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Interference with positive parity states is observed
throughout the region investigated, and the finite
value of Ae strongly indicates that this interference
is mainly E1-E2. The particle-hole model is', .used to
extract an E2 cross section from the data, ''."'. and the
strength and nature of this cross section is suggestive
of a quadrupole giant resonance. The ip-ih model
using harmonic-oscillator wave functions is unable to
give the correct sign to the asymmetry coeKcients
A1 and A3, and it is concluded that 2p-2h excitations
should be included.
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Study of Be'(Li', P), Be'(Li', d), Be'(Li', t), and Be'(Li', n)
Reactions from 5.6 to 6.2 MeV)

F. D. SNYDER AND M. A. WAGGONER

DeParfrlerrt of Physics and Astroeoray, The Umeeerssfy of Iowa, Iowa City, Iowa 5ZZ40

(Received 18 April 1969)

Absolute differential cross sections at angles ranging from 10' to 170' and at bombarding energies of 5.6,
5.8, 6.0, and 6.2 MeV have been measured for the reaction Be'+Li7, leading to each of the following states:
ground and 0.75-MeV states of C"; ground, 6.10, 6.58 with 6.72, 6.89 with 7.01, 7.34, and 8.32-MeV states
of C";ground, 3.09, and 3.68 with 3.85-MeV states of C";ground, 0.95, 1.64, and 2.62 with 2!72-MeV states
of B".The yields of the no and ns groups at 20' (lab) have been measured at 3.3 MeV and at eleven other
energies ranging from 5.0 to 6.2 MeV. Absolute cross sections were obtained by comparison of the yields of
reaction products to elastic Coulomb scattering. Comparison is made of the total cross-section values with
the (2I+1) rule. The angular distributions for the te and tr groups, at each of the bombarding energies,
are compared with the predictions of a two-mode (pickup and heavy-particle stripping) direct-reaction
process in the plane-wave approximation.

I. INTRODUCTION

& THIS paper reports the results of an investigation of. the reaction Be'+Lir at Lir bombarding energies of
5.6, 5.8, 6.0, and 6.2 MeV. Relatively little previous
work had been done on this reaction. The proton
groups associated with the first two states of C" had
been observed'; four Q.-particle groups corresponding to
the formation of 312 states up through the 2.62- and
2.72-MeV states had been observed, their angular dis-
tributions measured at low bombarding energies, 2MeV'
and 33 to 3.75 MeV, ' and a comparison of their cross
sections with the Li' elastic Coulomb scattering cross
section made in the latter energy range 3

Figure 1 summarizes the energy relations of the vari-
ous reactions which are kinematically allowed. '

$ Research supported in part by the National Science Founda-
tion.' E. Norbeck, Phys. Rev. 105, 204 (1957).

2 K. Norbeck and C. S. Littlejohn, Phys. Rev. 108, 754 (1957).
3R. K. Hobbie, C. W. Lewis, and J. M. Blair, Phys. Rev. 124,

1506 (1961).
4 Y. Lauritsen and P. Ajzenberg-Selove (to be published).

Only the material on A =11 and 12 is published (see Ref. 11).

In the present work, angular distributions of proton,
deuteron, triton, and o.-particle groups beyond the con-
tinuum for each type have been obtained from 10 to
170' at each of the four Li' bombarding energies noted.
At each of the energies, all of the yields were obtained
concurrently, resulting in good values for the relative
cross sections for each particle group. The yields of the
no and ns groups at 20' (lab) were measured as func-
tions of energy from 5.0 to 6.2 MeV and at 3.3 MeV. At
3.3 MeV the yields were compared to that of the
elastically scattered Li' in order to obtain absolute
cross sections.

II. EXPERIMENTAL METHODS

The singly ionized Li' beam used in this study was
obtained from the University of Iowa's Model CN
5.5-MeV Van de GraaG, made by the High Voltage
Engineering Corporation. The Li~ filament source has
been previously described. 5 The analyzed beam is regu-
lated and calibrated to 0.3% or ~15.0 keV at 5 MeV.

' E. Norbeck, Phys. Rev. 105, 204 (1957}.
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The target chamber use'd was a 17-in. , m.odel 600
scattering chamber made by Ortec. Figure 2 shows the
basic beam-target-detector con6gur ation employed.
The top and bottom plates of the chamber, on which
the detector assembly and the Ni foils used to stop the
elastically scattered Li7 beam were mounted, enable
the detector and foils to be rotated in the reaction
plane about an axis through the target. A monitor de-
tector was mounted on the wall of the chamber a,t 20'
from the beam direction and in the reaction plane.
Sufhcient foil was placed in front of this detector to stop
the scattered Li' beam. Two pairs of collirnators within
the beam tube were used to define a beam spot on the
target less than 2.0 mm in diameter.

The targets used in the angular distribution measure-
ments were prepared by evaporating Be on 1.7-mg/
cm' Al backing. These targets were about 100 keV
thick to a 6.0 MeV Li7 beam. The target used for the
yield-curve measurement was prepared similarly, but
was about 50 keV thick. The target used for the elastic
scattering cross-section measurement was prepared by
evaporating approximately 5-pg/cm' Be on teepol-
coated slides. The target was then coated o6' and picked
up in such a way that it doubled over the target holder,

giving a fina]. thickness of 10 p,g/cm . This double thick-
ness of the target material was easier to obtain than a
single thickness and had the necessary strength.

Figure 3 is a schematic diagram of the detector and
electronic arrangement. Conventional electronics and
an on-line computer were used to gather, store, and
analyze the data.

The monitor detector was collimated to 2.03)&10 ' sr
for a point source at the center of the chamber. Its
depletion depth of 300 p, was sufficient to stop all the
n particles from the reaction, but transmitted the
charge-one particles with small energy loss. As a result,
the charge-one particle peaks in the energy spectrum
all appeared below the n peaks corresponding to the
first four excited states of B".These o. peaks could thus
be easily used for monitoring purposes. (The Q value
for the Be'(Lir, He') B" reaction is —5.2 MeV, so He'
reaction particles were not observed in the present
experiment. )

Particle detection and identification were accom-
plished by standard E, AE techniques. A stack of three
totally depleted transmitting 50-mm' Si detectors were
used in the I;, DE detector assembly. The erst detector
was 40 p thick and was used as the AE detector. The
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two following detectors were each 1000 p thick and
were connected in parallel. The assenlbly was capable
of stopping a 20-MeV proton. The maximum energy
lost by a charge-one particle in the AE detector, and
thus the minimum-energy o. particle that could be
sepal'a(cd fl'olll the chaigc-olle paiticles, was about 2.5
MeV. The effective total angular aperture of the
assembly was 1.51&(10 ' sr.

Pairs of signals received by the AE and E analog-to-
digital converters (ADC's), corresponding to the differ-
ent types and energies of the reaction particles entering
the E, hE detector assembly will lie along curves such
as those shown in Fig. 4. The somewhat hyperbolic
portion of each of the curves in the figure is a conse-
quence of the energy lost in the AE detector by a
charged particle of energy E passing through that de-
tector varying approximately as (E) (AE) = const. For
each particle type there is an energy value for which all
particles of that energy or less are completely stopped
in the AE detector. This value is, of course, consider-
ably higher for the n than for the charge-one particles.
Since the hE signal is added to the E—DE signal to ob-
tain the total E signal, as noted in Fig. 3, the resulting
hE versus E dependence for a particle completely
stopped in the AE detector is simply AE= K This gives
rise to the straight-line portion of the curves in Fig. 4,
It is important to note that when an n-particle signal
lies along the straight line segment of the curve, it still
contains particle identification information as long as
5E lies above the value, marked 5E& in Fig. 4, corre-
sponding to the maximum energy that a charge-one
particle can lose in the AE detector. Thus, even though
our AE detector completely stopped a 7-MeV a-particle,
identification was possible down to about 2.5 MeV.
At lower energies, data for all the particle types start to
overlap one another and identification is lost.

The on-line computer was used to store the data from
the E, AE system in a AE versus E matrix and the
monitor data as a particle energy spectrum. These data
were stored on tape and later recalled to separate the
matrix into single-particle spectra and to sum the num-
ber of counts in each particle group. Representative
single-particle energy spectra obtained in this way are
shown in Figs. 5—8.

At a given bombarding energy and detector angle,
the data for all types of reaction particles are obtained
concurrently so that the yields of the various particle
groups are in the correct ratio. The yields at one angle
are normalized to those at another angle at the same
bombarding energy by means of the monitor-detector
data. The monitor detector was left at a fixed angle
throughout the measurements required to obtain the
angular distribution at a given energy. Variations in the
yield of the u-particle groups in the monitor detector
were therefore due to changes in the target thickness
and integrated beam intensity over the duration of the
runs, and their yield could be used to normalize the

SC AT T E RING CHAMBER
DlAG RAM

FIRST COLLIMATOR PAIR

SECOND COLLIMATOR PAIR

90-

FARADAY CUP

FIG. 2. Scattering chamber.

data for the different angles in the angular distribution
at a given energy. The yield of the 0.0 group which was
cleanly resolved and free of contaminants at all bom-
barding energies was used for this purpose.

To normalize the yields of the various particle groups
at one bombarding energy to those at another, the
yields of the uo and n2 groups were measured as func-
tions of the bombarding energy for a measured amount
of incident charge. (These groups are cleanly resolved
and free of contaminants at the energies of interest and
angle chosen. ) The target was enclosed in a small
cylindrical can within the scattering chamber and con-
centric with it. In the walls of the can were holes which
let in the incident beam and permitted the reaction
products to pass out at 20'. The can was used to
guarantee complete charge collection, including second-
aries produced at the target. The can and target, con-
stituting the Faraday cup, were electrically connected
but the pair insulated from the rest of the chamber.
A grounded shield around the entrance hole prevented
secondaries which might be produced at the last colli-
mator in the beam tube from striking the can. This
technique of obtaining a yield curve assumes that the
target thickness is constant throughout the yield-
curve measurement. To check for possible variation in
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FIG. 3. Schematic of the data-acquisition system.

this thickness, various points on the yield curve were
remeasured nonconsecutively as m yan as six times over

f the measurements. The variations ob-
serve wed were within statistical uncertainty. e yie s

compared to the yields of the no and cz2 groups at the
20' points of the corresponding relative angu ar is-

'b ' . The ratio of these yields was use to nor-
malize the angular distributions for diGerent bombar-
ing energies to one another.

To convert the relative cross sections for the various
Be' Li reactions studied in this work o ark to absolute
cross sections, an elastic scattering'experiment was per-
formed at a Li7 bombarding energy of 3.3 MeV. or

'
h d to be able to assume that the

cross section for the elastic scattering was the Coulomb

b d' energy and an angle of 20'. At this angle anar ing
h of the Li'energy, the distance of closest approac. o

and Be' nuclei is about 20 I, and the sum of their radii
is about 5 F. Hobbie et a/. ' have shown that the relative
angular distribution for elastic scattering of Li7 by e'
from 10' to 50' at a bombarding energy of 3.3 MeV is
in agreemen wit 'th the angular dependence of the Cou-

roceeded then,lomb scattering cross section. We have procee e, en,
as if the cross section for the elastic scattering of Li'
by Be' at 3.3 MeV and 20 were given by the Coulomb
scattering cross section.

9 Li7 o B12The absolute cross section for the Be'(Li~, ao
reaction was e ermind termined from the following rela ion-
ship and indicated data;

da yield no G(ao)

dO ', yield Li »b G(Li)

Z(Li) Z(Be)e'' 1

E, j 16 sin'(20, .m.)

where 6 represents the laboratory-to-c. m. system
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nate to the reacgeometrical-conversion factor approp
tion indicated.

theThe circular collimator used on the detector in t e
measurements had a diameter of 3 mm, an angular

r of 1.1'. The beam spot on the target was ess
than 2 mm in diameter, corresponding to an angu ar
diameter at the detector location of less than 0.8'.
Special care was taken in focusing the beam in all cases
to ma ek the beam intensity as uniform as possi le over
h' b s ot. Because of the rapid variation o

1 crossCoulomb cross section with angle, the theoretica cross
sec ion was

't' was integrated across the face of t e detector to
And the effective cross section. The detector a ignm
was good to about %0.1', corresponding to a change of

2y
'

th 1 e of this integrated cross section. e
statistical uncertainty in the yield of no was %. e
relative yields of the ap and elastically scattered Li
were measured concurrently, The detector was a ig-
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It should be noted that the value of 51+6 pb/sr
which we have obtained for the absolute differential
cross section or np af t 20' and 3.3 MeV is 30% lower

ieeta 'than the value of 77 pb/sr obtained by Hobbie et u .7

6725 el ob= IO

Q= IO, IO MeV

In both cases t e va ue is ah 1
'

based upon a comparison of
E 7 = 60MeVLI7 = '

ld f d the elastically scattered Li7. How-

and the e i, np p.p~ 9|,L'7
&
B" yield in separate experiments,h, sured' them concurrently. Thiswhereas we ave, measure

~ ~

rocedure has'enabled us to'eliminate problems arisingI0.433

from unknown or varying targetrom
'

thickness variation in
beam intensity over the target ps ot differences in de-IOO-

I0.470
t t r eornetry, and dead-time corrorrections. Further,ec o

t b Hobbie et al.the target used in the measurement y o
d d h C"~Li~ Li~) C" scattering to make the

0 Be' scattering data dificult to analyze. We have beenIOO I50

U ble to make a target containing veryCHANNEL

little carbon, and have had the advantage o t e etter-FIG. 6. Deuteron singles spectrum.
d t t w available so that the carbonresolution etectors now ava'

m. arne of the ro emsscattering was no serious pro em. a
f th 1'er measurement have thus been eli

' t dThe singles energy spectrum obtained was stored in t e
'th th Li~ peak around channel 20 in a

round c annel1024-channel spectrum and the np peak around c anne
t

800. F' 9 shows the spectrum obtained. Since theigure
d L'~ ields were measured concurrently ~y eep an i yie s

~ ~

IIl RIllstem no separate monitoring system asame sys em, n
no correc-

I
norma iza ion p1 t procedures were require an no

tern. Thetion a o e mh d t be made for dead time of the system. e
ntin rates of about 2000 counts/sec meant t ahat.

Q 4OO-
were stored around channel 20, the 4-MHz ADC used

0.953was adequate for the measurem ent. ~

l.674
5,00 2.6I8Th bsolute cross section obtained by the above

3.3-MeV Li~ y'J 2.723method for the reaction Beg(L1 txo) a't 3.3-M
nd the np ield curve

1 tive differentialwere then used to convert all the rela ive i
IOOs at hi her energies to absolute cross sec-

tions. It is these that are shown in a gures invo
PIG. 8. n-particle singles spectrum.cross section values.
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in the one we are reporting here. The present measure-
ment was carried out twice at widely separated times
(so anything peculiar about machine focusing, etc. ,
should not be common to the two measurements), with
different beam intensities and different targets. The
cross-section values obtained in the two measurements
agreed to within 6%, i.e., to within less than the
statistical uncertainty in the yield of 00.

III. RESULTS

of higher excited states of C", in particular, p„pa, p&„
P]g and P'4 associated with the formation of the 4.21-,
5.93-, 7.06-, 8.00-, and 8.12-M eV states of C". How-
ever, the errors involved in the subtraction of the con-
tinuum and contaminant background under these
groups was comparable to the yield of the groups them-
selves and the analysis was not pursued further. The

QO S Q2 YIELD CURVES

Representative single-particle energy spectra are
shown in Figs. 5—8. The yield curves for the no group
and for the nm group at 20' (lab) are shown in Fig. 10,
and were obtained with an angular aperture of 1.606)&
10 ' sr.

The differential cross sections, obtained with a similar
detector aperture, are shown in Figs. 11-18.The curves
in these 6gures are simply smooth curves through the
data points and do not represent the results of any de-
tailed 6tting procedure. The error bars shown on the
angular distributions do not include the errors in the
interenergy normalization. They reQect only the errors
in the relative cross sections for a particular angular
distribution. The error attached to an individual point
is signified as a plain straight line if the main contribu-
tion is stati'stical deviation due to the finite number of
events studied. Errors in points in which monitor error
is significant are indicated with error bars capped with
arrows. At points where contaminant was a problem,
the error bars are capped with curves. The contami-
nants identified were: H' C', and O' The length of
each type of error bar signifies one standard deviation on
each side of the point.

An attempt was made to obtain angular distributions
for some proton groups associated with the formation
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distributions, the extrapolation of the angular distribu-
tions to 0' and 180', the trapezoidal numerical-integra-
tion techniques used (negligible effect here), the accu-
racy of the normalization to the uo yield curve, and the
accuracy of that curve. The absolute value of a cross
section is also dependent upon the accuracy "of our ab-
solute cross section determination in terms of the Cou-
lomb scattering cross section. Our estimate of the errors
due to all of these eGects except this last, i.e., the rela-
tive accuracy of the total cross-section values, is repre-
sented by the error bars placed on the points in Figs.
19—22 and are given in Tables I and II.

Two types of comparison between theory and experi-
mental results were made, A comparison was made of
the total cross section with the so-called (22+1) rule.
Agreement with such a rule is expected if the reaction
goes via a statistical compound-nucleus mechanism
and is also expected in some direct-reaction cases."Ko
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kinematic analysis of the proton groups at all of the
angles investigated yielded energy values for the C"
states which agreed with those in the Lauritsen and
Ajzenberg-Selove summary, 4 within the accuracy of the
experimental results. Definite evidence was obtained
for all of the states listed in that summary except the
2.48- and 8.00-MeV states, for which the evidence re-
mains uncertain.

Each of the angular distributions shown in Figs. 11—
18 was extrapolated to 0' and 180' and the total cross
section for the particular reaction at the particular
bombarding energy obtained by a trapezoidal numerical
integration. These total cross sections are given in
Table I. Though the t4 group could not be followed over
the whole angular range, we were able to follow it part
way. The resulting partial angular distribution is given
in Fig. 16, and the value of do/dQ integrated from 0' to
90' is given in Table II and in Fig. 21.

The relative accuracy of these total cross section
values is limited by the following factors: the accuracy
of the individual points in the corresponding angular

160—

l20 —'

80 I, I

I l 200

160—

I20—
40—

80—
20—

40—

l I 0 I I I

I 20 I 80 0 60 I 20
0
0 l80

CENTER-OF. MASS ANGLE

Fzo. 12. da/do for Beo+Lir~do+Co'4 and Be'+Li'~dq+C"o. io.

~ N. Macdonald, Nucl. Phys. 33, 110 (1962).'S. Butler, 2tlotctear Stropportg Reactoooos (Wiley-Interscience,
Inc. , New Vork, 1957), Chap. 12.
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correction has been made for the variation of the cross
section due to the energy and angular momentum de-
pendence of the penetrability factor, which one should
expect if the mechanism involves a statistical compound
nucleus. The results of the comparison are shown in the
left sides of Figs. 19—22. Cross sections for unresolved
states are plotted at

Q (2J~+1).

The values and error ranges shown are those given in
Table I. Error bars are not indicated when the size of a
point on the plot extends over the range of the error
assigned. The points are plotted for the spin values
shown in Fig. 1 except for the points corresponding to
Be'(L&, dz) C"s.82 and Be (Li, n8, 4)B"$.62,p, z2 where the
spins of the Anal states are not known exactly. These
points are discussed further below.

The total cross sections are seen to fit the (21+1)
rule quite well for all four types of particles. The Gt is
especially good if one recalls that the eGect of the
penetrability correction would be to raise those points
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II IQ. 14. do./dQ for Be'+Li —+d6+C"7,34 and Be'+Li7~d7+C 8.32.

500 I I I I I 400

400—
300 -'

200

lpp—

O
500

LLI

400—
D

300 -'

I-z 200—
UJ
a
4l
tL lpp-
i5

E 6.00

E ~ 5.80

.E *6.00

400 i I i I I

ll

300—

200—

IOO—
E 5.80

40p i I

200—

E-5.60
Ipp-

E ~ 5.60

0
0

I

60
1 I

l20
'p I

l80 0
I

60
I I

I 20 I80

CENTER OF MASS ANGl E

FIG. 13. do'/dQ for Be'+Li'~d2, 3+C 6.58,6.72 and Be +Li ~d4, s+
6.89,7.01.14

corresponding to the higher excited states and higher
angular momenta and that this effect would be greater
for the outgoing particles with'higher Z, the n's.

It is surprising to 6nd that the cross sections for all
particle types 6t the (2J'+1) rule so well. We plotted
the cross section integrated from 0' to 90' as a function
of 2 1+1 (these are the values given in Table II) and,
as shown in the right sides of Figs. 19—22, these also 6t
the (2J'+1) rule quite well. If the reactions go via a
compound mechanism, the angular distributions should
by symmetric about 90' in the c.m. and the o (0'—90')
should, of course, fit the (2J+1) rule as well as the
o (0'—180') . But inspection of the angular distributions
which we have obtained does not reveal such symmetry
being the universal rule. If the reactions go via a direct-
reaction mechanism, the modes would be stripping and
knockout and probably only one of these, except per-
haps in the case of the triton and a reactions. It is in
the expressions for these two modes of direct reaction
that the factor 2 1+1does appear. The resulting 21+1
dependence of the total cross sections could be wiped
out through interference effects between the two modes,
if they both occur, or by Quctuations in the reduced
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rule so well, regardless of whether their angular dis-
tribution shows symmetry about 90' or not.

Returning to consideration of the two states for.
which exact spins had not previously been assigned, the
J of the 8.32-MeV state of C" has been assigned4
values of (1, 2)+. Glover and Jones' have chosen the
2+ value on the basis of the C"(d, P) C 8.8" angular
distribution, and the 2+ value would be preferred on
the basis of the work of Warburton and Pinkston' on
the N" analog levels. Cohn, Hair, and Willard, " on
the other hand, had concluded that the J was 1+ on
the basis of the neutron cross section for C". For the
(25+1) rule comparison, Fig. 20, we have plotted the
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Fro. 15. da/dQ for Be +Li ~to+Co and Be +Lig~tr+C'og. og.

width from state to state of the Anal product nucleus. As
noted, only one of the direct reaction modes is likely
except in the case of the triton and n reactions, and the
interference of the two modes would appear to be im-
portant enough to remove the 2 7+1 dependence of o.

in these cases if not in the proton and deuteron reac-
tions. One would expect the reduced width to be roughly
constant if the Anal states had the same parentage.
But, clearly, ours do not. The C'5 states populated by
the proton-producing reactions studied are supposedly
two different single-particle states. In the case of each
of the other types of reactions, leading to C" or C" or
3'2, we have final states which have diAerent parity
and thus ones which certainly cannot have the same
parentage. And, with the possible exception of the 8"
states, even those states with the same parity are not
considered to have the same parentage.

We thus remain somewhat puzzled by the fact that
the cross sections for all the reactions obey the (21+1)
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FIG. 16, do-/dQ for Be'+Li'—+f2,3+C"3,63,3,85 and Be +I i'~$4+
C"6.sv ~

R. N. Glover and A. D. W. Jones, Nucl. Phys. 84, 673 (1966).
E. K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733

(1960).
H. O. Cohn, J. K. Bair, and H. B. Willard, Phys. Rev. 122,

534 (1961).
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cross sections for the Be'(Li', d7) C"s.ss reaction at each
of these values, J=1 and J=2. The J=2 value puts
the point below the line, the J= 1 value above. If the
point should lie on the line, we would prefer the 2+
assignment, accounting for the position of the point
below the line by the energy dependence of the penetra-
bility factor. But either value would be consistent with
the data.

The J of the 2.72-MeV level of 3"has a previously
assigned4" value of (&3)+. The work. of Gallman et
at."and that of Segel et al."give some preference to the
0+ assignment. The cross section for the Be'(Lir,
rr3, 4) B 3,33,3.73 reaction has been plotted in Fig. 22 at a
point appropriate to an assignment of J=O as well as
at a point appropriate to an assignment of J= 1 to the
2.72-MeV level of 8".An assignment of a larger spin
value would make the point fall well outside the region
indicated by the (2J+1) behavior of all the other n
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"F.A. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. A114,
1 (1968).' A. Gallman, F. Hibou, P. Fintz, P. E. Hodgson, and E. K.
Warburton, Phys. Rev. 138, 560 (1965)."R.E. Segel, S. S. Hanna, and R. G. Alias, Phys. Rev. 139,
818 (1965).
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d4'ldII for Be'+Li'~433+B334.33 and Be'+Li'~4334+
2.62,2.72.

groups. Again, either assignment, J=O or J=1, wou
be consistent with our data, with some preference for the
J=0 assignment.

In addition to the comparison of the total cross sec-
tion values with the (2J+1) rule, the angular dis-
tributions of the to and tj groups at each of the four
energies were compared with the predictions of a two-
mode direct-reaction-mechanism model. The reaction
Cts+t—+Lir+Bes was considered to go by pickup and/
or heavy-particle stripping, the latter an exchange
mechanism. Proton, deuteron, and O.-particle reactions
were not tried here because of the large number of l and

j values possible.
The basic form of the theoretical treatment used is

that of Fulton and Owens" and %arsh and Edwards. j~

A plane-wave approximation is made and the structure
of the incident particle, the triton in our case, is
neglected. The differential cross section for the two-

R. Fulton and G. E. Owen, Phys. Rev. 108, 789 (1957).
5 S. Edwards, Notes by L. L. Warsh, Tandem Van de Graaff

Accelerator Laboratory, Florida State University, 1961 (un-
published) .
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mode reaction case can be written as

dg/dQ" (kzp/kg) LSpAp2+C S~A~ —2f(e) CApA~j,

the first term resulting from the pickup mode, the
second from the exchange or heavy-particle stripping
mode, and the third from the interference between the
pickup and exchange modes. The kL,' and k& are the
wave vectors for the Li' and the triton in the c.m. sys-
tem, A~ and A~ are amplitude factors containing the
energy and momentum dependence of the pickup and
exchange modes, and C is the ratio of the amplitude of
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FIG. 21. o versus 2J+1 for tritons.

the two modes. The values of the factors S~, S~, and
f(0) result from the coupling of the angular momenta
involved in the various modes. In determining the
values of these factors, we have used the known J~
values of the systems involved and conservation of
angular momentum and parity. In both the to and t&

cases studied, the value of S~ was a constant and we
have factored it out and written do/dQ as

do/dQ=N(E) (Ap'+S'~C'A~' 2f'(0) ApA~—),

where N(E) is the "normalization factor" between
theory and experiment.

Each of the amplitude functions A~ and A~ can be
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TABLE III. Values of parameters for two-mode 6ts.

ioii

Reaction
~I.P (la»

(MeV) (F) (F)
Ktormalization

C factor (10")

Be'(Li', to) Ca"

Be9(Liv, j') C'~q "

6.20
6.00
5.80
5.60

6.20
6.00
5.80
5.60

2.52
2.54
2.57
2.60

2.47
2.50
2.47
2.47

1.41
1.53
1.53
1.48

1.11
1.10
1.22
1.33

2.91
2.96
2.94
2.97

3.46
3.50
3.50
3.53

1.92
1.94
1.86
1.90

1.76
1.80
1.76
1.76

2349
2479
2159
2539

5861
6400
6751
6624

8.48
9 90
9.82
9.42

1.29
1.28
1.09
1.48

expressed in terms of the bombarding energy E, the
reaction angle 0, and two cutoff radii corresponding to
the lower limits of the Sutler integrals for the pickup
process and analogous integrals for the exchange proc-
ess. The symbols used and the interactions with which
the cutoff radii are associated are as follows for the
C"(t, Li )8e' reaction:
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Fxo. 23. Results of plane-wave, two-mode, direct-reaction
theory fits to angular distributions. The v@&ups of the parameters
for the Gts are given in Table III.
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The angular distribution for the Be'(Li', tQ) C"Q Q and
the Be'(Li', tt) C"5.09 reactions were fit at each of the
four bombarding energies studied experimentally, using
the four cutoff radii and C as parameters. The full
angular range of experimental data was used. Various
criteria for normalization and for goodness of fit were
employed in the search programs, and over 100 differ-
ent sets of starting values for the parameters were used
in the attempt to find the most satisfactory fit to an
angular distribution. Programs which simply stepped
through various values of the parameters and plotted
out the resulting angular distributions for our inspec-
tion were used in addition to search programs employ-
ing some fixed criteria for fit and normalization. Satis-
factory sets of parameters were considered to be ones
which not only gave good fits to each of the angular
distributions, but which also, for a given reaction, were
constant or at most varied slowly and smoothly with
bombarding energy.

The "best Qts" to our angular distributions are shown
in Fig. 23. The values of the parameters and normaliza-
tion factor for these Gts are given in Tab1e III. In
Fig. 24 we have plotted the contributions of the various
terms in the theoretical expression for the cross section,
pickup, heavy-particle stripping, and interference for

CENTER-OF-MASS ANGLE

Fto. 24. jllustration of the contribution of pick up (---),
exchange ( ~ ~ ~ ), and interference (——) terms to the total (—)
cross section,

the EL,'——6.0 MeU case for each of the two reactions,
in order to indicate the characteristics in the angular
distributions due to each term.

The fits obtained are quite reasonable and the value
of the parameters certainly satisfy the criterion that
they be constants or slowly varying functions of energy
for a given reaction. The parameter C can sometimes be
a rather insensitive determinant of a good fit, inter-
playing somewhat with the normalization factor when
one of the reaction amplitudes is small relative to the
other amplitude. But even it behaves. We have made
no test of the absolute magnitude of the normalization
factor since the wave functions used in the theoretical
expression were not normalized. The variation of E
with bombarding energy is reasonable, however.

The fits shown are the best obtained. Other accept-
able fits at other sets of values of the parameters could
be obtained for one or two of the angular distributions
but no other set was found which fit the angular dis-
tributions for a given reaction at all of the energies.
In addition, the relative values of the parameters for
the two different reactions is acceptable. We suspect
that there may be another set of larger radii which
would give good fits but have been unable to locate a
satisfactory set.

Because of the (27+1) dependence of the cross sec-
tion discussed above, we tried subtracting an isotropic
background or a cos'9 dependent background from the
data and fitting the remainder —even though this in
effect added still another parameter to the number
available. However, we did not find a set of parameters
which gave good fits to all of the distributions for a given
reaction, and certainly not ones which made sense
when compared with the values for the other reaction.
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