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Doubly charged He? ions have been scattered from helium gas to permit the investigation of excited
states in Be” at excitation energies between 3.9 and 8.4 MeV. In addition to the known 7/27 level at 4.54
MeV, the 5/2~ member of this /=3 spin-orbit doublet has also been observed. This new state is located at
an excitation energy of 6.514-0.04 MeV and has a reduced width of 3.96X 1073 MeV cm. No positive-parity
states are observed in this range of excitation energies. A phase-shift analysis of the data has been made for
bombarding energies above 5.75 MeV, and the spin polarization of the scattered particles has been cal-
culated. Several regions in the 6c.m., Ere® plane were found that should yield polarizations near unity.

INTRODUCTION

HE level structure of Li’” and Be” has been pre-
dicted theoretically from a number of nuclear
models. The predictions made on the basis of the shell =
cluster,*® and rotational”® models are essentially the
same for the lowest states: 2P3;9, 2Py/9, 2F7/2, and *Fs.
The first three of these have been known for some time,
and a 5/2— level is seen at an excitation somewhat
above the 2Fy,; level (at 7.18 MeV in Be” and at 7.47
MeV in Li"). The energy separation of the 7/2~ state
and this 5/2~ state is, however, much too great to be
explained by the theoretical calculations. This discrep-
ancy was partially removed when more detailed study
of the 5/2— state indicated that it corresponded to a
4P, configuration,®2 an assignment that was found
to be in good agreement with theoretical predictions.?
The resolution of this problem and the success of the
predictions for the other excited states has made the
apparent absence of the 2F5/s state quite disturbing.” 13
Evidence for the presence of this state in Li” at ~6.6
MeV has been obtained from an analysis of the inten-
sities of proton groups from the Li(p,p")Li"* reaction.!
TIts presence in Be’ is confirmed by the present work.
The existence of a positive-parity state at ~6.5 MeV
has also been suspected,’**® though much of the evi-
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dence is contradictory. The strongest evidence against
such a state in this energy region is provided by the
following observations:

(1) The Li%(p,y)Be’ reaction is not resonant in this
energy range and shows no indication of E1 capture.r”

(2) This state is not seen in a careful study of the
Li®(p,p)Li® reaction, in which it was found possible
below E,=1.5 MeV to analyze the scattering data and
data from the Li®(p,0)He® reaction on the basis that
the only resonance nearby was the 4Ps/; level.’® Exten-
sion of the analysis to higher energies (E,<3 MeV)
indicated that a 1/2% level may lie above the 4Py/s state.
A level above the #Pj/s state has recently been observed
directly by Whitehead and Harrison by extending the
Li%(p,p)Li® data to still higher energies. On the basis
of a preliminary analysis, this level appears to have
I=1. The reduced width for alpha-particle emission is
small, and the reduced width for proton emission is
large and agrees well with that of the 4Py/s level.?® These
tentative observations would thus favor the assignment
of this level as belonging to the *P configuration, rather
than as the state of positive parity proposed by McCray.

(3) No positive-parity states with appreciable alpha-
particle width were observed in the range of excitation
energies covered by the present work.

A summary of present knowledge concerning the
level structure of Be” is given in Fig. 1.

EXPERIMENTAL

The doubly charged He?® beam from the ONR-tandem
accelerator was scattered from a He* target in a small
volume, gas scattering chamber. The target gas was
isolated from the high-vacuum system by a 2500-A
nickel foil before the beam collimator and by a 10 000-A
nickel foil in front of the Faraday cup. The scattered
He® particles and recoil alpha particles were detected
with two collimated counters employing solid-state

16 S, Bashkin and H. T. Richards, Phys. Rev. 84, 1124 (1951).

16 A, M. Lane, Rev. Mod. Phys. 32, 519 (1960).

17 J. B. Warren, T. K. Alexander, and G. B. Chadwick, Phys.
Rev. 101, 242 (1956).

18 7. A. McCray, Bull. Am. Phys. Soc. 7, 434 (1962).

1 W. D. Harrison and A. B. Whitehead, Bull. Am. Phys. Soc.
6, 505 (1961) and (private communication).

1112



SCATTERING OF He?

detectors. The angular position of one counter was
varied, while the other was fixed at a laboratory scatter-
ing angle of 30° as a monitor. The angular resolution of
the variable counter was =£1°. This experimental ap-
paratus and the techniques involved have been described
recently in connection with the scattering of alpha par-
ticles from helium? and will be discussed here only where
they differ from that description. The energy scale given
has an estimated precision of 15 keV, and the dif-
ferential cross sections have an rms uncertainty of
+59%, excluding that error due to the statistical un-
certainty. The range of the statistical uncertainty at
each angle, for energies above 5.75 MeV, is given in
Table 1.

The elastic scattering of He® from He* has been studied
previously for bombarding energies between 2.5 and
5.7 MeV by Miller and Phillips® and by Jones et al.®?
These experiments have studied the 2Fy; level in detail,
and the spin polarization of the scattered He® particles
was calculated from the derived phase shifts.?

TasLE I. Variation in the statistical uncertainty for bom-
barding energies above 5.75 MeV.

Statistical uncertainty

FROM He!? 1113
10.7
Beb+n
2.9
9048
Li%+ d
7.8 5/2~
651 __5/2"
Fic. 1. Level diagram for Be’. - 5609
Li®+p
454 7/2"
1.587
He3+He4
432 12
Ja3/z

Be’

The present work overlaps and is in agreement with
those experiments in the energy region around the 2Fy,,
level. Above 5.75 MeV, the present data consist of eight
excitation curves at center-of-mass angles 54.7°, 63.4°,

Elab (MeV)
! . 1 A

fe.m (%)
54.7° 1-1.5
63.4° 2-3
70.1° 2-4
73.7° 2-2.5
90.0° 2-3
98.4° 1.5-3
106.6° 1.5-4
116.8° 1.5-5
T T
200
Loy CJ] R
{mb/sr)
150},
F1c. 2. Excitation curves for He*- ° . .
(He3,He?)He* at center-of-mass angles
54.7° and 63.4°. The differential cross
section is in the center-of-mass system
and is in units of millibarns per 100}
steradian. The solid lines represent the
fit to the data given by the derived .
phase shifts that are shown in Fig. 9.
50 |-
L 1 .8
4 5

6 7 8 9 10 1 12
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Fic. 3. Excitation curves for He!-
(He® He®)He! at center-of-mass angles
70.1°, 73.7°, and 98.4°. The symbols
and units are the same as those of
Fig. 2.

F1c. 4. Excitation curves for He*-
(He3,He®)He* at center-of-mass angles
90.0°, 106.6°, and 116.8°. The symbols
and units are the same as those of
Fig. 2.
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70.1°, 73.7°, 90°, 98.4° 106.6°, and 116.8° and four
angular distributions at bombarding energies of 6.25,
8.72,9.69, and 11.94 MeV. In addition, excitation curves
at laboratory angles of 20° and 30° were measured for
He*(He?p)Li® for bombarding energies above 8 MeV.
The experimental data are summarized in Figs. 2-7.

The excitation curves given in Figs. 2-4 show the
pronounced anomaly produced by the 7/2~ resonance
for bombarding energies near 5.2 MeV. This resonance
appears as a dip in the excitation function for the for-
ward scattering angles shown and as a peak for the
more backward angles. Also in evidence is another
structure near 8.7 MeV which corresponds to the new
resonance for which the assignment J*=5/2" is pro-
posed. The identification of this new resonance as
coming through the /=3 partial wave is obvious in view
of the almost exact correlation of its energy variation
at each angle with that of the 7/2~ level. That this
structure cannot be due to a 3/2% state is established
by the pronounced dip in the excitation curve taken at
54.7°, a zero of Pz(cosf).

It is interesting that though the 2F;/; and 2F¢/; states
are clearly shown at all angles, no evidence of the 4Pgs
state is observed in the elastic scattering. This state
would occur at a He® bombarding energy of 9.8 MeV.
Its presence at that energy, however, is confirmed in
the yield curves for the He*(He?,p)Li® reaction shown
in Fig. 7.

The rotational model of Li’ of Chesterfield and
Spicer® makes the prediction that a narrow 3/2~ level
should exist at an excitation energy of ~5.5 MeV. This
is the only model that makes this prediction, and the
existence of this state would thus serve as a unique test
of its validity. The range of excitation energies between
5.05 and 5.65 was studied at 6,.,,.=90° in 4-keV energy
increments. This angle was chosen because there a P-
wave resonance should appear as a large peak above
the nonresonant background. Since this state was
predicted to have much the same characteristics as the
4Ps/2 level, which we were unable to observe in the
elastic scattering due to the competition of the open
proton channel, there was no point in looking for the
proposed 3/2~ level significantly above the threshold
energy of 5.61 MeV. At excitation energies below §
MeV, the large variations in the cross section due to the
2F¢/5 state would have obscured the presence of a narrow
level. The choice of the energy increment corresponds to
the calculated energy spread of the beam at the center
of the target volume. No evidence for this level was
observed, and calculations for center-of-mass energy
spreads of the beam between 2 and 9 keV indicate that
the width of this level in the center-of-mass system
would have to be less than 1 keV to have been missed
by this search.

THE PHASE-SHIFT ANALYSIS

The formula for the differential cross section for the
elastic scattering of spin-1/2 particles from a spin-zero

FROM Het!

8,72 Mev

F1e. 5. Angular 200
distributions for He*-
(He®,He®)He! at lab-
oratory bombarding
energies of 6.25 and
8.72 MeV. The dif-
ferential cross section
and scattering angle
are in the center-of-
mass system. The
cross section is in
units of millibarns
per steradian. The
solid lines represent
the fit to the data
given by the derived
phase shifts that are
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target has been given previously by Critchfield and

Dodder.2
cO)=|f.*+1fl%
where
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and

dP;(cosh)
fi(0)=- Z el sinf———— %" sind;~— £0+* sind; ).
k=1 d(cosh)

In these expressions 6 is the center-of-mass scattering
angle, k is the wave number, n=2122¢%/%2, and v is the
relative velocity of the two particles. The phase shifts
for total angular momentum j=J4+1/2 and j=1I1—1/2
are denoted by & and 8;-, respectively. The a,’s are
related to the usual Coulomb phase shifts, a;=0;—a0.

The spin polarization of the scattered particles may
also be expressed in terms of the two amplitudes f;

and f..
_"21 ¢ 1'* a a
PV
[ fel2+] f:]?

% C.L. Critchfield and D. C. Dodder, Phys. Rev. 76, 602 (1949).
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where £i, and By are unit vectors in the direction of
the incident and scattered beams, respectively. (Note
that this convention is opposite to that adopted by
Phillips and Miller.?)

For bombarding energies above 7 MeV, this reaction
can no longer be described in this simple way because
of the opening of another channel, He*(He?,p)Li% The
previous expressions, however, may be modified for
use at higher energies by allowing the phase shifts to
become complex.

et — ei(5+iv) =g Ve = (d)ll2ei6.

Thus, €% sind becomes ae® sind+3(1—a)/2, and the
total reaction cross section is given by

m=; gﬂ L1 — (+1) (@) —(er )]

To simplify the analysis, only ao, as~, and a5~ were
assumed to differ from unity. These correspond to the
emission of S-wave protons with channel spins 1/2 and
3/2 and P-wave protons with total angular momentum
5/2.

Since extensive data were available for the Li®(p,a)He?
reaction in this energy region,'® these data were related
to the He*(He?,p)Li® reaction by means of the reciprocity

T T T T T
150 |- 4
100 |- .
11.94 Mev
sol- Fic. 6. Angular
distributions for He*-
(He? He®)He* at lab-
. oratory bombarding
energies of 9.69 and
. 11.94 MeV. The
(b L e — units and symbols
are the same as those
of Fig. 5.
200 |- .
9.69 Mev
100 \ .
x10
1 L 1 L 1 1 1 i1 1 1
30°-  60° 90° 120° 150°
8
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Fic. 7. Excitation curves for He!(He?, p)Li® reaction at labora-
tory scattering angles of 20° and 30°. The cross sections are in the
laboratory system and are in units of millibarns per steradian.
The broken lines serve only to connect the points.

relations.? The value of as~ was calculated using the
level parameters for the 4Ps,, state that were obtained
by McCray.'® Assuming that ay=as~, the variation of
this remaining parameter was determined from the
reaction cross section. This assumption, which corre-
sponds to a statistical mixture for the channel spin
states of the outgoing proton, is based on an analysis of
the Li®(n,n)Li® reaction reported by Willard.2® These
parameters are shown in Fig. 8. Since the values of a
are all near unity, they have only a small effect on the
analysis. This was verified when an attempt at analysis
with all the &’s equal to unity yielded essentially the
same set of phase shifts as those given in this report.?”

The analysis of the angular distribution at 6.25 MeV
and the extrapolation of the phase shifts obtained by
Miller and Phillips* were used to get trial phase shifts
at the lowest energies. Smooth curves were drawn
through the excitation curves, and eight-point angular
distributions were generated at regular intervals. These
angular distributions were then analyzed in the same
manner as that described by Miller and Phillips.?#
Each phase shift was varied in 1° steps until a minimum
value of

xX'=

i=1

8 T exp (6z> ~—0Ocalce (Bz> 2
l: Oexp (0 1) :I

was obtained. The data were analyzed several times,
with a different order of variation for the first seven
phase shifts being used each time. In general, the order
made little difference, and the solution with the lowest
value of x? consistent with the over-all continuity of the
curves was chosen.

Using these phase shifts as trial values, the angular
distributions at 8.72, 9.69, and 11.94 MeV were an-

25 J, M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1952), p. 530.
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Phys. Rev. 101, 765 (1956).
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Phys. Soc. 7, 268 (1962).
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F1c. 8. The values of ay=a,~ and a3~ that were used in
the analysis.

alyzed. The phase shifts derived from the four angular
distributions are summarized in Table II, while those
obtained from the smoothed excitation functions are
shown in Fig. 9. The solid lines through the data points
of Figs. 2-6 were calculated using these derived phase
shifts.

In the energy range between 9 and 10 MeV, smaller
steps were taken in the analysis to see if the 85~ phase
shift would indicate the presence of the 5/2~ level at
7.18-MeV excitation. However, no sign of any anomal-
ous behavior of 85~ was seen in this region. This is con-
sistent with the level’s small partial width for alpha-
particle emission. That this partial width is, however,
nonzero is evidenced by the peak in the He*(He?,p)Li®
excitation curves in this energy region. The partial
widths of the two 5/2~ levels will be discussed in more
detail in the next section.

OF He?

FROM He* 1117

TasrE II. The phase shifts derived from the angular distributions.

6.25 MeV  8.72 MeV 9.69 MeV 1194 MeV
o —45° —56° —53° —62°
81~ 150° 129° 139° 140°
&t 140° 142° 139° 129°
6s~ —24° —13° —-1° —15°
8ot —11° —16° —5° —-9°
8~ 1° 88° 131° 144°
85t 166° 169° 181° 176°
ao 1.00 0.958 0.935 0.805
ay” 1.00 0.958 0.935 0.805
as” 1.00 0.993 0.910 0.986

RESONANCE PARAMETERS

Since the 4Ps/2 level seems to have an extremely small
effect on the He*4-a elastic scattering, a single-level
parameterization of 85~ was attempted.

(k/ A2 ]
p=kR’

F
0 =— tan”‘1<—> + tan‘l[—-—
Gs/ p—ir Ex+A—E
where

'Y)\z 1 an 8G3
A= ——‘[——(F‘s —}—G3-—)+3]
RLAg dp dp o=kR

and
A?=F+Gs

E is the energy in the center-of-mass system, and Fj
and Gj are the regular and irregular Coulomb wave
functions. The nuclear radius is R, and 7,2 is the reduced
width. The necessary Coulomb functions were calcu-
lated on the Burroughs 220 computer.

.....
..........

T T T
150° |-
100° |
50° |
Fic. 9. The phase shifts 0° o <
derived from the smoothed
excitation curves. The solid 500 , . B
lines represent the single- ~
level parameterizations of
8o, 52_, 52+, and 8;~. The 150° L . .
values plotted for energies .
below 5.75 MeV are those
obtained from references 21 100°}- .
and 22. 3
50°} ’
ook s s 2
-50°
1 1 L

E lab

°°°°°°°°

(Mev)
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F1c. 10. A contour plot of the
percent spin polarization (Basel
convention) vs center-of-mass scat-
tering angle and bombarding en-
ergy. These values of the polariza-
tion were calculated using the
phase shifts shown in Fig. 9.

The parameters obtained were:

Nuclear radius, R=4.4X10738 cm.

Reduced width, v3?=3.96X10" MeV cm.

Resonance energy, Er.s=8.60 MeV.

Excitation energy, E,=6.514£0.04 MeV.

Ratios to the Wigner limit, ,2=",%/(34%/2uR)=0.48,
and 0,%2<0.02.

The quantity u is the reduced mass, and E,es is defined
as that laboratory energy for which Ex+Ay—E goes
to zero. The solid line fitting 85~ in Fig. 9 is that pro-
duced by this set of parameters. Values of the nuclear
radius between 2.8X1072 cm and 4.4X1078 cm were
investigated.

(1) No fit was possible at R=2.8X10% cm.

(2) A fair fit to 85~ was obtained using R=3.5X10"
cm, but the value of 8,2 required was ~1.5.

(3) Values of the radius greater than 4X 107 cm all
produced good fits to the resonant phase shift. The
final value of 4.4X 107 cm was chosen, because it was
the same as that taken by Miller and Phillips in param-
eterizing the 7/2~ level.

The limit on the value of 8,% for proton emission from
the 2F5,2 level was obtained by assuming that it was

TasiE IIL. Level parameters for the 2Fys, 2F5)s, and 4Ps)s
states in Be’.

Configu- Refer-
ration J* E, (MeV) R (cm) 0.2 0,2 ence
2Fy2  7/2- 4.5440.02 4.4X10™8 0.36 21
2Fs2  5/2 6.51+£0.04 4.4X10718 048 <0.02 presenl:
wor
4Pys  5/2— 7.8 4.1X107 0.012 0.28 18

responsible for the entire reaction cross section at the
resonance energy. A summary of the level parameters
for the 2Fy/s, 2F5/2, and *Pyss states is given in Table ITI.
The value of 8,? for the *Ps/; level given by McCray is
consistent with that calculated on the basis of our reac-
tion data.

The solid lines shown for 8o, 8:-, and 6;* in Fig. 9
correspond to scattering from a charged hard-sphere
of radius 2.8X107% cm. The two D-wave phase shifts
agree with this description very well over the entire
energy range, while the S-wave phase shift has this
behavior below 6 MeV but tends to lie above the hard-
sphere curve at higher energies. This deviation may re-
sult from an incomplete compensation for the reaction
cross section or may be evidence for the 1/2% level at
higher energy that is suggested by McCray.!8

SPIN POLARIZATION

The polarization of the scattered He? particles, calcu-
lated using the phase shifts shown in Fig. 9, is plotted
versus the center-of-mass scattering angle and the He?
bombarding energy in Fig. 10. The sign convention used
is that adopted at the Basel Conference and is opposite
to that of reference 23, which gives the polarization for
this scattering reaction at lower energies.

The energy range between 9 and 12 MeV at §=90°
is seen to provide a nearly constant polarization that is
near unity. This region and the corresponding region
below the 2F;,; resonance at this angle should be useful
in the analysis of He? polarization.

CONCLUSION

The lowest four levels of Be” predicted theoretically
have all been found, and their ordering is in agreement
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with the theoretical predictions. The 2F;;, and %Fy,
states are found to have similar properties and have
large reduced widths for the He3+-He* configuration and
small reduced widths for the p+Li° configuration.

It is worthwhile to consider some of the questions
that still need to be answered with regard to the level
structure of Li” and Be’.

(1) The separation of the ?F states is calculated by
most nuclear models to be about 1 MeV, while the
observed separation is closer to 2 MeV. Shell-model
calculations have indicated' that this discrepancy may
be removed by allowing configuration mixing. Is it
possible to allow sufficient mixing to fit the observed
energy separation, while keeping small the ratio of the
reduced width for the p4-Li® configuration to that of the
He3+4-He! configuration? In connection with this point,
does the fact that the two 5/2~ levels overlap strongly
in energy but do not appear to mix appreciably indicate

FROM He* 1119
the presence of other “quantum numbers” which allow
these states to remain almost orthogonal?

(2) These data together with the Li®(p,p)Li® data of
Whitehead indicate that above the 4P, level only one
additional level is clearly visible below an excitation
energy of 14 MeV. How can this be reconciled with the
theoretical predictions that there should be a large
number of possible levels in this energy range?
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Emission of Li%, Be, and B Fragments from Nuclei in Photographic Emulsion
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A method of identification of tracks of heavy fragments emitted from highly excited nuclei in photographic
emulsions exposed to 4.5-GeV negative pions is described. Charge spectra, energy spectra, angular distribu-
tions, etc., of the fragments are determined. An argument is presented for an isotropic emission of the frag-
ments in the system of the moving parent Ag—or Br—nucleus.

INTRODUCTION

URING the last few years extensive investigations

of the emission of heavy fragments from high-

energy nuclear disintegrations have been undertaken
by various laboratories.’=%
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