increasing penetrabilities in the incident
channel can be eliminated to some extent when con-
sidering energy dependence,

It is apparent from the data that the proton groups
tend to show large variations over the entire energ
range with lesser variations from one energy to the

0Th le low energies of d3 and d4 prevented their being detected
at back angles. Because of the fewer data points, satisfactory Gts
were not obtained for these groups.

"M. E. Rose, Phys. Rev. 91, 610 (1953).

next. This is more readily seen in the Legendre

polynomial coefficients which exhibit some degree of
structure. It should also be noted that all angular

distributions for the proton groups have relative

maxima both forward and backward of 90 deg.
The total cross sections for the proton groups are

given in Fig. 10. Total cross sections were obtained by
taking 4x'Ao in the Legendre polynomial expansion.
The error bars represent relative errors only, Within

the errors, the cross sections are smoothly increasing

functions of energy.
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FIG. 4. Excitation curves for proton groups taken at 42' lab.
Each point has a relative error of ~8'P&. Cross-section scale has
an error of &20%.
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Right: Legendre-polynomial co-
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b. Deuterons

The energy spectrum of deuteron groups from states
of 0" is shown in Fig. 11. The excited state groups
show large yields in comparison to the ground-state
reaction. This is in part due to the (2J+1) statistical
factor for these states. As noted previously, the 6.05-
6.13-MeV doublet is unresolved. However, the main
contribution to this doublet is due to the 6.05-MeV
(0+) state. This is based on two observations. The
first is that the width of the peak indicates a contribu-
tion due mainly to one state. Secondly, the energy
calibration for the observed peak comes close to the
expected position of the 6.05-MeV state alone."Figure
12 shows clearly the relative yields of the two states at

a more forward angle. This supports the above
conclusion.

The excitation curves for the deuteron groups from
Fig. 13 show a marked difference between that of the
ground state and those for the excited states. As can
be seen the yield curves for the excited state groups are
smoothly increasing with energy.

The angular distributions in Figs. 14—16 again show
a different energy dependence between the ground- and
excited-state groups. The latter have a generally smooth
variation with energy, whereas the ground-state group
does not, particularly above 5.0-MeV bombarding
energy. This is made more evident by a comparison of
the Legendre polynomial coeS.cients for do and d&, 2
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FIG. 6. Left: angular distributions
of protons from Cn(Li' Pq)0". Right:
Legendre-polynomial coef5cients (see
caption for Fig. 5).
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FIG. 7. Left: angular distribu-
tionsof protonsfrom C"(Li'ps)0".
Right: Legendre-polynomial co-
eKcients (see caption for Fig. 5).
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from Figs. 14 and 15. The character of the do angular
distribution changes from more forward peaked at
energies &5.0 MeV to backward peaked at the higher
energies.

The total cross sections of the deuteron groups in
Fig. 17 again show the large yield of the excited-state
groups in comparison to the ground-state transition. "
It should also be noticed that despite the fact that the
do angular distribution had a rather strong energy de-
pendence, the total cross section shows no evidence of
this in terms of resonance structure.

c. A1yha, partj. cles

An energy spectrum of alpha particles from states

of N" is presented in Fig. 18. There is weak population

of the 2.31-MeV (T=1) state in contrast to lower

energies where the yield is larger. A discussion of the

cross section for this state as a function of energy has

been presented elsewhere. '4 As previously noted, the

inherently poorer energy resolution for alpha particles

precluded any quantitative measurements on individual

levels above 3.95-MeV excitation.
Figure 19 shows the yield-curve measurements for

L, e+ C ~ 0' + p + 5.76 MeV
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FIG. 8. Left: Angular dis-
tributions of protons from
C"(Li'p')0". Right: Legendre-
polynomial coefhcients (see
caption for Fig. 5).
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23 The total cross sections for the d3 and d4 groups were obtained by an area integration. This was normalized to 180 deg by adding an,
amount equal to the average differential cross section integrated over the nonobserved angles.

"g.. R. Garison and D. %. Heikkinen, Phys. Letters (to be published).
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alpha particles. The no curve shows somewhat more
structure than that for 0.2.

The angular distributions of the two alpha-particle
groups are shown in Figs. 20 and 21. As was the case
for the deuterons the ground-state group shows con-
siderably more energy variation than does the 0.2
group. This can also be noticed in the Legendre poly-
nomial coeKcients which show much less energy de-
pendence for the n2 coeScients.

Total cross sections are given in Fig. 22. It is inter-
esting to note that even though the spin and parities
of both states are the same (1+), the cross section for
0.& is a factor of 2 larger over the entire energy range.
The energy dependence of the e& cross section shows
some evidence of structure but not outside the relative
errors. This hint of structure is due in part to the fact
that equally good fits to the data were not obtained at
all energies.

J. Summzzy of Results

We can briefly summarize the general features of the
results. Large cross sections are observed for transitions
to the excited states of 0" and N" relative to the
ground state groups. Reactions which have the smallest
cross sections tend to show the most energy dependence
in their angular distributions. Essentially all particle
groups have total cross sections which increase smoothly
with energy.

In the next section a qualitative interpretation of
these results will be given.

IV. DISCUSSION

The observation of a rather strong energy dependence
in the angular distributions of certain of the particle
groups is suggestive of compound nucleus contributions
to the reaction mechanism. However, the lack of cor-
related resonance structure in the excitation curves or
total cross sections indicates the reaction is not pro-
ceeding via strong isolated resonances in the compound
nucleus F's

The excitation of F" reached in this reaction is
16.5 MeV. From the results of Ericson" we can make

an estimate of the partial level width for neutron
emission, F„,for this excitation. The estimate arrived
at is F„50keV. Because proton, deuteron and alpha
exit channels are open we make the assumption that
the total level width F is about 2F„orF 100 keV.
From Lang" we can obtain an approximate value for
the level spacing D. Combining this with the above
value for I' we obtain I'/D = 2 for J=0, 5 for J= I and 2,

O I J I I I I I I I I J

4.5 4.& 4.9 5. 1 5.3 5.5

E;NE:RGY-MeV

~'T. Ericson, Advances ~e Physks, edited by N. F. Mott
(Taylor 8z Francis, Ltd. , London, 1960), Pol. 9, p. 425; Ann.
Phys. S(N. Y.) 23, 390 (1963)."D.Lang, Nucl. Phys. 26, 434 (1961).
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4 for J=3, and 0.6 for J=4. These obviously are crude
approximations because we have ignored the spin de-
pendence of level widths in addition to the above
assumption. The only implication to be drawn is that
we are in the region of overlapping levels where the
theory of Kricson might be applicable. '~ On this basis

Quctuations in both differential and total cross sections
might be expected. However, it is well known' that
orbital angular momentum and nonzero spins damp the
fluctuations. An approximate expression from Kricson
for the size of Quctuations in differential cross sections
with spin i, I, i', I' for the particles in entrance and
exit channels is given by
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FIG. 13. Excitation curves for deuteron groups taken at
42' lab (see caption for Fig. 4).

Fro. 12. Spectrum of deuterons from the 6.05-6.13-MeV doublet
in 0"with Eg1II=5.0 MeV and tY~&b=20'.

"In addition to Ref. 25, see also E. Almquist, J. A. Keuhner,

D. McPherson, and E. W. Vogt, Phys. Rev. 136, 884 (1964);
K. W. Vogt, D. McPherson, J. A. Keuhner, and E. Almquist, ibid.
136, 899 (1964).
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compared to R=1 for all spins 0. Thus, for the most
favorable case (e.g., the de and up transitions) the
Quctuations are damped by a factor of 4.5. The total
cross sections are expected to show lesser variations.
In addition the energy increments and energy resolu-
tion ( 70 and 35 keV in the c.m. system) are larger
than that usually employed in Quctuation studies.

There are some simple consequences of the statistical
model which can be tested by the present data. The
erst is that in averaging over an energy interval hE

greater than F the angular distributions are expected
to bt: symmetric about 90 deg. In Table I the energy-
averaged Legendre-polynomial coeKcients are pre-
sented. As mentioned previously, the ratio Ar/Ae
tends to weight each angular distribution equally by
negating the eGect of increasing penetrabilities. From
Table I it can be seen that with the exception of the do

group the even L coefficients are indeed the largest.
However, the odd-L coeKcients are not all zero as
would be expected for a purely statistical reaction. This
is not unexpected because the angular distributions of
certain groups do show a smooth variation with energy
as expected on the basis of a direct reaction.

Another test of the statistical model can be made in
considering relative total cross sections to a specilc
residual nucleus. Under certain conditions set forth by
McDonald, "relative cross sections are proportional to
(2J~+1), where J~ is the spin of the residual nuclear
state."In Table II the average cross sections and the
same divided by (2Jf+1) are presented. While there is
some tendency for a proportionality to (2Jf+1), the
deviations are large. In particular, the spin-averaged
cross sections are generally larger for excited states in
comparison to ground states. Corrections for barrier
penetrabilities in the outgoing channel would increase
the discrepancy.

The cross sections for the deuterons from the excited
states of 0'~ support the evidence for rotational bands
with large alpha widths obtained from the C's(n, a)C's
reaction. "In addition, Kelson" has given an interpreta-
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FIG. 18. Energy spectrum of
alpha particles from Cn(LI', a)
N' . Excitation energies in
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's N. McDonald, Noel. Phys. 33, 110 (1962).
s9 In this regard, the Li+B reactions show a strong dependency on (2Jy+1). See R. R. Carlson and R. L. McGrath, Phys. Rev.

Letters 15, &73 (&965)-
w E. Carter, G. Mitchell, and R. Davis, Phys. Rev. 133, B1421 (1964)."I.Kelson, Phys. Letters 16, 143 (1965).
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tion of the level structure of 0'6 in terms of single-
particle excitations and rotational bands. The levels
at 6.13 and 7.12 MeV are found to be single-particle

I I I . I I I I I I I I

4.5 4.7 4.9 5. I 5.3 5.5
ENERGY M eV

FIG. 19. Excitation curves for alpha particles taken at 42' lab
(see caption for Fig. 4).

excitations. It is noticed that these states have cross
sections which are smaller in comparison to the other
excited state groups. These would not be expected to
have large cross sections in reactions involving the
transfer of an a1pha particle.

As has been mentioned, the cross sections for the
alpha particle groups diGer by a factor of 2. On the
basis of a direct reaction it would be expected that
(Lio,cr) and (cr,d) reactions might exhibit similar char-
acteristics. This is because the transferred pair of
nucleons are in the same configuration (S=1, T=O).
A comparison of the results of Pehl et ul.3' on the
C"(n,d)N" reaction with the present work shows en-
tirely diferent results for relative cross sections. They
find the ground-state yield a factor of 3 larger than that
of the 3.95-MeV level which is in agreement with the
(pt, s)' and (po/s) '(P&~s) ' configurations proposed for
ground and second excited states. 4 However, we find
essentially the opposite for the relative cross sections.

Large momentum transfers in a direct reaction usu-
ally lead to a reduction of the cross section (see Ref. 1).
The momentum transfers here are L 5 and 4 at for-
ward angles for the ground and second excited states.
However, the angular momentum mismatch is greater
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FIG. 20, Left: Angular distribu-
tions of alpha particles from
C"(Lis,no)N 4. Right: Legendre-
polynomial coeKcients (see cap-
tion for Fig. 5).
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TanLE i. Energy-averaged Legendre-polynomial coefEcients AL/A o.

Particle
group

PO

P1
PQ

Pa
p4
fgp

dl, R

CLQ

As/Ao

—1.9 ~0.6—2.9 +0.6
1.3 ~0.5
0.67&0.4—2.5 W0.7—2.2 &1.0
2.8 ~0.6—4.4 a1.0
5.0 ~1.5

Ao/Ao

2.7 &0.9—0.32~1.0
6.6 ~0.6—0.46~0.6
8.2 a0.9
3.0 ~1.6—5.5 ~0.8
6.7 ~1.5

11.3 &1-3

gg/Ap

—0.96~1.1—2.0 +1.1
3.5 ~0.9
0.12~0.7—2.9 +1.1
5.0 &23
1.1 ~1.0—0.59~2.1
3.3 &2.3

Ao/A o

—4.2~1.2
3.5~1.1
2.0&0.9

01 4~0.7
2.5~1.1
2.6&2.0
6.6+1.0
2.4~2.4

14.7~1-8

As/Ao

1.3 ~i.i—2.4 &1.1—1.5 ~0.8
0.98~0.7
0.84~1.2—2.0 &2.0
4.7 &1.1—1.4 &2.2
5.3 &2.2

As/Ao

0.03~0.08
0.31~0.85
0.07&0.7—0.35&0.5
0.76~1.0
2.4 ~1.8
1.9 ~0.9
4.0 ~1.8
2.6 ~1.9

A7/Ao

1.7ai.5
0.8~0.9
1.6&1.6
2.1~1.5

As/Ao

1.1 ~0.9—0.53&0.8—0.64&1.1—2.0~1.4
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FIG. 22. Total cross sec-
tions for the alpha-particle
groups (see caption for
Fig. 10).
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Fro. 21. Left: Angular distributions of alpha particles from
Cn(Litttut)N'4. Right: Legendre-polynomial coeKcients (see
caption for Fig. 5).
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4." 4.9 5, 1 5.3 5.5for the second excited state based on 'S con6guration'
for this level, compared to 'D for the ground state.
Thus it would be expected the reaction to the 3.95-MeV
level would be inhibited, which is not the case.

A possible explanation can be found in the results of
Glendenning. ' He 6nds the cross section depends on a
"structure factor" G, which contains, besides the usual
reduced width dependence, a dependence on the overlap
of the motion of the transferred nucleons in the pro-
jectile and residual nucleus. In a classical picture the
two nucleons in Li' have their spins aligned and their
angular momentum vectors opposed to form a 'S. The
same picture has their angular momentum vectors
aligned in the ground state of N". The relative motion
is different in the initial and final state implying an

Li ENERGY —MeV

inhibition of the ground-state reaction. The same argu-
ments lead to an expected large cross section for the '5
state of N". While this is an extremely simplified
interpretation it has some consequences which can
readily be tested. If the relative motion of the two
nucleons is indeed the determining factor in (Lie,a)
reactions, then the "giant yield" states" observed in
other two-nucleon transfer reactions on C" and 0"
mould not show large relative cross sections. These 5+
states have configurations (ds~s)s which, using the
simple classical picture, means aligned angular mo-
menturn vectors and the consequences stated above.

Higher bombarding energies would be required for
the observation of the alpha particles from the giant
yield state in N' at 9.0-MeV excitation.

Thsz.z II. Average cross sections.

Spin-averaged'
cross section

Averageb
cross sectionParticle

group V. CONCLUSION(mb)(mb)

The results obtained show evidence for both com-
pound-nucleus and direct-reaction mechanisms. The
particle groups which show evidence for compound
nucleus contributions are those which are favored by
barrier penetrabilities in the exit channels. Those which
are not show smoothly varying angular distributions
characteristic of a direct reaction. The cross sections
for the deuteron groups from excited states of 0" are
in agreement with the predicted structure of these
states. In the case of (Li', tr) reactions it is suggested
that the relative motion of the transferred nucleons can
be a large factor in determining relative cross sections.
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0.7
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2.0
5.6d
0.8d
34
2.0
1.2
2.3

1.4
1.1
1.4
2.5
1.7
2.0
5.6d
5.6d
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3.5
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pp
p1
pp
p3
p4
dp

d4
Ap
A2
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3
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Spins and parities of residual nuclear states.
b The cross section obtained by simply averaging the values obtained

at each energy.
The average cross section divided by (2J+1).

& These values assume equal contributions to the 6.05-6.13-Mev doublet.
However, the main contribution comes from the 0+-6.05-Mev state (see
text).

"R. H. Pehl, E.Rivet, J. Cerny, and B.G. Harvey, Phys. Rev.
137, 8114 (1965).
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