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are proton densities from the same Woods-Saxon
calculation, in which the parameters were adjust-
ed to fit (»2) measured for the charge distribu-
tion,

Such densities should be used in calculations of
K~ or antiproton absorption. These rely critical-
ly on densities at large radii, and any estimates
that do not take the asymptotic separation energy
into account are likely to be seriously in error,
particularly for heavy nuclei.

A comparison between our results and those of
Negele,'s who has done perhaps the most realistic
neclear-matter calculations to date, are not very
meaningful because he does not reproduce the ab-
solute binding energies of neutron-hole states ex-
actly. Deviations of the order of an MeV become
crucial in determining the asymptotic cross sec-
tions. The Bethe-Siemens model'® for K = capture
emphasizes the importance of the neutron tail but
tends to overestimate its absolute magnitude by
about a factor of 2 at 10 fm.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

1On leave from Technische Universitdt Miinchen,
Miinchen, Germany.

13, A. Nolen, Jr., and J. P. Schiffer, Phys. Lett. 29B,
396 (1969), and Annu. Rev. Nucl, Sci. lg, 471 (1969).

N. Auerbach, J. Hiifner, A. K. Kerman, and C. M.
Shakin, Phys. Rev. Lett. 23, 484 (1969); E. H. Auer-
bach, S. Kahana, C K. Scott, and J. Weneser, Phys.
Rev. 188, 1747 (1969); C. W. Wong, Nucl. Phys, A151,
323 (1970), J. Damgaard, C. K. Scott, and E. Osnes,

Nucl. Phys. A154, 12 (1970); N. V. Giai, D. Vautherin,
M. Veneroni, and D. M. Brink, Phys. Lett. 35B, 135
(1971). T

3J. W. Negele, Nucl. Phys. A165, 305 (1971).

K. Okamoto and C. Lukas, Nucl. Phys. B2, 347
(1971); K. Okamoto, private commumcatlon

5A. Abashian, R. Cool, and J. W. Cronin, Phys. Rev.
104, 855 (1956); E. H. Auerbach, H. M. Qureshi, and
M. M. Sternheim, Phys. Rev. Lett. 21, 162 (1968).

8c. E. Wiegand, Phys. Rev. Lett. 22, 1235 (1969);

T. E. O. Ericson and F. Scheck, Nucl. Phys. B19, 450
(1970).

'G. W. Greenlees, M. Makofske, and G. J. Pyle,
Phys. Rev. C 1, 1145 (1970).

8. J. B. Goldfarb, Nucl. Phys. 72, 537 (1965). For
reports on some of the considerable work on the sub-
Coulomb (d,p) stripping reaction on 2®Pb, see W. R.
Hering and M. Dost, Nucl, Phys. A111, 561 (1968);

A. F. Jeans, W. Darcey, W. G. Dm K. N. Jones,
and P. K. Smith, Nucl. Phys, A128, 224 (1969).

%We are grateful to Dr. P. D. Kunz for making this
code available to us.

F. P. Gibson and A. K. Kerman, Phys. Rev. 145,
758 (1966).

L. J. B. Goldfarb and E. Parry, Nucl. Phys. A116,
289, 309 (1966).

2w, C. Parkinson, D. L. Hendrie, H. H. Duhm, J. Ma-
honey, J. Saudinos, and G. R. Satchler, Phys. Rev. 178,
1976 (1969).

3. J. Batty, Phys. Lett. 31B, 496 (1970).

“G. F. Bertsch and T. T. S. Kuo, Nucl. Phys. A112,
204 (1968); G. E. Brown, Comments Nucl, Particle
Phys. 3, 136 (1969).

157, W. Negele, Phys. Rev. C 1, 1260 (1970).

1, A, Bethe and P. J. Slemens Nucl. Phys. B21,
589 (1970). —

New High-Spin States in '°F and a Possible K = <" Band

W. R. Dixon and R. S. Storey
National Reseavch Council of Canada, Ottawa, Canada

and

J. H. Aitken, A. E. Litherland, and D. W. O. Rogers
University of Tovonto, Tovonto, Canada
(Received 24 September 1971)

New levels in 1%F with spins of
and 7937+ 3 keV, respectively.

and Y have been discovered at energies of 6592 2
It is suggested that these levels, together with the known

3907-keV (37), 4549-keV ($*), and 5464-keV (+7) levels, form a K=4" rotational band,

Members of the ground-state rotational band
in °F up to the (2s, 1d)® limit have now been iden-
tified with the discovery of levels of spin 1+ at
6.50 MeV® and spin 23" at 4.65 MeV.2 Th1s band
is reasonably well explained by a shell-model
calculation with three nucleons outside an inert
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80 core. Similarly, the second 3 level at 3.91
MeV, the second 3 level at 4,55 MeV,® and the
second 1* level at 5.46 MeV* seem to comprise
a K=3" band, but these levels are not so easily
explained in terms of three-particle configura-
tions. In particular, three-particle shell-model
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calculations generally predict the second 3*
state to lie above 6 MeV. In order to further our
understanding of these states we have searched
for and found levels of spin £* at 6592+ 2 keV and
spin 1 at 7937 +3 keV which seem to be the high-
er members of a K=3* band based on the 3.91-
MeV level.

The two new levels reported here have been
observed as resonances at E_ =3.27 and 4.97
MeV, respectively, in the reaction *N(a, y)'°F
using singly and doubly charged a-particle beams
from the 4-MV National Research Council Van de
Graaff accelerator. Targets were made by ni-
triding titanium on a tantalum backing (>99% *°N).
y-ray spectra and angular distributions were
studied with Ge(Li) detectors of 30 and 40 cm?,
For both resonances reasonable fits to the angu-
lar distributions were found for several spin
hypotheses but unique spins were assigned by
eliminating those hypotheses which required un-
reasonably large quadrupole or octupole transi-
tion strengths. Radiative widths wy=3(2/+1) *
XTI 7/1" were measured by a comparison with
the yield of the resonance at E_,=1.68 MeV,
which has been measured by Dixon and Storey®
to have wy=1.64+0.16 eV. Transition strengths
were obtained from the radiative widths by as-
suming ', >»>T,.

The decay scheme for the level corresponding
to the resonance at 3.27 MeV is shown in Fig,
1(a). The radiative width was found to be wy
=1.6+0.2 eV. Of the possible spins of , %, and
2 for the resonance, 3 is ruled out by the large
quadrupole strength required for the transition
to the first ¥ level at 2.78 MeV [IMI2>150 Weiss-

7937

7

kopf units (W.u.)], % is ruled out by the large
quadrupole strength required for the transition
to the £* level at 4.38 MeV (IM/*> 55 W.u.), and
2- is ruled out by the large M2 strength implied
by the transition to the 3+ level at 197 keV (IM |2
>30 W.u.). Hence the level at 6.59 MeV is as-
signed J"=%",

The level of interest in the E_ =4.97-MeV reso-
nance is actually the upper member of a doublet,
separated by about 9 keV in excitation from an-
other level which has J"=Z* or *. The decay
schemes of both resonances are shown in Fig.
1(b). The radiative width of the upper resonance
is wy=38.1+0.5 eV. Of the possible spins of 12,
5, and § for this level, 3 and § are both ruled
out by the large quadrupole strengths required
for the transitions to the 3" level at 4.65 MeV
(IMI2>90 and |M1?>600 W.u., respectively).
From the angular distribution it was not possible
to establish the parity of the resonance although
positive parity is strongly suggested by the de-
cay scheme.

The first three members of the suggested K
=3* band in °F have been studied previously.
Positive parity is assumed for the 3907-keV (3)
level because the apparent analog of this state
in '*Ne at 4.04 MeV has been shown to have posi-
tive parity on the basis of the L =0 pattern ob-
served for the feed to this level in the reaction
2INe(p, t)'°Ne.® This indicates that K=3* for this
state since the two neutrons picked up carry off
no angular momentum, leaving K unchanged from
its value for the *Ne ground state, viz., K=",
This also indicates that the analog state in °F at
3907 keV has K=3*, The level at 4549 keV has
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FIG. 1. y-ray decay of the resonances in *F at (a) E,=3.27 MeV, and (b) E 4=4.97 MeV.
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FIG. 2. Plots of excitation energy versus J(J +1) for
K=3" bands in ¥F, ?INe, and Na.

a spin®’ of 3*. We have confirmed the spin as-
signment by a study of a resonance at £,=3.18
MeV in *N(a, v)'°F which feeds this level. The
1* level has been studied by Tolbert* at the E
=1.84-MeV resonance in °N(a, y)'°F. We have
confirmed Tolbert’s spin-parity assignment but
find the excitation energy to be 5464 + 2 keV. We
have also remeasured the radiative width to be
wy=2,5+0.4 eV,

It is still an open question which £+ state—the
4378-keV or the 5464-keV state—belongs to the
ground-state rotational band. We have assigned
the 4378-keV state to the K=3* band primarily
because the first 7=3% state in !°F, with a pre-
dominantly (d;,,)° configuration, decays to the
4378 -keV but not to the 5464-keV state,® and be-
cause '°0 decays by 8 emission to the 4378-keV
state? with logft=3.54+0.06. On the other hand
Bingham et al.'® see a strong peak corresponding
to a level at 5.47 MeV in the three-nucleon trans-
fer reaction '*O(°Li, *He)'°F.

Figure 2 shows that the five levels in °F which
we are considering for a K=3" band are fitted
remarkably well by the J(J+1) prediction of the
rotational model. However, it has not been pos-
sible to confirm a rotational-like structure by
the observation of in-band E2 transitions, since
even a 20-W.u. in-band E2 transition would cor-
respond to a decay branch of less than 1% for
any of the possible cases reported here, well be-
low the assigned limits on these transitions. If
however, for purposes of discussion, we assume
the simple rotational model, then the moment-of-
inertia parameter %#2/24 is found to have the value
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TABLE 1. Observed y-ray branching ratios and tran-
sition strengths in Weisskopf units, The subscripts ¢
and f refer to the initial and final states, respectively.

E. J. E J Branching Transition strengths
* * £ £ in W.u
(keV) (keV) Ratio (%) ML E2
sueh  7* 2779 g+ 59 0.9%0.2 342
1556 3 5 bl
1346 g' 32 (6+1)x1073(E1) <8(M2)
197 ; 4 (1.5:0.5)x10™3 2.0%0.5
or (8#2)x10-3 <0.2
6502 3° w38 I° 2l 0.35%0.08 <6
2779 §+ 63 0.17%0.05 <20
97§ 13 1.6£0.4
1937 B° ueus L3 90  0.63%0.12 3
2779 %J' 10 0.02%

2Assumed pure M.

134 keV, significantly lower than the values for
the K=3" and 3~ bands in °F (about 190 and 220
keV, respectively). This implies a higher mo-
ment of inertia or a more deformed shape for

the K=35* band. The parameter is similar to that
obtained for the ground-state rotational bands'**2
in ?!Ne and in #*Na, suggesting that the '°F band
may have 5p-2h (five-particle, two-hole) config-
urations based on the removal of two particles
from the 2'Ne core, or 7p-4h configurations
based on the removal of an « particle from the
23Na core. The latter suggestion is in keeping
with the view of Engeland and Ellis'® that the
3.91-MeV state may have a Tp-4h configuration,
and with the shell-model calculation of McGrory*
for seven particles outside a '2C core.

Table I shows observed transition strengths
for the y-ray decays of the Z*, 7, and 4" levels.
The out-of-band M1 strengths are surprisingly
large if these represent particle-hole to three-
particle transitions. In fact Rogers!® has shown
that except for the decay of the 3.91-MeV lev-
el and certain other transitions (e.g., the E2
strength from the second 3" level to the 197-keV
level is about 200 times the calculated value),
decays from members of the proposed K = 3
band can be reasonably well explained in terms
of three-particle configurations. We conclude
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that these states probably contain a large three-
particle component to account for the observed
M1 strengths, but also a sizable admixture of
particle-hole configurations to account for the
relatively high moment of inertia and low ener-
gies in the band, as well as to explain certain
details of the decay schemes, and perhaps to ex-
plain the unusual properties of the £* states.

13, H. Aitken, K. W, Allen, R. E. Azuma, A, E, Lith-
erland, and D, W, O, Rogers, Phys. Lett. 28B, 653
(1969).

K. P. Jackson, K. Bharuth-Ram, P. G. Lawson,

N. G. Chapman, and K. W, Allen, Phys. Lett. 30B, 162
(1969).

3K. Bharuth-Ram, thesis, Oxford University, 1971
(unpublished),

D, D. Talbert, thesis, University of Kansas, 1968
(unpublished); D. D. Tolbert, P. M. Cockburn, and
F. W, Prosser, Jr., Phys. Rev, Lett, 21, 1535 (1968).

°W. R. Dixon and R. S. Storey, Can. J. Phys. 49, 1714
(1971),

§3. C. Hardy, H. Brunnader, J. Cerny, and J, Ja~
necke, Phys, Rev, 183, 854 (1969).

"M. R. Wormald and I, F. Wright, in Proceedings of
the Intevnational Confevence on Propevties of Nuclear
States, Montvéal, Canada, 1969, gedited by M. Harvey
et al. (Presses de 1’Université de Montréal Montréal,
Canada, 1969), p. 111.

87, H. Aitken, A. E, Litherland, W. R. Dixon, and
R. S. Storey, Phys. Lett. 30B, 473 (1969).

3. W. Olness and D. H. Wilkinson, Phys. Rev. 141,
966 (1966).

¥y, G. Binham, H. T. Fortune, J. D. Garrett, and
R. Middleton, Phys. Rev. Lett. 26, 1448 (1971).

13, G. Pronko, C. Rolfs, and H. J. Maier, Phys. Rev.
186, 1174 (1969).

—ﬂ-f-{. A. Lindgren, J. G. Pronko, and D. A, Bromley,

in Proceedings of the Intevnational Conference on Prop-
evties of Nuclear States, Montréal, Canada, 1969,
edited by M. Harvey et al. (Presses de 1’Université de
Montréal, Montréal, Canada, 1969), p. 15.

13T, Engeland and P. J. Ellis, Oxford University Re-
port No. 26/71, 1979 (to be published).

3. B. McGrory, Phys. Lett. 31B, 339 (1970).

5p, w. o. Rogers, thesis, Umvermty of Toronto,
1971 (unpublished).

Evidence for a K™ = 5 Ground-State Rotational Band in 26Al}
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Measurement of y-ray distributions from the reaction 2*Na(a,7y)26Al confirms spin J =5
for the 3404-keV level and gives an unambiguous spin assignment of J =6 for the 3508-keV

level.

Measurement of lifetimes and mixing ratios show that both states have positive par-

ity. The excitation energy and the enhanced E2 strength of >11 Weisskopf units for the 6*
to 5% ground-state transition identify the level at 3508 keV as the 6* member of a K= 5%

rotational band based on the ground state.

The change in the sign of the deformation of nu-
clei in the middle of the s-d shell has been of
considerable interest in the last few years. The
nuclei *Mg, Mg, and 2°Al have well-known ro-
tational bands corresponding to strong prolate de-
formations, and *Si, *°Si, and ?°P are found to be
oblate. Definite rotational structure in nuclei
with A =26 and 27 has not been established. It
has been suggested that these nuclei, being in a
transitional region, should have very small de-
formations and have mainly spherical states cor-
responding to reasonably simple shell-model con-
figurations. However, shell-model calculations
for ?°Al by Wildenthal et al.' produced much
worse agreement between theory and experiment
than similar calculations for other neighboring

nuclei.

The present knowledge?® of decays, spins, and
parities of levels in 26Al below 3.6 MeV is sum-
marized in Fig. 1. On the unified model the
ground state is assumed?® to be formed by two
particles outside a deformed ?*Mg core, both in
Nilsson orbit 5 with 2 =3 and coupled to give J
=K =5, The antiparallel coupling of these two
particles is assumed to give rise to K =0 levels
at 228 keV (0%), 1058 keV (1*), and 2069.5 keV
(2%). Other levels can be formed by coupling one
particle in orbit 5 2= 2) to a particle in orbits 9,
11, and 8 (=3, 3, and 3), but calculations® us-
ing only these configurations do not successfully
reproduce the measured single-particle spectro-
scopic factors in *°Al. If, however, 2°Al has any
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