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Many experiments indicate that isospin is not a good quantum number for the states with
J*=2" at 16.6 MeV and 16.9 MeV in Be®. The available experimental information is examined and
compared with a model of single particle states which are maximally mixed in isospin, as proposed
by Mariox. An analysis of all data pertinent to the states at 17.6 MeV and 18.15 MeV with J==1*
shows that these states are rather pure (90%) isospin states. The state at 17.6 MeV has T=1, the
one at 18.15 MeV hat T=0. Both the 2* and the 1" levels form doublets with similar wave
functions in each case. A similar pair is most likely formed by the 3" states at 19.05 MeV and
19.22 MeV, as proposed by Barker. Reduced widths indicate possible isospin mixing of as much as
30% for these states. Some experimental evidence is presented for another pair of states with J7=1"
at 20.35 MeV and 22 MeV, and with J7=2" at 18.9 MeV and 23.6 MeV. This hypothesis provides
analog states in Be® for every state observed in Li® in the energy region which is considered. If each
pair (except the 1" and 2* pairs) is allowed to mix isospin by at most 30%, all cases of large excess
of either neutron or proton reduced width can be explained. The large isospin mixture in the 2*
pair can be explained on the basis of an initial energy degeneracy of these states (removed by the
Couroms force). The intermediate coupling shell model does account for such an accident. It is
argued that, although a simple cluster picture of these states is highly successful in a qualitative
way, the intermediate coupling model is able and probably needed to achieve a quantitative

description of Be® between 16 and 20 MeV.

While the level scheme of Be® exhibitis only the
rotational level sequence 0%, 2%, 4" at low energies 1,
it becomes complex at about 16 MeV. This is quali-
tatively understood in a cluster picture. The rota-
tional sequence arises from the two-alpha-particle
structure of the Be® ground state. Only the breakup
of an alpha cluster can produce more complex states,
and this requires an energy of about the (Li”+p)
separation energy (about 17 MeV). Since two alpha
particles cannot form states with isospin T'=1, the
first states of such character will appear in the region
of these single particle cluster states. More specifi-
cally, the first state with 7=1 should lie between
16 MeV and 18 MeV, as can be inferred from the
position of the ground states of Li® and BS. The
location and electromagnetic decay properties of the
analog state to the Li® — B8 ground states are of great
interest 2 because the 4 =8 triad has been proposed
as a test case for the validity of the Conserved Vec-
tor Current Theory for beta decay. While a similar
comparison was made successfully in C!2, where the
first T=1 level at 15.11 MeV is well known and
extremely pure in its isospin character, in Be® the

* Work supported in part by the National Science Founda-
tion.

1 T. Lavritsex and F. Aszexserc-Serove, Energy Levels in
Light Nuclei VII, Nucl. Phys. 78, 1 [1966].

2 H. A. WemesmuLLer, Phys. Rev. Letters 4, 299 [1960].

decay of such a state has only been estimated from
theoretical calculations 2. In the search for this state,
a number of curious facts were discovered which
suggested extreme isospin mixing ® * in some states
of Be8. This is a very interesting hypothesis because
in light nuclei isospin has, so far, proven to be a
good quantum number 5 to within 10% (this refers
to the squares of the amplitudes).

This article presents a critical survey of the
available experimental evidence for such mixing, and
discusses some of the specific models proposed to
explain the effects. For the case of the states at
16.6 MeV and 16.9 MeV, most of the experimental
data have been compiled by Marion and WiLson ©.
The present communication extends this to the
higher states in Be® and, in particular, the analog
states of the first excited state in Li8.

I. Level Assignments in Li® and Be®

States with isospin 7' =1 in Be® can be located by
directly identifying the isospin of such states
experimentally. As this is mostly not possible one

J. B. Mariox, Physics Letters 14, 315 [1965].

D. Konter and P. Pauw, Physics Letters 15, 157 [1965].
W. M. McDox~arp, Nuclear Spectroscopy B (editor F. Aszex-
BERG-SELOVE) , Academic Press 1960.

6 J. B. Mariox and M. WiLsox, Nucl. Phys. 77, 129 [1966].
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can, as an alternative, establish the levels in the
neighboring T, = & 1 member of the triad and search
for the analog states in the T,=0 nucleus. Since
there is in Be® no state that is definitely proven to
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Fig. 1. Levels of the 4=8 mass triad. Levels which are in

doubt or do not bear on the question of isospin conservation

are generally omitted. Tentative analog states are connected
by a dotted line.
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have T =1, we start by looking at Li%. Fig. 1 shows
the level sequence and known assignments in Li® as
well as some levels of interest in Be®. Table 1 lists
the characteristics of states! in Li® that are estab-
lished with sufficient accuracy.

The ground state of Li® has spin-parity 2" which is
known unambiguously only from a complicated in-
vestigation ? of the (B, @) correlation in the beta
decay to the first excited state in Be8. This spin value
also results from any reasonable shell model calcula-
tion (see for instance ref.1%). The assignments for
the first excited state at 980 keV can be limited to
the values 1%, 2" from the (p, y) correlation in the
Li7(d, p) Li®* stripping reaction 1, since the measured
upper limit !2 on the lifetime proves very pure Ml
character for the gamma decay. The recently dis-
covered existence of He® and its allowed transition 12
to the 980-keV state support the 1" assignment.

The second excited state at 2.26 MeV is known to
have J7=3" from both elastic neutron scattering
and radiative neutron capture ! on Li’. The next
higher state at 3.21 MeV, with a width of about
1 MeV, is observed in inelastic neutron scattering.
A fit to the cross section 16 with reasonable reduced
widths can be achieved with J7=1%.

The first three states mentioned above are observed
in the stripping reaction 17 Li?(d, p). The reduced
single particle widths have been computed if possible
for these states from the stripping cross sections in
Plane Wave Born Approximation from data at 8 MeV;;

?ﬁfg&g’ Ja I'(keV) decay 02 ‘ ry,
0 | 2+ | — B~ 0.5
0.980 1+(2%) | <4x1074sec y 0.3* >2.5%10"2eV
2.26 3t 31 n,y 0.09 * 0.07eV
3.21 1+ 1000 n,n’ 0.08
5.0 (2-) broad n |
6.5 <40 |

Table 1. Levels in Li%. * Reduced particle widths are obtained from ref.? normalized to the DWBA value for the ground
state from ref. 8.

7 N. H. McFairLaine and J. B. Frenca, Rev. Mod. Phys. 32,
567 [1960].

8 J. H. Harton and P. E. Hopeson, Proc. Rutherford Jub.
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Maier-Leisnitz, Z. Phys. 155, 560 [1959].
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11 1, F. Cuasg, R. G. Jonnson, F. J. Vavery, and E. K. War-
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13 A. M. Poskanzer, R. A. Esterrunp, and R. McPrErson,
Phys. Rev. Letters 15, 1030 [1965].

14 H. B. Wirarp, J. K. Barr, J. D. Kincron, and H. D. Conn,
Phys. Rev. 101, 765 [1956].

15 W. L. Innor, R. G. Jonnson, F. J. Vaveny, and M. Warr,
Phys. Rev. 114, 1037 [1959].

16 J. M. Freeman, A. M. Laxg, and B. Rosg, Phil. Mag. 46, 17
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17 E. W. Hamsurcer and J. R. Cameron, Phys. Rev. 117, 781
[1960].
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the ground state width has also been analyzed with
Distorted Wave Approximation 8. The values listed
in Table 1 are obtained from the PWBA ratios
normalized to the DWBA value for the ground
state. For the 3.2-MeV state which is, because of its
large width, not observed in the stripping reaction,
the single particle width was computed from the
scattering data for the assignments 1*. There exist
no other well established levels in Li8. A possible
broad level around 5 MeV with J*=2 is only in-
ferred from background s-wave neutron scattering !
and possibly supported by the neutron polarization
below 4 MeV. A narrow state at 6.53 MeV has been
observed ! in Li’(t, d), but its assignments remain
unknown. Shell model calculations speculatively
favor J=4". This state has not been observed 17 in
Li’(d, p).

Turning now to Be® to search for the analog state
of the Li® ground state, one finds two candidates in
the expected energy region, at 16.62 MeV and
16.92 MeV, with the spin-parity assignment 2.
While the parity of the states follows directly from
their widths and related alpha break up 18, the spin
values have only recently been determined unambigu-
ously from elastic alpha scattering 1° and less directly
from the Be?(He?, a) reaction through the (a, a)
correlation 20. There are, at present, no other states
known with /7= 2" in this energy region between the
Li® and B® ground states. The question as to which
of the two is the analog state with 7'=1 will be dis-
cussed in the next section.

It can be seen in Fig. 1 that there are again two
states found in Be® at 17.64 MeV and 18.15 MeV
with J*=1" that come into consideration as the
analog state to the first excited state in Li®. Positive
parity for the 17.6 MeV state follows from the
p-wave elastic scattering of protons 2! on Li7 at this
resonance, and the p-wave stripping pattern 22 ob-
served in the reaction Li?(d, n) at 5 MeV. Spin and
parity are deduced from the strong ground state
gamma transition in the radiative capture ! of protons
on Li7 at 440 keV, and from the E2/M1 ratio for the

18 P. Pauvr and D. Kourer, Phys. Rev. 129, 2698 [1963].

19 E. Suierp, H. E. Conzert, P. Darrivrar, H. Puch, and R. J.
Srosopriax, Bull. Am. Phys. Soc. 9, 703 [1964].

20 D.J. Svrrivax and P. B. Treacy, Nucl. Phys. 78, 225 [1966].

21 W. D. Warters, W. A. FowLer, and C. C. Lavritsex, Phys.
Rev. 91,917 [1953].

22 F. S. Dierrica and C. D. Zariratos, Bull. Am. Phys. Soc.
10, 439 [1965].

23 G. Morrurco, Phys. Rev. 110, 721 [1958].
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transition to the first excited state. The 17.6-MeV
state is, incidentally, the only one in Be® for which
some direct evidence for T=1 assignment was
available until recently. This is based on the reason-
ably strong Ml-transition to the ground state and
Moreurco’s Rule 22, This point will be discussed in
more detail in the next section.

Positive parity for the state at 18.15 MeV follows
directly from the p-wave elastic?' and inelastic
proton scattering 24 on Li” around 1 MeV and again
a p-wave stripping pattern 2> in Li’(d,n). The
presence of a strong ground state gamma transition ?
and the absence of any observable alpha width make
J =1 the only choice. If the spin were 2, alpha decay
would be allowed (except for isotopic spin consider-
ations). One would then expect to observe some
alpha breakup, since this channel has so much phase
space available.

The next analog state should have /=3". There
are, at 19.05 MeV and 19.22 MeV two levels in the
right energy region which might have correct spin
and parity. A neighboring level at 18.9 MeV is
assigned 27. It should be noted that spin assignments
for most levels above the (p, n) threshold, i. e. above
19 MeV, are deduced from energy dependence and
size of cross sections and hence not very firmly
established. However, within this limitation, the pair
of levels at 18.9 MeV and 19.22 MeV has been most
thoroughly studied in connection with the treshold
behaviour of the reaction Li?(p, n). The assignment
2" and 3" are the only ones mutually consistent 3.
The level at 19.05 MeV is speculatively assigned 3.
Elastic proton scattering 26 gives / < 3. The evidence
from the hard gamma decay is conflicting 27 and
does not, at this time, rule out any of the above spin
values. The positive parity has not been proven. It
might be noted that there is some evidence 8 from
Li’(p, n) for another state with /=3 at 21.5 MeV.
The spin assignment rests on the assumption that
only one level is present in the observed cross sec-
tion.

24 F. Mozer, W. A. FowLer, and C. C. Lavritsen, Phys. Rev.
93, 829 [1954].

25 H. W. Newsox, R. M. WiLLiamson, K. W. Jo~es, J. H. Gis-
Boxns, and H. Marsuaxk, Phys. Rev. 108, 1294 [1957].

26 P. R. MaLmBErG, Phys. Rev. 101, 114 [1956].

27 R. R. Perry, B. Mamssrince, and J. Rickarp, Nucl. Phys.
45, 586 [1963]; V. Rikcu, Phys. Letters 6, 267 [1963].

28 R. R. Borcuers and C. H. Poere, Phys. Rev. 129, 2679
[1962].
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The higher levels in Li® are not known well
enough to allow a detailed search for analog states.
For both /=17 and J =2 assignments levels can be
found in Be®. But only the levels with 27 at 18.9 MeV
and with 17 at 20.35 MeV are reasonably certain.
The first has been assigned from the cross section
dependence of the Li’(p, n) threshold 25, the latter
from the Li7(p,n’) threshold 2. All other states
except the ones decaying into the alpha channel lack
definite values for any spin and parity.

II. Isopin of the 2% and 1™ States

Both in Li® and Be® the states with J*=2" and 1"
have ben studied extensively and their properties are
sufficiently well known to allow a detailed com-
parison of analog states. In Be® there are two states
to choose from for each Li® state. The following is a
discussion of the experimental data available bear-
ing on the question of isospin character of these
states.

Isospin conservation demands that a state with
T =1 in Be® cannot break up into two alpha particles.
Since this is the only channel energetically open for

IN Be®* 917
the T=0 state to be much larger than that of the
state with 7=1. In fact, however, Table 2 shows
that the experimental widths are both very narrow
and about equal to 90 keV. Of course, this alone
does not say much about the isospin character of
these states since there might well be a small (~ 10%)
T =0 admixture in the T=1 state, and possibly a
particular configuration in the T =0 state inhibiting
alpha decay. In the case of the 1" states alpha decay
is forbidden by additional symmetry requirements
and their widths are due only to single nucleon
channels. But these are impartial to isospin. As a
check for the analog states, therefore, a number of
experiments have been performed which test more or
less directly the isospin character of the four states:

a) Particle reactions

Much work has been done investigating the 2* and
1" states in particle reactions. The observed widths
of the states and the respective feeding cross sections
(sometimes relative), are listed in Table 2. Below
we treat in more detail the reactions that are specifi-
cally sensitive to the isospin.

the 2% states and since if allowed, it has 17 MeV The oldest information (aside from the capture
available for the breakup, one expects the width of reactions) about the isospin of these four states comes
(Energy MeV) 16.6 (2%) 16.9 (2+) ? ’ 17.6 (11) 18.1 (1)
Ref. e | [E— —- —
Reaction (keV) o r (keV G ‘ F(ke\’) o I'(keV) o
39 Cl2(yo) 20MeV | <300 | ~1* | <300 1% <300 | ~3* | 0*
30 Blodx) 8MeV 95+ 20 11. 3 mb 9.8 mb - 0.7mb ‘ 8.3 mb
31 21 MeV 1* | — | —
22 L17( n) 23 lu.b/sr 1 ub/sr 7 ub/sr 10 pb/sr
32 Li6(Li6o) 1% 1% 0* ~ L%
21 Li%(pp) ‘ 12 168
1,38,34 | Li%(py) 8 +£15 6ub* 90+15 04 yub* 12 - 168 -
35 Bed9(He3x) 96 + 20 80 + 15
36 3.8 MeV 105 + 30 1* 88 + 25 10* < 15 5% —
20 3 MeV 1% 2% » — —
36 Lis(He3p) 95120 3* 85120 3% < 20 1* -
1 82 + 6 93 + 7 | — —
37 Be9(pd) 1* >25* ~ 3.5 ** 1 **
38 Be9(dT) weak strong strong 0

Table 2. Widths and cross sections for the states with J#=2* and 1*. Numbers marked with * or ** are relative to each other.

in each row.

29 S, G. Buccvo, C. E. HoLranxpswortH, and P. R. Bevixerox,
Nucl. Phys. 53, 375 [1964].

30 C.P.Browne and J. R. Ersking, Phys. Rev. 143, 683 [1966].

31 P, D. Parker and P. F. Doxovayn, Bull. Am. Phys. Soc. 10,
1135 [1965].

32 R. R. Carwsox and K. G. KisLer, University of Iowa Report
SUI-64-21, (1964).

33 P. Paut, S. L. Brarr, and D. Koncer, Phys. Letters 10, 201
[1964] ; D. KonrLer and P. Paur, Phys. Letters 15, 157
[1965].

* These cross sections refer to the transition from the 17.6-MeV state.

34 M. WiLsox and J. B. Mariox, Phys. Letters 14, 313 [1965] ;
J. B. Marrox and M. WiLson, Nucl. Phys. 77, 129 [1966].

35 W. E. Dorxsuscu and C. P. Browsg, Phys. Rev. 131, 1212
[1963].

36 J. R. Erskixe and C. P. Browne, Phys. Rev. 123, 958
[1961].

37 J. B. Mariox and CarL A. Lupemany, Bull. Am. Phys. Soc.
11, 26 [1966].

8 G. T. Garvey, J. Cerny, and H. Pucen, Bull. Am. Phys. Soc.
11, 26 [1965].
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from the work of Govarp and WiLkins 3° studying
final states in the reaction C!2(y, a)Be®!—2a at
y-energies around 20 MeV. They observe a peak at
16.9 MeV with an indication of a 30% contribution
at 16.6 MeV. The transition to the 17.6-MeV state is
clearly present. The angular distributions indicate
El y-absorption and J*=2" for the final states at
16.9 MeV and 16.6 MeV. However, in a self-conju-
gate nucleus such as C!? the matrix element for E1
gamma transitions vanishes in the one particle trans-
ition approximation ?* unless AT = £ 1. Therefore,
E1 gamma absorption leads to compound states with
T =1. The subsequent a-decay preserves the isospin
character. It follows that the states in Be® observed
in this reaction must have at least a strong T=1
component. The fact that the 18.15-MeV state is not
observed indicates T =0.

Browne and Erskine 3% %6 investigated the reac-
tion B19(d, a)Be® at 4 and 8 MeV. Since all particles
involved have T =0, this reaction should populate
only final states with T'=0 unless the deuteron
energy happens to be close to a compound state with
T =1. Therefore, Parker and Donovan 3! repeated
this experiment at 20 MeV where the interaction
should be entirely direct and CouromB mixing in
the intermediate system unimportant. The results at
all bombarding energies are qualitatively the same,
namely, that both states at 16.6 and 16.9 MeV are
populated with about equal strength. The actual
cross sections for the four final states, obtained at
8 MeV, are listed in Table 2. The angular distri-
butions 3° to both 2" states are very similar, indicat-
ing similar wave functions. The fact that both states
are populated with equal and strong cross sections
points to large T'=0 components. The state at
17.6 MeV for which there exists independent evi-
dence for a good T =1 assignment (see Sect. c) is
populated much less strongly than the “partner” at
18.15 MeV. Again angular distributions are not
dissimilar. In comparing the cross sections for the
1" and the 2" states it should be noted that the cross
sections for the latter ones are enhanced by a
statistical factor 5/3 over the 1" states. The reduced
transition strength to the 2" states is then about 1/2
of that to the 18.15 MeV state. This experiment
indicates that the 2" states must both have a large,
about 50%, T =0 admixture while the 1* states are
divided into one with predominantly 7=1 at

3 F. K. Gowarp and J. J. Wikins, Proc. Roy. Soc. London
228, 376 [1955].
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17.6 MeV and one with predominantly 7=0 at
18 MeV.

Caruson and KiBier 32 studied the reaction
Li®(Li®, a)Be® at 3 MeV. This reaction again involves
only particles with zero isospin. Both states at 16.6
and 16.9 MeV are populated with about equal
strength. The state at 18.15 MeV is observed with
somewhat less intensity and the 17.6 MeV state not
at all within the errors. This again suggests strong iso-
spin mixing in the 2 pair and essentially isospin
conservation in the 1% states. However, these results
may not be quite conclusive in themselves in view of
the low Li® bombarding energy and larger charge
which might induce Couroms effects during the reac-
tion 32,

The reactions Li’(d, n)Be® and Li”(d, p)Li® are
direct analog reactions and the relative cross sec-
tions, therefore, can be used to compare the ground
state and first excited state of Li® on one side, and
the states in Be® on the other side. The Li?(d, n) reac-
tion cross section 22 shows a good stripping pattern
for the 16.6-, 17.6- and 18.15-MeV states and only
a small essentially isotropic cross section for the
16.9-MeV state. The reduced stripping widths for
the three stripping states 4° are given in Table 3. The

| |- | B
P~ E r | I. s I(0) b .ig
s I* | kev) | (ke¥) | &% | @V) | S 35
] ~Ne 5%
1662 2+ | 8 | — |25% | — | — | «
1692 2+ 90  — 0* | — | —  «
1764 1+ 12 — 013 167 82 np
\1* [
1815 | 1+ | 168 | 6 025 | 27 27 | ap,
; 1.90* | n',p’

Table 3. Some properties of the 2* and 1% states around
17 MeV in Be®. Reduced widths * are from ref. 4° and relative
to each other.

extraction of stripping reduced widths for the single
particle unbound states at 17.6 and 18.15 MeV is
problematic. But for these states reduced particle
widths can also be obtained from the total widths
and the partial proton widths measured in the
scattering and capture of protons on Li?. The ratios
of the latter values agree well with the ratios of the
stripping reduced widths. Although the absolute
values of reduced particle widths extracted from
stripping cross sections are believed to be correct

40 F. Dierricu, private communication, 1965 (these are
PWBA values, insofar preliminary).
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only within a factor of 2, ratios of reduced widths
between different levels might be considered more
accurate. The ratio 4 ©,2(16.6)/0,2(17.6) = 2.50,
©2(16.9) ~0 can be compared to the ratio of
0,%(ground) /©@,2(.980) =1.89 in Li® from the reac-
tion Li’(d, p). For maximal isospin mixing one
expects 0,%2(16.6)/60,2(17.6)=3.8. The observed
ratio 4 does not decide between maximally mixed or
pure isospin but favors 7'=1 for the 16.6-MeV state
and T =0 for the one at 16.9 MeV. Theoretically,
one expects a ratio of ©,2(16.9)/6,2(16.6) =3 for
states with 7 =0 at 16.9 MeV and T =1 at 16.6 MeV.
The experimental value of ©;2~0 for the 16.9-MeV
state can be explained as a structure effect which will
be discussed in the following section.

Another experiment which directly compares the
Li® states with the ones in Be® was performed by
Garvey et al. 38, They studied simultaneously the
reactions Be? (d, t)Be® and Be® (d, He®) Li8. As in the
previous case the relative strength of analog final
states in Be® and Li® is given by a simple ratio of
isospin coupling coefficients if isospin is a good
quantum number. For the present case one expects
0,2(Li®) /6,2(Be®) =2, by coupling a proton to Li®
and a neutron to Be® in the inverse reaction. The
experiment 3® yields a value of 2.2 which is in good
agreement with isospin conservation for the 980-keV
state in Li® and the 17.6-MeV state in Be®. The
ratio for the Li®-ground state and the 16.9-MeV
state is larger, the one to the 16.6-MeV state much
smaller than expected. Hence neither state can be
strictly the analog state of the Li® ground state. In
section III, it will be shown that the preference for
the state at 16.9 MeV can again be explained by its
structure.

b) Beta decay

The f-decay from B8 has a Q value high enough
to allow population of both the 16.6- and 16.9-MeV
state. The transition to the analog of the B8 ground
state is a superallowed transition. Its matrix element
should therefore, in general, be larger than the one
for the transition to the T =0 state. For a super-
allowed transition 2*— 2" one expects an f¢ value
of about 1000. This calculation, however, depends
on the wave function of initial and final state through

41 E. Marr, H. Praxper, H. RieseBerc, and V. Soecer, Phys.
Letters 9, 174 [1964].
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the allowed axial vector part of the transition. The
p-decay was measured by Pranper et al. 4! who
detected the delayed alpha particles from the breakup
of the final states. Their data are shown in Fig. 2.
The peak due to a transition to the state at 16.6 MeV
is clearly resolved. From the total alpha spectrum
they obtain an f¢ value of log f£=2.9 which is in
very good agreement with the theoretical expectation
for a super-allowed transition. It should be noted
that this result is very crucial because it offers the
most direct check on the presence of a large T'=1
component in either one or both of the two 2" states.
It appears, however, that with the proper wave func-
tions in the present case the isospin allowed matrix
element is not theoretically expected ** to be sub-
stantially larger (~ factor 2) than that for the
AT =1 transition. Under these circumstances the
effect of maximal isospin mixing in the 2" states
would change the f ¢ value for the transition to either
level by only about 30%. This requires then a very
precise determination of the f¢ value. Fig. 2 shows
that the analysis presented in ref. 4!, assuming only
the presence of the 16.6-MeV state, requires a width
for this state of 150 keV which is much larger than
observed in any other reaction (see Table 2). If the
correct width of about 90 keV is used only about
half of the intensity in the lower part of the spectrum
is accounted for. However, if there is any transition
to the state at 16.9 MeV, the very steep phase space
dependence of f-decay would suppress most of it
above and even down in the peak region of the
16.6-MeV state. The data of ref. ! have been re-
analyzed assuming equally strong transition matrix
elements to both states and about equal widths. The
same procedure given in ref. 4! was used. As Fig. 2
shows, these assumptions yield good agreement with
the data. Of course, the fit is most likely not unique
but within small limits the width of one state can be
exchanged for the amplitude of the other. The f:
value which was obtained from the total spectrum is
now shared by both transitions giving about half the
superallowed strength to each of them. This result is
interpreted to the effect that the beta-decay does not
rule out, but indeed favors the hypothesis that both
2" states have components with T =1 in their wave
functions. More precise data in the region above the
16.6-MeV state are clearly desirable.

42 J. B. Mariox, private communication.



920

1000

I" =150 KeV
I' =95 Kev
I' =85 KeV
I' =100KeV

——— 16.67 MeV
é ———16.62MeV

16.62MeV
{I6.92 MeV

800

600

400

COUNTS PER 40 KeV

200

0
75 T 79 8.l 8.3 8.5 87

E(ALPHA) MeV
Fig. 2. Alpha spectrum from the f-decay of B® to the states
at 16.6 MeV and 16.9 MeV in Be8, taken from the work of
Marr et al. 41, Various fits to the data are indicated. A fit with

the assumption of equal matrix elements to the 16.6-MeV and
16.9-MeV states appears to yield good agreement (see text).

¢) Electromagnetic transitions

Another check on the isospin character of the 2°
and 1" states in Be® again makes use of the fact that
in a self-conjugate nucleus electromagnetic dipole
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transitions follow an isospin selection rule. In the
present case an approximate rule >* says that M1-
transitions with AT =1 should be enhanced by at
least a factor 50. This rule has been shown to be
obeyed very well in the entire p-shell. In the case of
the 1" states the rule applies to the transitions to the
ground state and the M1-components of the transi-
tions to the 2" states. Some observed radiative tran-
sition strengths are listed in Table 3. On the basis of
this rule the strong ground state transition ! from the
17.6-MeV state is quite consistent with the assignment
T =1, in particular since the large 3°P[31] com-
ponent in the wave function of the 1* state does not
participate in the transition to the 1!S[4] ground
state. The same agreement holds for the M1 part of
the transition to the 2* first excited state!, The
ground state transition from the 18.15-MeV state
is too strong for a pure T =0 assignment and does
not rule out 7=1. It may, however, result from a
small T=1 isospin admixture in the state.
The gamma transitions from the 2° states have
not been observed due to the width of the states and
the fact that the capture reaction He!(a, y) poses
experimental problems. However the gamma tran-
sitions to the 2" states from the 1* states have been
measured by Paur et al.3%%3, and WiLson and
Marion 3¢ in the capture reaction Li’(p, y). The
latter group detected the alpha particles from the
final state break up; the first group measured the
gamma transition in coincidence with the alpha
particles. The excitation function of the transitions
to both final states is shown in Fig. 3. The electro-
magnetic widths for both transitions from the two
1" states are listed in Table 4. The strong transition
17.6—16.6 of 2x1072eV or 1 WersskoPF unit
indicates predominant M1 character and hence a

[ | Ratio ‘ raoey) | Fo

o —<e v L

LS | 176 > 16.6 | 176 > 169 | 175" (g6 1815169

| 1765166 18.15 - 16.6

32->32 | 7.0 (1.85) | 0.074 11.8 0.16
12>3/2 | 2.06(L4) | 025 6.95 0.43
12—>1/2 | 0.06(0.36) | 2.00 0.13 3.1
exp. 21402 | 0074002 50 0.45 + 0.1
W (M1) 2.2 0.342 7.4 0.64

| wE) | 10 i 2% 10-3 —

Table 4. Gamma transitions from the 1* states to the 2* states. The first three rows give the transition strengths for the indicated
single particle transitions, for protons and neutrons (in parenthesis). The ratios are computed for a neutron transition divided
by a proton transition. # (M1) and W (E2) are the Weisskorr widths for M1 and E2 transitions.

43 P, Paur, D. Konvrer, and K. A. Sxover, Bull. Am. Phys. Soc. 11, 26 [1966].
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Fig. 3. Excitation function of the reaction Li?(p, y)Be® leading
to the states at 16.6 MeV and 16.9 MeV. The data by WiLson
et al. 3 are obtained by detecting the alpha particles from
final state breakup. The curve by Pauw et al. 33: 43 results from
observation of the gammas in coincidence with the final state
alpha particles; the cross section is normalized to the
Li’(pa)a cross section of ref. 34, At the 440-keV resonance the
ratio (17.6 —16.9)/(17.6 — 16.6) = 0.07 £ 0.02.

strong T'=0 component in the final state, based on
the assumption that the 17.6-MeV state has rather
pure isospin T'=1. In fact, it was this reaction in
conjunction with the beta decay data that led to the
conjecture of large isospin mixing in the 16.6-MeV
state. The rather pure M1 character of the transition,
already strongly in evidence from its speed 33, has
been verified by Sweexey and Marion 4 by a
measurement of the (pya) correlation yielding
E2/M1 =0.5% substantiating applicability of Mor-
pURGO’s Rule. Since there is only a 7% branch from
the 17.6-MeV resonance to the 16.9-MeV state, the
latter could conceivably have isospin 7T =1. On the
other hand the equally strong transition 18.15—16.6
indicates a large T =1 component in the 16.6-MeV
state. This assumes that the 18.15-MeV level has
rather pure T = 0. Again, the transition 18.15 — 16.9
which is now 45% of the 16.6-MeV transition could
be interpreted as evidence for a T =1 character of
the 16.9-MeV state. The combined evidence from all
observed p-transitions therefore indicates strong
isospin mixing in at least the 16.6-MeV state, while
the 16.9-MeV state could have rather pure T=1
character.

Summarizing the results of all isospin selective
reactions, one is led to the conclusion that neither

44 W. E. Sweeney Jr. and J. B. Marion, Phys. Letters 19, 243
[1965].
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of the two states at 16.6 MeV and 16.9 MeV can
have a pure isospin character. Rather, both must
contain =1 and T =0 in amounts exceeding 30%
(amplitude square).

At this point one might ask whether there could
not exist another, hitherto unobserved, state with
very small width, situated on the side of one of the
other 2" states, which is the true analog state to the
Li® ground state. This would require three states
with J=2" within 400 keV, which would indeed be
an unlikely accident. The shell model does not
provide such a state. Beside this point, however,
there are also the experimental arguments that such
an additional state has not been observed in the
many different particle reactions that have so far
been studied. These include, beside the ones men-
tioned above, reactions that populate both isospin
states equally such as 23 Be® (He?, ) and Li® (He?, p).
Finally, it should be noted that the C!2(y,a)
experiment 3% as well as the studies of the beta and
gamma transitions definitely establish large 7=1
components in both 2 states. Thus, a hypothetical
state must mix extensively and therefore have a
width between 10 and 100 keV. There is no reason,
barring future directly contradictory experimental
evidence, not to assume that the T'=1 strength of
the Li® ground state is contained in the states at

16.6 and 16.9 MeV.

III. Single Particle Configurations and Isospin
Mixing

The following makes use of cluster model to de-
scribe the essential features of some states in Be8.
This is done with full knowledge of the limitations
of such model with the intent to establish easily
useful relationships between experimental data and
theoretical character of the states involved. The
implications are, of course, that such cluster con-
figurations will indeed in a more rigorous shell
model calculation turn out naturally to be the pre-
dominant parentage.

In view of the experimental evidence that both
2" states have large T =0 components which allows
break-up into two alpha particles, one wonders why
both states are in fact so narrow. The width of
90 keV corresponds to a reduced a-width of 1.5% of
the WiGNER limit. On the basis of the strong gamma
transition to the 16.6-MeV state it was first proposed
by PauL et al. 3 that this state have a configuration
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(Li" +p) which could explain the small overlap with
two alphas. At the same time it accounts for the large
overlap with the 17.6-MeV state indicated by the
M1 transition. The latter state is known from both
the proton width obtained in the (Li+p) reactions
and the reduced Li’(d, n) stripping width to have
©,%=0.130, which corresponds to 1/4 of an average
single particle width 43 in the p-shell 46, The stripping
reduced width extracted from the cross section 4° of
the reaction Li7(d, n)Be® is a direct measure of the
amount of (Li’+p) configuration present. The
measured ratio is ©@,2(16.63)/0,2(17.64) =2.50
(for equal stripping radii and PWBA) which in-
dicates indeed about a single particle value for the
16.6-MeV state.

There is another way to put directly a proton into
the final state, i.e. direct radiative capture of a
proton by Li’. In this transition from the continuum
state, in lowest order, an s-wave proton radiates its
energy off directly and is captured into the final
state. If the proton loses all its energy essentially in
the extranuclear Couroms field and is captured into
a bound final state, the cross section can be calcu-
lated easily in the approximations of Crristy and
Duck 4. The present case is, because of its low
proton and gamma energy (neglecting the influence
of the small alpha width) ideally suited for a calcu-
lation of this process 43 in the above approximation.
One obtains a good fit for the nonresonant back-
ground in the reaction Li7(p,y)Be®(16.6) at
E, =800 keV for a reduced proton width ©,2(16.6)
=0.3 —0.5. This is in excellent agreement with the
stripping reduced width. The single particle character,
more specifically the configuration (Li’+p) (where
the proton may of course be pys or pgs) is therefore
well founded for the 16.6-MeV state. The predomi-
nance of this configuration does indeed make sense
since these states, to be able to contain a T=1 com-
ponent, have to break up an alpha particle and are
energetically close to the single particle Q value but

still several MeV below more complicated channels
such as (He’ + He?), etc.

Marrox realized first 48 that this picture could be
extended to explain the large isospin mixing in the
2" states by assuming a configuration (Be”+n) for
the state at 16.9 MeV. He showed that with these

45 We always refer to the average single particle reduced
width in the p-shell which amounts to about 0.5—0.6 of the
Wicner limit.

46 A. M. Laxg, Rev. Mod. Phys. 32, 519 [1960].
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two configurations most particle reaction data for
the 2" states can be explained. Remaining within the
single particle picture, it is physically obvious that
a state with definite isospin has to contain the con-
figurations y.=Li"+p and yws=Be’+n in equal
amounts. Any isospin mixing shifts the balance
toward a or . In a more formal way, we start with
the two configurations %«(Li’ +p) and ys(Be? +n)
to form states of definite isospin

1

2o= 73 (18— 10)
1

2= 15 A8+ a)

having eigenvalues T =0 and T =1, respectively. If
we next form new eigenstates maximally mixed in
isospin

Xe= V2 ZO+ZI)_Z/3
1
Y= V2 (o —21) =7a

we obtain just the separation into the two single
particle configurations. Of course, these consider-
ations are not limited to single particle configurations
but apply similarly to other clusters. If this descrip-
tion is correct and the 16.6-MeV state is maximally
mixed in isospin with a single particle configuration
(Li’ +p), then the 16.9-MeV state should have a
single particle neutron width belonging to the con-
figuration (Be”+n). This is supported by the
Li?(d,n) reaction ®*> which shows a good stripping
pattern for the 16.6-MeV state but a very small and
isotropic cross section for the 16.9-MeV state. A
direct experimental proof is offered by a study of the
analog reaction Be”(d, p) Be® which should populate
the 16.9-MeV state predominantly. However, the
difficulties involved with a Be” target have so far not
made this check feasible.

There is no other direct way of adding a neutron
on to Be’. But there are several indirect ways by
which the neutron reduced widths of the 16.6-MeV
and 16.9-MeV states can be checked. They all involve
pickup of a neutron out of a Be? nucleus. It can be
seen very easily that from the predominant cluster
configuration of the Be® ground state, i. e. a +a+n,
one cannot reach the T'=1 eigenstates in Be® by

47 R. F. Curisty and I. Duck, Nucl. Phys. 24, 89 [1961].
48 J.B. Mariox, Phys. Letters 14, 315 [1965].
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pickup of the outer neutron. However, if the two
alphas are symbolically replaced by the possible
cluster configurations (Be’+n+n) =+ (Li?+p-+n)
one can by pickup of either an inner neutron or
proton form Be? +n and Li? +n. This is precisely the
experiment of GARVEY et al. 38 in which Be®(d, t) Be®
and Be® (d, He?) Li® are compared. The (d,t) reaction
picks up a neutron and the predominant population
of the 16.9-MeV state over the 16.6-MeV state is, in
this picture, explained by the large (Be” +n) com-
ponent in the upper state. This supports very nicely
MarioN’s model.

Marion and Lupemann 37 studied the reaction
Be? (p, d) at 40 MeV which involves the same pickup
process. The same holds for the reaction Be® (He?, a)
in which case, however, an a-particle knock out pro-
cess is possible 48 in addition to the neuron pickup.
It can easily be seen that by knocking out one of the
initial alphas the remaining alpha and the projectile
He® can combine with the outer neutron again to
Be” +n. As can be seen in Table 2 both reactions
favor heavily the 16.9-MeV level over the one at
16.6 MeV, in the first case by about 25:1, in the
second 3¢ by 10:1. Summing up the evidence, all
particle reactions support Mariox’s model for the 2*
states. We reserve the discussion of the electro-
magnetic transitions in this context for the next sec-
tion.

We have, so far, always assumed maximal split-
ting. The total width of these states is due to alpha
decay only, which in turn depends in both states on
the T=0 component. It is assumed that both states
have isospin mixed but otherwise similar wave-
functions. It is then easy to verify that the ratio of
the widths is directly equal to the ratio of the squares
of the T'=0 isospin amplitudes in both states. As can
be seen from Table 2 there is at present, within the
accuracy of the measured widths, no reason to depart
from maximal mixing. The mixing also reflects the
relative ratios of reduced neutron and proton widths
in these states. However, in view of the uncertainties
encountered in obtaining reliable reduced widths
even from deuteron stripping reactions it seems that
for a comparison of different states one might over-
stress the cluster picture by attempting more than
the semiquantitative arguments given above.

One can also test the single particle picture for
the 1" states. Since all evidence points to rather good
(within 10%) isospin purity in these states they
should have about equal neutron and proton reduced
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widths, each with half a single particle strength. The
stripping reduced width ratio ©,2(17.6)/6,%(16.6)
= 0.4 obtained %° from Li’ (d, n) is in nice agreement
with this model. Since both 17 states are neutron
stable, the neutron reduced width can, again, only
be checked by a pickup reaction. The reaction
Be? (He3, a) Be® populates the 17.6 MeV-state about
half as strongly as the 16.9 MeV state as predicted
by the model (see Table 2). Thus, the extreme single
particle picture seems to hold for the 1" doublet as
well as for the 2" states. A surprising fact is, how-
ever, that the proton width of the 18.15-MeV state
is almost twice the width of the 17.6-MeV state. We
attribute this to a larger radius for the 18.15-MeV
state due to the fact that the proton is less tightly
bound because the state lies higher above the (Li7 + p)
threshold.

Finally, the question is whether such a single
particle model is also appropriate for the low states
in Li®. Since reduced widths listed in Table 1 are of
single particle size, this is indeed so. Indirectly, this
is also proven by the observed ratios 38 of the reac-
tion cross sections of Be® (d, He3) Li® and Be? (d,t) Be®.
The experimental value of 2 for the ratio of the
980-keV state in Li® and the 17.6-MeV state in Be®
indicates similar wave functions for both states. This
result is, of course, contained in the statement that
these two states are true isospin analog states.

IV. Models for Be®

The last section has shown that for the states at
16.6 MeV and 16.9 MeV Marion’s hypothesis of
maximally isospin-mixed single particle states is a
very successful one. We will, therefore, in the follow-
ing assume such configurations (Li?+p) for the
16.6-MeV and (Be” +n) for the 16.9-MeV state,
where the single particle may be py2 or pge. There
are then, at least two ways to extend the model to
higher levels. One way assumes total breakdown of
isospin in Be8. On this basis, Marion 4° had, at an
early stage, proposed core excited configurations
(Li"”* +p) and (Be™ +n) for the 17.6-MeV and
18.15-MeV state, respectively. Such a model splits
the 4 =38 triad into two T'=1/2 doublets. On one
side in Be® the states with configurations (Li? +p),
(Li"™ +p), (Li’** +p) etc. and their analog states in
Li® with (Li?+n), (Li’ 4+n)... on the other side in
Be8 the states with (Be? +n), (Be’™ +n)... and the

49 J. B. Marioy, Bull. Am. Phys. Soc. 10,9 [1965].
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analog states in B® with (Be”+p), (Be”™ +p) etc.
Such a model has certain attractive features: The
states in Li? provide the correct spin sequence and
level spacing! (within about 1 MeV) up to the 3°
states. The lifetime of the first excited state 4¢ in Li’,
scaled up by the correct phase space factor gives
within a factor of 2 the correct strength for the
transition 17.6 — 16.6 (5.2x 1072 eV vs. experi-
mental 2.2 x1072eV) while the weak transition
17.6 — 16.9 in this model is explained by the very
bad overlap of the initial and final state wave func-
tions.

However, as outlined in the previous sections,
there is evidence against large isospin mixing in the
1" states. But the model can be tested even more
specifically through the gamma transitions from the
18.15-MeV state to the 2" doublet. This topic is dealt
with in detail in a forthcoming publication 5 and
we give here only the main arguments. If the extreme
core excitation model (i. e. the outer particle treated
as spectator only) is correct, the 18.15 — 16.9 and
18.15 — 16.6 decays should be mirror transitions to
the 17.6—>16.6 and 17.6 —> 16.9 decays. The
experimental gamma widths listed in Table 4 do not
support this since they give the 18.15 — 16.6 as the
stronger transition from the upper state. (It should,
however, be noted that there exists at this time still
some degree of disagreement 3* about the decay from
the 18.15-MeV level). The large proton reduced
width of the 18.15-MeV state is, of course, the
strongest argument against such a pure neutron con-
figuration. To conserve isospin for the 1" states one
is compelled to introduce the charge conjugated con-
figuration into each state, i. e. (Li’* + p) £ (Be?* +n).
Even with these wave functions it does not suffice to
assign to the single particle a spectator role only,
because then the relative transition strengths of
17.6 - 16.6 and 17.6 — 16.9 should be roughly
equal to the inverse ratio of the Li"™ and Be™ life-
times 1, i.e. 1.85. The experimental value is 15.
Conceivably, coherent decay of the core and the
valence particle could explain the observed transition
strengths.

The good stripping pattern observed in Li?(d, n)
for the 1" states and the large stripping widths
extracted from the cross sections constitute some
evidence against a predominantly core excited con-

50 P. Paut, D. Konter, and K. A. Sxover, to be published.
51 P. Pauw, J. B. Tuomas, and S. S. Hax~a, to appear in Phys.
Rev.
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figuration. These would require a two-step process.
In the case of the 18.15-MeV state the p and p’
channels are open and the ratio of the particle widths
I',/I", can be measured as a direct check on the amount
of (Li™ +p) configurations present. Experimentally
I'y/I"y =27 and this, assuming p-wave only, leads to
6,%2/0,?==5. Obviously then it does not suffice to
consider core excited clusters only but one needs
also strong Li? ground state clusters in the 1* states.
Therefore, the experimental data cannot be explained
by a simple cluster picture built on one primary
configuration.

An alternate explanation for the large isospin
mixing in the 2" states was first proposed by KonLer
and PauL 33, and put on a more theoretical basis by
Barxker %2, In this model, the basis for the large
isospin mixing is the accidental initial energy
degeneracy of two states with J* = 2", Before Couroms
forces are turned on these states have similar initial
wave functions y, and x; with isospin 7=0 and
T=1. The Couroms interaction V', removes the
degeneracy and mixes the two wave functions
maximally as described in the previous section, with
an energy difference given in second order pertur-
bation theory by AE=2<y,|V.|y;>. This effect
is, in fact, the linear Stark effect for isospin.

One is, of course, with this model not bound to
such extreme single particle wave functions but can
remain entirely within the shell model. Indeed, the
shell model does provide such accidental degeneracy
for these 2" states. Be® is close to the LS-limit, in
which scheme the 2" and 1 states arise from the
supermultiplets 33P[31] for T'=1, and 13P[31] for
T =0. It turns out that 3 these two configurations
are degenerate within 100 keV for Kuraru’s force
(0.8 space exchange, 0.2 spin exchange) independent
of L/K. As the spin-orbit force is turned on the
energy eigenstates change. But Kurata has shown 5
that while the 1" states move apart, the 2" states
remain close together more or less independent of
the spin orbit coupling parameter a/K. It should be
noted, however, that these energies depend, of
course, on the specific force parameters. Hence
Conex and Kurata !0 in a recent consistent treat-
ment of the p-shell do not obtain degenerate 2*
states. However, their overall fit to the Be® level
scheme is not good. The shell model should now be

52 F. C. Barker, Bull. Am. Phys. Soc. 10, 439 [1965].
53 E. Feenserc and M. Puiiuies, Phys. Rev. 51, 597 [1937].
34 D. Kuratn, Phys. Rev. 101, 216 [1956].



ISOSPIN IN Be®*

able to predict not only the strong 17.6 — 16.6
transition but also the weak branch 17.6 — 16.9.
We will show how on the basis of the single particle
model this can come about in a natural way. Assum-
ing the configuration (Li’+p) + (Be” +n) for the
17.6-MeV state (which has T'=1), but the split con-
figurations (Li’ +p) at 16.6 MeV and (Be” +n) at
16.9 MeV, the transition is due to the valence
particle which is in one case a proton, in the other
case a neutron. Each half of the 17.6-MeV state over-
laps only with one final state. Using single particle
magnetic moments for the M1 operator, one obtains
for the various possible single particle transitions the
strengths and ratios listed in Table 4. If isospin is
conserved for the 1" states only half of the transition
strength listed in Table 4 applies to the transition.
Obviously a pge—> pye transition yields about the
correct value for the absolute transition strength to
the 16.6-MeV state as well as for the ratio of
17.6 — 16.9 to 17.6 — 16.6. However, the near iso-
tropy of the gamma transition to the ground state
requires in this simple picture the capture of a pye
particle.

This explains the partial agreement with the Li"*
lifetime, which involves a pys— pge transition.
However, such a transition gives only half of the
correct strength for the 17.6 — 16.6 decay and too
large a ratio (17.6 — 16.9)/(17.6 — 16.6). One
has to increase the proton component in the 17.6-MeV
configuration by mixing about 25% of T =0 into
this state to obtain the correct ratio, or include some
P3/2 —> p3i2 component into the transition. Capture of
a pye proton would lead to channel spin ratio
R=(s=2)/(s=1) =5. For a pss particle R=0.2.
The experimental value is 3 3.2 indicating py» and
pre mixture. A rigorous shell model calculation
requires less than 10% isospin mixing to explain the
observed ratio. The proton excess in the 17.6-MeV
state is reflected by a neutron excess in the 18.15-MeV
state which enhances the transition to the 16.9-MeV
state. Indeed at 18.15 MeV the 16.9-MeV transition
has greatly increased relative to the 16.6-MeV tran-
sition. In this context the fact that the reduced
proton width of the 18.15-MeV state is about twofold
larger than at 17.6 MeV is somewhat worrysome.
However, as explained earlier, it seems plausible that
this can be explained by a change in the radial wave
function in the sense of a THomas—Enrman effect 4.

55 V. Mever, H. WurLer, H. H. Staus, and R. ZurmunLg, Nucl.
Phys. 27, 284 [1961].
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Barker 32 has done a complete intermediate cou-
pling calculation for Be® on the basis of maximal
isospin splitting for the 2" states and obtained good
agreement with all gamma transitions and the channel
spin ratio at 17.6 MeV. The gamma transitions from
18.15— 16.6, 16.9 are not included. However, his
calculation yields only half the observed energy sepa-
ration for the 17 and 2" doublets. This calculation
was done with a specific radius interpolating the Li®
and B8 radius. In all probability a somewhat different
radial wave function at large radii would lead to the
full splitting. This has been proven with a single
particle calculation by Darrox and Rosson 36 for the
2" states. It is of course, well known 6 that oscillator
wave functions do not describe the radial dependence
correctly at the nuclear surface. This is particularly
important for the particle unbound states in Be®.

An experimental discrimination between cluster or
shell model description requires an accurate check on
the wave functions. In the case of the 17.6-MeV state
this was attempted by comparing the radiative widths
of the 980-keV state in Li® with the theoretical value
obtained with the wave functions that give the
correct strengths for the transitions 17.6 — 16.6
and 17.6 — 16.9 in Be8. However, the upper limit
for the mean life 12 of 7< 3.5 x 10714 sec in Li8 is
compatible with both the shell model and even a
simple core transition. Another parameter very
sensitive to the wave function of the state is the

channel spin ratio. In the case of the 17.6-MeV state
R (%:—f) has been found to be 55 3.2+ 5. This value
can directly be compared to the analogous ratio in
the 980-keV state in Li%. Experimentally it is obtained
from the (dpy) correlation! in the reaction
Li7(d p y)Li®. It turns out that the correlation is not
very sensitive to this ratio, but within the large
error, the observed ratios in Li® and Be® are the

same.

To summarize the results concerning the 2 and 1*
doublets, both the experiments and theoretical calcu-
lations lead to the following conclusion: While
MarioN’s model of single particle configurations
contains most of the essential features, the shell
model (which of course contains the configurations
(Li’ +p) and (Li™ +p) as major parentages) is
capable of explaining the maximal isospin mixing
for the 2" states and the isospin purity of the 1*

56 B. J. Dartox and D. Rossox, preprint 1966.
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states. It yields good agreement with all available
data. A cluster model would require several con-
figurations. In view of the general success of the
intermediate coupling shell model in p-shell nuclei
it is gratifying that this model does not have to be
sacrified in the case of Be8.

An estimate of how realistic the single particle
description for the Be® states is can be obtained from
the (Li"+p) and (Li"* +p) fractional parentage
coefficients in the intermediate coupling model. Such
a calculation 10 yields for the sum of the squares of
all possible spin combinations: FPC=~0.33 for
J7=2", =0.3 for J*"=1%, =~0.09 for J*=3". Thus
for the 2" and 1" states the single particle picture is
quite good.

V. Analog States above 18 MeV

Discrimination between accidental or general
breakdown of isospin in Be® should not be based on
the 2, 17 doublets alone but requires an investigation
of as many analog states as possible. However, one
is limited by the fact that on one side not many more
states are known in Li®, and on the other side the
properties of states in Be® in the pertinent energy
region have not yet been studied in sufficient detail.
Table 5 lists some states in Be® which come into

consideration as analog states to the states in Li® at
2.26, 3.21 and 5.0 MeV.

energy ‘ Vn® Vn2*
MeV Jr | I'(keV) * o2
18.9 2- > 505 5
1905 = =3 270 1/13
19.22 3+ 190 5.2
20.36 1= 1160 5.2 >1
21.5 3+ 1000 1
22.2 ? 1000 <1
23.6 (1-,2°) 5000

Table 5. Properties of some highly excited states in Be®. Most
of these states show excess of one single particle charge state
over the other.

The 3" state in Li® at 2.26 MeV has been thor-
oughly studied. In Be® the pair of states at 19.05
and 19.22 MeV have been considered as another
analog doublet, with / = 3". The reason for assuming
such a doublet lies with the fact that the well known
3" state at 19.22 MeV has a large excess of neutron
reduced width. A reduced width ratio y,%/y,2~5
has been obtained from the cross sections of
Li?(p, n)?7 and Li’(p, p)%%. The values were calcu-
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lated from the partial widths using the standard
R-matrix theory penetration factor P =p,/4; for
p-waves. A calculation using a realistic nuclear
potential probably changes the penetration factors
somewhat and might bring the neutron and proton
reduced width into better agreement. The CouLoms
barrier for protons bombarding Li’ amounts to
about 1.2 MeV, so that protons from this state have
an excess of 1 MeV over the barrier energy. One
would, therefore, not assume Couroms effects to be
great importance. If one explains this ratio with the
single particle picture and isospin mixture, an isospin
admixture of 30% (amplitude square) is required.
To achieve this degree of admixture the mixing state
cannot lie far away, in particular since states with
J =3 are not expected to have a large width. The
19.22-MeV state has in fact only I'=190 keV. The
19.05-MeV state I'~270 keV fulfills these require-
ments and has a large proton excess?6 with
7p2/yn2 =~ 13. It may very well be the case that
unbound states only have to be close enough to each
other to have overlapping widths to allow Couroms
mixing. Such calculation using unbound states have
not yet been performed but it is plausible that the
CouromB mixing for states with similar wave func-
tions is proportional to the energy overlap of both
states. In this region the states are, so to say,
degenerate, and the weak Couroms force can induce
transitions between the two. The reactions 38
Be? (He?, a) and Be®(d, t) populate the 2.26 MeV-
state in Li8%, and some state(s) in Be® around
19 MeV. The J =3 state at 21.5 MeV is too far away,
and appears to have?® y,2~y,%. BarkEer 2 has,
therefore, assumed in his calculations the 19.05-MeV
and 19.22-MeV states to be a doublet in the same
sense as the 1" and 2 states, with a degree of mix-
ing, and seems to be able to incorporate it naturally
into the intermediate coupling model. It should be
noted that the 3" states, in LS-coupling, do not arise
from the nearly degenerate 33P[31] and 13P[31]
supermultiplets, but from 3*D[31] and 1*D[31] which
differ by about 1 MeV for a Kuraru force. Appar-
ently the spin-orbit force is able to move the states
close enough together to achieve some isospin mix-
ing. It is interesting to note that in Kurarr’s recent
calculation the 3" states lie actually closer together
than the 2" states. The existence of these two levels
with the complementary reduced width ratios inspires
some confidence that the neutron or proton excess
does indeed indicate isospin mixing in this energy
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range. The picture is, however, rather speculative as
long as the radiative decay properties of these states
are not better known.

A discussion of analog states to the next higher
states in Li® stands on even less firm grounds since
the spins of these states are not even known uniquely.
There is, however, some evidence (with the same
qualifications as mentioned above) that there exist
more states with some isospin impurity above
18 MeV. One well known case is the 27 state
at 18.9 MeV. This state also shows a ratio?® of
7u2/yp2 =~ 5. It is a curious fact that there happens
to be a tentative state with 27 in Li8, the analog of
which would, however, be expected around 22 MeV
in Be8. There is a possible 27 state proposed at
23.6 MeV observed 3 in Li?(p, y;). The average
energy between this and the 18.9-MeV state is
21.3 MeV which is rather close to the energy of
22 MeV where the analog state could be expected. It
remains an open question whether two broad states,
separated by 4.7 MeV, could be mixed significantly
by CouromB forces. However, such pairing would
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Fig. 4. Excitation function of the ratio o(p,n’)/o(p,p’) in

the bombardment of Li? with protons from 3 MeV to 7 MeV

bombarding energy. The ratio is obtained directly by com-

paring the 480-keV and 432-keV gamma rays from Li’* and

Be”* in the same spectrum %, Strong fluctuations of the ratio
indicate a change of the y5%/yp? ratio.

57 I.V.Mircuerr and R.B.Tavror, Nucl. Phys. 44, 664 [1963].
This state is considered as a giant dipole state based on the
2.9-MeV state. It has been shown in O® by GreiNer 58 that
large isospin mixing can occur in giant dipole states. A
similar case has recently been considered % in C!2.

58 W. Greiner, Nucl. Phys. 49, 522 [1963].
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nicely explain the large neutron excess in the

18.9-MeV level.

A very direct way of measuring the ratio of
neutron to proton reduced widths of states in this
region is offered by a simultaneous study of Li? (p, n")
and Li? (p, p’) through the gamma decay of the final
mirror states Li”* and Be™. Since these gamma
transitions are isotropic one obtains directly the
ratio of total cross sections. Fig. 4 shows the exci-
tation % function of the ratio 6(p,n")/o(p, p’) from
3 to 7 MeV. In the smooth region of this curve the
ratio is expected to be smaller than 1 because the
reaction allows more direct ways to the proton
channel than to the neutron channel. Rapidly energy
dependent deviations from the average that coincide
with resonances in the individual cross sections are
indicative of either neutron or proton excess in this
resonance, with due allowance for differences in the
respective (Q-values and penetration factors. The
curve shows a neutron excess in a resonance near
3.3 MeV proton energy and a proton excess at about
5.5 MeV. The lower anomaly is most likely identical
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Fig. 5. Cross section ratio o(d, n")/o(d, p’) of the reactions

Li®(d, n") Be™ and Li®(d, p’)Li"*. The ratio is obtained by

simultaneously measuring the isotropic gamma rays from both

final states. Multiplication with 0.82 corrects for differences

in detector efficiency. The average value is in very good agree-

ment with stripping theory predictions ®1. The individual
cross sections do not show resonance structure.

59 R. E. SkcEL, S. S. Haxxa, and R. G. ALras, Phys. Rev. 139,
B 818 [1965].

60 S S, Hanna, P. Paur, S. M. Austiy, and W. E. MEyerHOF,
Bull. Am. Phys. Soc. 11, 10 [1966].

61 S, M. Austin, P. PauL, A. Curung, S. S. Haxxa, and W. E.
Meyeruor, Bull. Am. Phys. Soc. 11, 10 [1966].
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with the 17 state observed in the same reaction at
3.5 MeV with a width of 1.3 MeV by Buccivo et al. 29.
They obtain for the reduced widths 7,%/y,2~5 which
would again be explained by an isospin mixture of
30%. The anomaly at 5.5 MeV coincides with a
resonance seen by GLEYvop et al. % in inelastic proton
scattering. This resonance does not appear in elastic
proton scattering. The spin is as yet unknown but
one is tempted to match the 20.35- and 22.0-MeV
resonances as the analog pair to the 1* state at
3.21 MeV in Li®. But clearly much more experimental
work will be needed in both Li® and Be®, and a more
realistic theoretical evaluation of penetration factors
is required before these speculative pairs can be
taken seriously.

In the region above 20 MeV isospin mixing is
expected to be small according to the argument put
forward by Wirkinson %, i. e. that reactions in which
a great many channels are open for decay proceed so
fast that there is no time for the Couroms force to
mix different isospin states. The channel (Li¢+d)
offers access to the region of excitation beyond
22 MeV. The total cross sections of the reactions
Li7(d,n")Be? and Li®(d, p’)Li’7 can again be meas-
ured 6! simultaneously. If the reactions proceed by
the stripping mechanism, the ratio is a check on the
charge symmetry of the final states. If resonances are
observed, the ratio measures again the relative size
of neutron to proton reduced widths of the associated
compound states. The experimental cross section
ratio as a function of energy, covering Be® from
22.5 MeV to 28.4 MeV is shown in Fig. 5. It has,
above 1 MeV bombarding energy, a rather smooth
dependence. After accounting for differences in
detection efficiency one obtains an average value of
1.15 which is in marked agreement with the expec-
tations for a stripping reaction leading to charge
symmetric final states ®1. Since the individual cross
sections do not show definite resonances, nothing can
be said about the isospin character of states at these
excitation energies. The small wiggles appearing in
the curve might represent small energy dependent
isospin mixing ratios in the background.

VI. Conclusion

All experimental evidence establishes isospin mix-
ing in the two 2" states at 16.6 MeV and 16.9 MeV

that must be almost maximal. Neither of the two is

62 R. GLeyvon, N. P. Hevpessure, and I. M. Naqis, Nucl.
Phys. 63, 650 [1965].
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therefore strictly the analog state of the Li® ground
state. However, the first excited state in Li® has a
rather pure analog state in Be® at 17.6 MeV. The 1*
pair of states at 17.6 MeV and 18.15 MeV mixes by
at most 10%. The analog state of the 3* state at
2.26 in Li® is very likely concentrated in the state at
19.05 MeV in Be®. There is some evidence that this
state might mix to about 30% with the state at
19.22 MeV. The broad states at 3.21 MeV and
5 MeV in Li® might have analog states in Be® which
contain as much as 30% of isospin 7' =0. In the first
case the analog pair could be the states at 20.3 MeV
and 22 MeV with J=1". The second required pair
could correspond to the states at 18.9 MeV and
23.6 MeV with J*=2". Such a pairing off could
explain all cases in which a large excess of proton or
neutron reduced width has been found in Be8.

It is a peculiar characteristic that at least the lower
states, and to a lesser degree, all states involved have
a strong single particle character. The fact of large
isospin admixture in the 16.6-MeV and 16.9-MeV
states is, of course, not tied to this particular con-
figuration. But it is a nice point in favor of a cluster
model description of BeS. Such model favors the
cluster configuration of channels with thresholds
close to the level energy. In the region of the final
T =1 states these are the single particle channels.
The next more complicated clusters which can form
T=1, are (He®+He?) and (Li%+t) which corre-
spond to open channels only above 21 MeV. It is
therefore, below 20 MeV, quite reasonable to expect
the T=1 states to have large reduced neutron and
proton widths. The experimental evidence, however,
does not support the assumption of any simple
cluster configurations except possibly for the 2" pair.
Instead there seems to be good reason to assume that
the intermediate coupling shell model is the correct
way to describe Be® in the region of excitation above
16 MeV. The exceptionally large isospin mixing is
contained in this model as an unlikely accident. In
this sense, Be® seems to be a normal, if somewhat
ill-behaved, member of the nuclear p-shell.

This paper grew out of an extensive research pro-
gram in collaboration with Dr. D. Koncer. It is a
pleasure to acknowledge extensive discussions with Dr.
D. Kourer as well as Professor S. S. Hanwa. The
theoretical help and advice of Professor T. A. Grirry

and Dr. F. Riess have been very valuable throughout
this work.

63 D. H. Wikinson, Phil. Mag. 2, 83 [1957].



