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The elastic scattering of n particles by 9Be has been studied in the bombarding energy
range of 1.7-6.2 MeV. 10 excitation functions in 50-keV steps and. five angular distri-
butions near 5 MeV were measured. The elastic scattering data in the 3.5-5.0-MeV region
were analyzed with the compound-nucleus theory using a computer code which evaluates the
cross section in the "single-level" approximation. Analysis in terms of seven resonances
reproduces many of the features of the data. Tentative spin and parity assignments are given.

I

I. INTRODUCTION

The states of "C below the 'Be+ a separation
energy (at 10.651 MeV) are relatively well known,
having been investigated extensively both experi-
mentally and theoretically. ' However, in the re-
gion of excitation above this energy virtually no
spin and parity assignments have been made and
information concerning level widths and level posi-
tions is incomplete. "' The reactions 'Be(n, n)'Be
and 'Be(o., n) "C can be used to investigate this
region of "C, which appears as the compound nu-
cleus in both reactions. Polarization measure-
ments have been made on the latter reaction by
De Martini, Soltesz, and Donoghue and are re-
ported, together with an analysis of both polari-
sation and (n, n) cross-section data, in the pre-
ceeding paper. '

In the present work, the region has been inves-
tigated through a study of elastic scattering of o.
particles by 'Be. This reaction has previously
been studied by Taylor, Fletcher, and Davis' who
analyzed data taken above 9 MeV with an optical
model but reported only fragmentary data below
9 MeV. In the present work, 10 excitation func-
tions in the laboratory energy region of 1.7 to
6.2 VeV and five angular distributions between
5.0 and 5.5 MeV were measured. The fluctuations
in the measured excitation functions are sugges-
tive of compound-nucleus formation and the data
were therefore analyzed with a compound-nucleus

theory. Since most compound- nucleus analyses
of elastic scattering data have been concerned
with cases of spin-0 or spin--, projectiles scat-
tering from even-A nuclei, the present study en-
tailed extensive calculations with a computer pro-
gram especially written for this analysis. The
results of the measurements and of these calcula-
tions are presented below.

II. EXPERIMENTAL PROCEDURE

The o.-particle beam from the Ohio State Uni-
versity 6-MV Van de Graaff accelerator was
magnetically analyzed to provide an absolute en-
ergy known to within +5 keV. The beam was col-
limated by two slit boxes on the beam line and en-
tered the chamber through a 1-mm-diam circular
aperture. The beam was collected in a Faraday
cup and measured with a Brookhaven Instrument
Company precision current integrator. Typically,
the beam currents used in the measurement of the
data were 0.1 to 0.5 p,A. The integrator was
checked and found to be accurate to +0.2% for this
current range. It was also determined that for
the charge collection geometry employed, electro-
static or magnetic suppression was not necessary.

The elastically scattered particles were mea-
sured simultaneously at four angles, using silicon
surface-barrier detectors (with 300-gm depletion
depths) mounted in a 23-in. -diam scattering cham-
ber. The platform on which the detectors and
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FIG. 1. Electrenics block diagram. The following
abbreviatioms are used: amplifiers, AMP; detector,
D'ET; and single-channel analyzer, SCA.

their cellimetors were mounted could be rotated
remotely with an angular uncertainty of +0.2' for
eacIh of the detectors with respect to the beam
axis. A f|,Nh detector was used for determining
Ot by measuring the yield on either side of the
beam axis. The solid angles subtended by the de-
tectors at f'orward angles were smaller than those
suhiessled by the detectors at back angles; this
allewed ski detectors to operate at similar couet-
ing rates The .angular acceptance of the detec-

tors ranged from O' I9' for forward angles to
0'46' for the detectors past 90'. Except for pur-
poses of checking symmetry about the beam axis,
the target was positioned with its normal 40 to
the beam direction so that all detectors could view
the beam spot.

The linear signals from each of the detectors
were routed into quadrants of a 512-channel pulse-
height analyzer S.everal electronic configurations
were used during the course of the experiment,
one of which is shown schematically in Fig. I.
Wit'h this configuration, each detector output is
isolated from the noise due to the others.

The preparatloB of pure thin berylllun1 tal gts
presented considerable difficulty. Sturdy and
rugged self-supyorting foils can be made with a
thkekness of the order of 100 keV for 5-MeV e
particIes; however, thinner films become brittle
and crack. The targets finally used in this ex-
periment were made by vacuum evaporation of
beryllium metal onto a thin film of Formvar, and
the thickness of these targets ranged from 5 to 24
keV for 5-MeV n particles. Unfortunately, the
oxygen aed carbon in the Formvar added unwanted
contaminants and, additionally, made target thick-
ness measurements more difficult. The elastical-
ly scattered a particles from 'Be, "|., and "0
are unresolved for angles smaller than 25' (lab),
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FIG. 2. Particle spectra of n particles on a 93e target with Formvar backing. The bombarding energy is 3.85 MeV
and the target is approximately 24 keV thick.
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preventing reliable reduction of data from the
more forward angles. Typical spectra of n par-
ticles on the Formvar-backed 'Be target are
shorn in Fig. 2. In extracting the yields from
such spectra, backgrounds were estimated by
averaging counts on either side of the 'Be peak.

III. EXPERIMENTAL RESULTS

The 10 excitation functions, shown in Figs. 3
and 4, were obtained at various center-of-mass
angles including those for which the Legendre
polynomials of orders 1 through 5 are zero. The
solid lines are the compound-nucleus calculations
discussed in Sec. IV. The data were taken in 50-
keV steps with several targets, all approximately
24 keV thick for 4.29-MeV n particles. The rela-
tive uncertainty in the cross section is about a5%
for all the data shown, as determined from the
reproducibility of the data. This uncertainty in-
cludes statistical errors of 1 to 2%, background
subtraction uncertainties of 1 to 2%, angular un-
certainties of +0.2', and errors- due to target non-
uniformity.

An absolute target thickness was measured ex-
perimentally for one of the several targets used,
with the others being determined by a comparison
of excitation-function yieMs at various angles.
Two independent experiments were performed in
determining the absolute target thickness. In the

first method, the resonance at 4.28 MeV in the
' C(o., n, )~C reaction was used. The target en-
ergy loss was unfolded from the observed shift
in excitation functions obtained for the reactien
initiated at the front of the target (carbon buildep
during beam bombardment) and from the carbon
in the Formvar backing. In the second method,
deuteron elastic scattering measuremente were
used and the observed yields were normalized to
the data of Renken. ' Both measurements agree
well within the experimental uncertainties aIMI

give a target thickness of 1.79 x 10"atoms/cms
with an uncertainty of +10%.

Possible errors due to charge collection, soli@-
angle uncertainties, analyzer dead-time correc-
tions, and routing errors are less than or equal
to +1%. When combined with the target-stogyiig
uncertainty, the uncertainty for the absolute crees
section is about +13% for the excitation-function
data.

To check the possibility that narrower structare
was being averaged over, several excitation func-
tions were measured with a target approximtely
5 keV for 5-MeV a particles. The data were
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FIG. 3. Excitation curves of Be(o,', u()) Be at 85.8,
90.0, 106.8, 115.9, and 116.7 c.m. The solid lines
are the results of compound-nucleus calculations for
the set of level parameters given in Table I.

FIG. 4. Excitation curves of 9Be{o.,o,'0)~Be at 125.2,
140.6, 149.6, 156.0, and 167.2' c.m. The solid lines
are the results of compound-nucleus calculations for
the set of level parameters given in Table I.
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FIG. 5. Thin-target excitation curve of Be(a,no) Be at 137.9' c.m. The target vms approximately 5 keV thick for
5-MeV Q. particles.

taken in 10-keV steps and one such excitation
function, at 137.9'(c.m. ), is shown in Fig. 5.
Since no absolute normalization was made, the
cross section is plotted in arbitrary units. When
compared to the data taken with the 24-keV tar-
gets (Figs. 3 and 4), additional fluctuations do
appear; however, the general structure is the
same and none of the resonance features are
further resolved.

Special attention has been given to the region
just above 5 MeV because of the large resonance
feature in the excitation functions seen there.
Angular distributions measured at five energies
in this region are shown in Fig. 6. The solid lines
are again compound-nucleus calculations dis-
cussed in Sec. lV. Somewhat thicker targets were
used in measuring these angular distributions than
were used in measuring the excitation curves in
Fig. 3 and 4. The relative uncertainty is about
+5/p for these data and the absolute uncertainty
(primarily in the target thickness) is about +15%.
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A. Theory
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The differential cross section for elastic scat-
tering of charged particles near an isolated sin-
gle level of the compound nucleus has been given
explicitly by Blatt and Biedenharn. ' Et is evident
from the present data that to explain the cross

e (c.m. )

FIG. 6. Angular distributions of ~Be{a,o.o)~Be at 5.00,
5.05, 5.10, 5.15, and 5.5 MeV. The solid lines are the
results of compound-nucleus calculations for the set of
level parameters given in Table I.
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section in the energy region of interest, several
levels must be included. As a first approxima-
tion, one might make the assumptions that all the
levels to be included are of different spins and
parities and that contributions from "distant lev-
els" are negligible. The formula of Blatt and
Biedenharn, corrected for the Huby time-rever-
sal phase factor, ' may then easily be extended to
a multiple-level theory in this "single-level" ap-
proximation.

The terms which occur in the multiple-level
formula may be grouped and interpreted as fol-
lows. First is a contribution from pure reso-
nance scattering to the cross section. The pure
resonance scattering has the same form as a
reaction cross section and expresses the cross
section as a sum over I. of Legendre polynomials
Pz(cos8). The restrictions on the sum over L
are determined from the selection rules for non-
vanishing Z coefficients. ' For two levels of op-
posite parity, I may have odd values as well as
even; whereas for the case of two levels with the
same parity or the case of a single level, L may
have only even values. In addition to pure reso-
nance scattering, there is also a contribution
from potential scattering. As assumed by Blatt
and Biedenharn, the potential scattering in the
present work is taken to be the scattering from
a charged hard sphere with A = 1.2(A. ,'"+2,'")
=4.4 fm. Rutherford scattering has been sepa-
rated explicitly from the potential scattering so
that the latter may be written as rapidly conver-
gent sums over l. In our analysis, these sums
have been truncated at 3=6. The final two con-
tributions to the cross section come from the
interference between resonance scattering and
pure Rutherford scattering, and from a finite
nuclear-size correction to this interference term.

Besides the assumption of hard-sphere potential
scattering, it has also been assumed that the level
shift is negligible and may be omitted. This ap-
proximation is good only for narrow states and
may introduce some uncertainty in the width and
resonance position of broad levels. Finally, to
handle the possibility that all the levels included
might not be of different spin and parity, addition-
al interference terms have been included in the
cross-section formula which are strictly valid
only if the levels of the same J" are separated
by at least a full level width.

B. Application to Be(0.', no) Be

A computer code has been written' to evaluate
the elastic scattering cross section discussed
above. In addition the code allows one to calculate
the differential cross section for the 'Be(o.', n) re-

actions in the "single-level" approximation, The
elastic scattering data were compared to calcula-
tions by minimization of the quantity y2 given by

Here N is the number of data points, o,„p and cr,@
are the measured and calculated cross section,
respectively, and Ao.,p is the uncertainty in the
measured cross section. A search routine in-
corporated in the code minimized g2 by varying
the reduced partial widths for both l values which
could contribute to a given level, as well as the
total width of each level. The resonance energy
and spin and parity of each level were held con-
stant during any one search. It should be noted
that no other adjustable parameters, such as
background terms or an arbitrary data normali-
zation factor, were used in the analysis. To ob-
tain a set of consistent level parameters which
would give a "best fit" to the 10 excitation func-
tions, several of the excitation functions were
fitted simultaneously, although a better fit could
usually be obtained if each excitation function was
considered separately.

In the laboratory energy range of 3.5 to 5.5 MeV,
resonances have previously been observed from
'Be(u, n) reactions" "at the bombarding ener-
gies of 4.00, 4.18, 4.50, 5.00, and 5.40 MeV.
Many of the levels strongly overlap and, because
of the complexity of the excitation functions, the
analysis of the elastic scattering data is here
primarily concerned with the interval from 3.5
to -5 MeV.

As a starting point in our calculations, we have
used the 8"(l ~) assignments of —,"(1)and —,"(3)
deduced by Lietz, Trevino, and Darden'~ "for
levels corresponding to E =4.2 and 4.5 MeV,
respectively. Evidence for these two states is
supported by De Martini, Soltesz, and Donoghue'
although these authors have recently shown that
the ordering of these states is in question. As
this was not known at the time of our calculations,
we have used only the ordering proposed by Dar-
den" for these two states. Information concerning
the J" assignments for other states in this region
is sketchy. The (u, n) scattering excitation curves
show a pronounced resonance at 5.0 MeV; a simi-
lar resonance is observed in the (ot, n,) and (n, n, )
excitation curves, "but contributes weakly or not
at all to the (o., n, ) data. De Martini, Soltesz, and
Donoghue deduce a significant contribution from
a —,

' (4} state in this energy region, although the
width of the state appears to be greater than ex-
hibited by the (n, n) data. If such a state is pres-
ent, it would show a noticeable dip at 90' (c.m. ).
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This is in fact evident in our data. The inclusion
ot a —,

' (4) level at E = 5 MeV is consistent with
the (n, n) data back to 149' (c.m. ), but this or any
other negative-parity state up to —,

' is unable to
reproduce the elastic scattering data at 156 and
167.2'. This observation, plus the failure of any
positive-parity state in describing the data at 5

MeV, leads to the hypothesis that the resonance
feature must be due to the presence of at least
two 1evels. Under this assumption and with a
—,
' (4) state at 5.0 MeV, the best description of the
data was obtained with a —,"(3) state at E„=5.075
MeV. Other two-level combinations were also
tried, and equally good fits to the data in this re-
gion were obtained with a —,

' (4) level at 5.0 MeV,
together with a —,", —,'+, or —,

" level (all l „=3)at
5.075 MeV. It is difficult to conclude which of
these sets are to be favored here at this time.

The narrow (I", =—60 keV) level corresponding
to E„=4.00 MeV in the 'Be(a, n y«, )"C reaction"
is also prominent in our (n, n) excitation curves
This level cannot however explain the broad struc-
ture for E~&4 MeV, nor can the next lowest re-
ported level' which appears at E =2.58 MeV
(I', —=200 keV). To obtain even a qualitative de-
scription of the data below 4 MeV, the presence
of at least one additional level had to be assumed.
Our best fit was obtained with a —,

' (0) assignment
for a level near E =3.8 MeV. However, the

quality of the fit suggests that the resonance struc-
ture may require contributions from more than
one level. Although several combinations of lev-
els were tried in an attempt to explain the data
below 4 MeV, without success, there is little
merit in attempting to fit the data by just includ-
ing more and more levels in the calculations.
Thus, although our work favors a —,

' (0) assignment
for this region, a clearer understanding of the re-
gion below 4 MeV is required before any definite-
ness may be attached to this assignment.

Attempts to fit the narrow 4.00-MeV level di-
rectly w'ith the computer code were not success-
ful, since the broad levels at 3.8 and 4.2 MeV
dominate the absolute cross section in this re-
gion. The spin and parity of this level, for which
no previous assignments have been made, were
obtained, instead, by comparison of theoretical
isolated-resonance shapes for many J' values at
all the angles for which data were taken. The re-
sults of this comparison indicate that —,

' is the
most likely assignment.

In our attempts to describe the data around 5

MeV, it was necessary to include in the calcula-
tions information on the structure near E = 5.4
MeV. Our best agreement with the data was ob-
tained with an l = 1 state with J' being either —,

"
or —,", located at E = 5.5 MeV. In the calcula-
tions shown in Figs. 3, 4, and 6, the ~"(I) assign-

TABLE l. Hesonance parameters used for Be(n, +0)SBe calculations in Figs. 3, 4, and 6.

(MeV) (keV)
En

(MeV)
E„(~3C)
(MeV) (keV) J7T (l )

I' &(c.m. )
(ke V)

Other work b Present work

13,41

13.55

13.76

14.13

14.39~ 0.1

60

=500

~200

260

3.80

4.00

4.20

4.50

5.00

5.075

(5.50)"

13.28

13.42

13.56

13.77

14.11

14.164

(14.46)

343

58

685

247

400

-,'(o, 2)

r.
-' (4 6)]'
—(1 3)

$ (2, 4) &

p~ (3, 5)&

I;7 (1~ 3)]"

194

15

284

37'

0

12

44

61

The number in parentheses refers to the l~ values of the incoming e particle; l& refers to the lower value.
b See text, Ref. 1.

This assignment is tentative.
This partial width fixed at zero in the search.
The correlation of these spin assignments with resonance energies depends upon the nature of the states contributing

below E~ =4 MeV (see text).
The l~ =1 contribution for this state is probably a component of the

2 (1) state at E~ =4.2 MeU. Our data are sensitive
principally to the l value and hence cannot completely distinguish the J value.

&A second pair of levels that described this region consisted of a ~ state (at E~ =5.0 MeV) plus any one of a ~, Y. ,
or ~ assignments (for E~ =5.075 MeV}.

"This l~ =1 level at E~ =5.5 MeV is included primarily to describe the data near E~ =5.0 MeV (see text). The assign-
ment is highly tentative (see Ref. 3).
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ment was used for this state. It should be noted
that the inclusion of this level was necessary to
provide a reasonable over-all amplitude for the
(n, n) cross section at somewhat lower energies;
because the agreement with the data is not very
good, the evidence for the level and the assignment
made here must be considered tentative, particu-
larly as this assignment is not supported by the
accompanying analysis of De Martini, Soltesz,
and Donoghue.

The solid lines in Figs. 3, 4, and 6 are the
compound-nucleus calculations obtained using the
level parameters in Table I. These parameters
were determined as outlined above by simulta-
neously fitting the excitation functions at 106.8,
125.2, 140.6, 156.0, and 167.2'(c.m.) over the
3.5- to 5-MeV energy interval. While changes in
the parameters could produce significantly better
fits to the data at any one angle, the basic fea-
tures seen at most angles are reproduced by the
single set of parameters obtained in this search.
It should be noted that no arbitrary normalization
has been applied to the calculated cross section;
a closer match in normalization might be ob-
tained if a more realistic nuclear potential-scat-
tering background was assumed, rather than the
simple hard- sphere approximation employed here.

V. DISCUSSION

Analysis of the elastic scattering data alone is
insufficient to uniquely determine the spins and
parities of the levels which have been included.
We have relied on the earlier assignments for the
levels at 4.20 and 4.5 MeV as a starting point. In
comparing our present results to other analyses,
particularly that of De Martini, Soltesz, and
Donoghue' there are some apparent discrepan-
cies,' we shall consider these levels in turn,
pointing out any additional supporting informa-
tion or uncertainties in the assignments.

As mentioned above, the levels used as the
starting point in our calculations correspond to
E„=4.2 MeV (-,")and 4.5 MeV (—,"). Using both

values contributing to each of these levels,
our best fitting favors E = 1 for the —,

"level, in
agreement with the neutron analyses, ""and near-
ly equal partial widths for L„=1 and 3 for the —,

"
level, whereas the (n, n, ) analysis is well fitted
using I =3 alone. As the (o., n) cross section is
sensitive mainly to E and not J, the l = I contri-
bution obtained in our search fit is probably only
an additional contribution from the —,"(1)state and
hence, there is probably no disagreement between
the two works. De Martini, Soltesz, and Donoghue'
indicate that the positions of these two levels may
be interchanged from the energies used in our cal-

culation, depending upon what levels contribute
for E„&4 MeV. The alternate ordering of these
states was not tried in this analysis since their
observation was made after these calculations had
been concluded. Since our calculations do suggest
the preserice of a —,

' (0) state at 3.6 MeV and it is
the inclusion of this state in the neutron analysis
which gives the ordering of the levels used here,
the results of the two works appear to be in agree-
ment. However, as discussed above, the struc-
ture for E & 4 MeV appears to be more compli-
cated than has been assumed here. Until this
structure is better explained, the J" assignment
to a level near 3.8 MeV must be treated as tenta-
tive, as in the ordering of the two broad positive-
parity states. In any case, the 4- to 5-MeV re-
gion is dominated by .,'-"(1) and ~"(3) states whose
widths are in qualitative agreement in the two
works.

During the course of the data analysis, calcula-
tions including the narrow level at E„=4.0 MeV,
with the —', assignment, were made which pro-
duced a much better agreement with the experi-
mental cross section than the fit shown in Figs.
3 and 4. However, it was necessary to include a
significant l = 6 contribution in order to obtain
this good agreement. The reduced width for this
channel was then much larger than the Wigner
limit and hence, not physically realistic. The
present fit, with -', with l =4, matches better
than the shapes obtained for other assignments,
but the level is still not well accounted for. Be-
cause of the small total width of this state, the
neutron-polarization data which were taken with
thicker targets are not sensitive to this level and
no further clarification is obtainable from this
source. The excitation curve for neutrons leading
to the first excited state of "C shows the presence
of this level, "but again there is no information
for clarifying its assignment.

De Martini, Soltesz, and Donoghue find a signifi-
cant contribution for a —,

' (4) level at E„=5 MeV,
in agreement with one of our two choices for a
level here. However, the amplitude of the matrix
element for this assignment in the (o., n, ) analysis
suggests either a broad level peaking near 5.3
MeV, or, possibily, the presence of two levels
of this character in this energy region. The (n, n)
excitation curves clearly indicate the presence of
narrow structure at 5.0 MeV, as do the 'Be(n, n, )
and 'Be(o, , n, ) excitation curves" at O'. The width
of the structure appears to vary with the exit chan-
nel. The (n, n, ) yield curve at 0' on the other hand
shows a pronounced minimum at this energy, sug-
gesting that this level at E = 5.0 MeV has a small
partial width in the ground- state neutron channel.

A —,
' (4) level fits the (n, o.) data well at forward
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FIG. 7. "Fits" to 93e(o. , oo)9I)e with a single level at 5.0 Mev. Except for the levels at 5.00 and 5.075, the level
parameters are those given in Table I. The necessity of including an additional level in the 5-MeV regions is clear.

angles; however, the backward-scattering-angle
data require the presence of a second level of
opposite parity approximately one level width

away, and this was determined to be a —2'(3) state
[with the a' (4) companion state assignment]. T»s
is well illustrated in Fig. 7 where the fits to the
data in this region were attempted with all the lev-
els listed in Table I, except that the 5.0-M6V
structure was described by a single state of —,

' (4).
The J-value assignment for the state at -5.07
MeV depends critically upon the nature of the
state at 5.0 MeV, As pointed out above, an al-
ternate description of the data was obtained if the
state for E„=5.0 MeV has a —', assignment, with
the required second state at E =5.0V MeV having
a J"=—,", —,", or —,

'" assignment. As the —,
' --,'"

levels overlap strongly„ their level positions are
estimated to be uncertain to at least 30 keV.
These levels have large o. partial widths (see
Table I). The total width of the positive-parity
state is accounted for almost entirely in the a
channel, whereas the odd-parity member of this
pair does have a neutron width (-14 keV). It is
perhaps the latter state that contributes to the
(n, n, ) and (o., n, ) reaction excitation curves.

The level we place at E =5.5 MeV, with our
assignment of either ~"(1) or ~"(1), is needed in
order to get the magnitude of the cross section to
match the data in the 5.0-MeV region. As such,
this level primarily represents a background
term for the lower-energy data, and both its po-
sition and w'idth are not well determined in this
experiment. Hence discrepancies between our re-
sults and those of De, Martini, Soltesz, and Donog-
hue are probably more apparent than real since
the data at 5.5 M6V are not fitted mell.

The total width of each level found from the
(c., n) elastic scattering data analysis is compared
with the previously quoted widths in Table I. The
numerical values of the total w'idth and partial
width of each level, however, are quite sensitive
to the contributions to the cross section from
neRrby levels Rnd will chRnge if Rdditional levels
are required to completely describe the data. Be-
cause the level shift Rnd the contributions of dis-
tant levels have been neglected in our calculations,
the quoted widths must be considered as approxi-
mate.

VI. CONCI. USIONS

Measurements have been presented for the elas-
tic scattering of o. particles by 'Be in the bombard-
ing-energy range 1.7-6.2 MeV. The data have al-
lowed cross-section information to be extracted
to within a relative uncertainty of +5%, and an
absolute normalization within +13%. The observed
structure indicates the presence of many excited
states of "C in the excitation region covered. An
attempt has been made to analyze all the data in
the 3.5- to 5.0-MeV region with a single set of
levels; the fits obtained reproduce the basic fea-
tures seen experimentally, and the magnitude of
the calculated cross section, while not as close
to the experimental values at all angles as might
be desired, is nevertheless not unreasonable.

It may be possible to improve the parameters
by attempting a simultaneous fitting of all the
elastic scattering data, perhaps including the
data for the (n, n, ) channel as well. However,
this would require an extensive revision of the
search program and even then the computation
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time for such an undertaking would be prohibitive.
It appears that additional levels and a more real-
istic direct-reaction component are needed to ob-
tain a more accurate picture of the structure of

"C in this region. The levels included in the analy-
sis presented here, however, would appear to be
important components in a complete picture of this
nucleus in the 13-15-MeV excitation region.
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on the Properties of the Three-Nucleon System

O. P. Bahethi and M. Q. Fuda
DePartment of Physics and Astromony, State University of New York, Buffalo, New York 14214
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Some of the low-energy properties of the three-nucleon system are calculated with two s-
wave spin-dependent interactions, which produce almost identical S& and So two-nucleon
phase shifts up to a lab energy of 350 MeV. Both interactions consist of an attractive square
well and a short-range repulsion. The repulsive part of one potential is a hard core, for the
other it is a nonlocal, separable potential. The hard-core potential produces a triton binding
energy of 8.7 MeV, a doublet scattering length of 0.84 fm, and a quartet scattering length of
6.30 fm. The corresponding parameters calculated with the partly nonlocal potential are 8.8
MeV, 0.85 fm, and 6.31 fm. These results suggest that the low-energy properties of the
three-nucleon system are insensitive to the details of the short-range part of the two-nucleon
interaction.

I. INTRODUCTION

Recently many calculations for the binding ener-
gy of the triton have been carried out with so-
called realistic potentials. It appears that all of
them underbind the triton. ' The results of most
of the recent calculations are summarized in Ta-

ble II of Ref. 1, so we will mention only a few of
them here as examples. The Hennel-Delves' var-
iational calculation for the Reid' soft-core poten-
tial gives a value of 7.75+0.5 MeV for the triton
binding energy. Their4 value for the Hamada-
Johnston' potential is 6.5 +0.2 MeV. The calcula-
tion of Harper, Kim, and Tubis, which is based


