2+ STATES OF 8Be
By F. C. BargEer*

[Manuscript received November 14, 1968]

Summary

Analysis by many-level R-matrix theory of the d-wave a—« scattering phase
shift suggests the existence of broad 2+ excited states of 8Be, but their properties
depend sensitively on the assumed channel radius az. A simultaneous fit to the
Be(p, d)®Be deuteron spectrum near the 2-9 MeV peak requires as ~ 7-1 fm, while
a simultaneous fit to the a-particle spectra following 8Li and 8B B-decays requires
a3 ~ 6-7fm. For the best overall fit with az = 6-75 fm, the first 2+ excited state
is at 2-84 MeV excitation energy with a width at half maximum of 1-30 MeV.
It is shown that data from other reactions which appeared to give much larger
widths for this level can be fitted using the same R-matrix parameters. A second 2+
excited state is obtained at about 9 MeV with a width of about 10 MeV. Properties
of the narrow 2+ states at 16-6 and 16-9 MeV are also discussed.

I. INTRODUOCTION

In a previous paper on the 0+ states of 8Be (Barker, Hay, and Treacy 1968;
hereinafter referred to as BHT), the s-wave a—a scattering phase shift and data from
the %Be(p,d)SBe reaction were analysed using the three-level approximation of
E-matrix theory. A consistent fit required an a—« channel radius ag of order 7 fm,
implying a second 0+ level of 8Be at about 6 MeV excitation. Such a level had not
been identified previously, but its existence is consistent with the systematics of
neighbouring nuclei.

In this paper the same methods of analysis are used for a study of the 2+ states
of 8Be for excitation energies below about 17 MeV. Many of the arguments and formulae
that would be the same as those in BHT are not repeated here. The formulae in
Section III of BHT, obtained from the many-level one-channel approximation of
R-matrix theory, are used firstly to fit the d-wave a—« scattering phase shift 8, neglect-
ing contributions of known narrow levels. These fits are given in Section II for a
wide range of values of the channel radius a3 and of the level parameters. In order to
restrict the acceptable range of parameters, the formulae are then used to obtain
simultaneous fits to experimental data from various reactions proceeding through
2+ states of 8Be.

Reactions of two types are suitable for this purpose. The first includes reactions,
such as 9Be(p, d)8Be(«x)4He, where reasonable assumptions may be made about the feed-
ing of the higher 2+ levels; the second includes reactions, such as 8Li(8-)8Be(x)*He,
where the order in which the particles are emitted is reasonably certain. In Section
III, parameters are obtained which fit both 82 and the experimental data from
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9Be(p,d) for 8Be excitation energies B, up to about 4 MeV. In order to fit the 8Li
B-decay data, which are available for E; < 14 MeV, it is necessary to include contribu-
tions from the known narrow 2+ levels of 8Be at 16-6 and 16-9 MeV, so data from
reactions involving these levels are investigated in Section IV. Simultaneous fits to
82 and to the 8Li B-decay data are then given in Section V.

Other reactions are discussed in Section VI, particularly insofar as they led to
different widths of the 2-9 MeV level, and the results of the paper are summarized
in Section VII. The one-channel approximation, used throughout this paper, was
justified in Appendix I of BHT, but some further discussion is necessary here owing
to the inclusion of the narrow 16-6 and 16-9 MeV levels; this is given in Appendix I.
Appendix IT gives the relations between level parameters that are required in order
that fits to data involving the 166 and 16-9 MeV levels should be independent of the
boundary condition parameter By and of as. Appendix III contains formulae used
in the analysis of the B-decay of 8Li and 8B.

I1. R-MATRIX PARAMETERS FROM o—a SCATTERING DATA

The experimental values 8§*P and errors e used for the d-wave a-a scattering
phase shift are those of Heydenberg and Temmer (1956) for channel energies
E = 1-0-1-5 MeV (with the errors increased to 1°), Tombrello and Senhouse (1963)
for E = 1-92-5-94 MeV, and Nilson et al. (1958) for £ = 6-15-11-45 MeV. For
E = 11-55-17-1 MeV, we use values extracted from the data of Bredin et al. (1959)
by Berztiss (1965), with the errors increased slightly to 4° (but 8° for £ = 12-75 MeV).

TABLE 1

PARAMETER VALUES FOR BEST FITS TO ng:p IN THE THREE-LEVEL APPROXIMATION FOR VARIOUS
CHANNEL RADII

By =0

az Emax N B, y{ E, ‘)’g Es y§ X

(fm)  (MeV) (MeV) (MeV)  (MeV) (MeV)  (MeV)  (MeV) 2
5-5 17-1 30 2-629 0-603 13-45 1-202 185-0 14-9 0-52
6-0 17-1 30 2-667 0-471 10-76 0-943 185-0 17-4 0-49
6-5 17-1 30 2-650 0-390 887 0-809 45-2 3-83 0-48
6-75 17-1 30 2-627 0-364 8-13 0-747 36-0 2:-95 0-47
7:0 17-1 30 2-599 0-339 7-43 0-686 276 1-98 0-44
7-5 17-1 30 2-526 0-306 6-34 0-560 20-2 1-20 0-39
8-0 15-15 28 2-438 0-286 5-56 0-455 16-3 0-83 0-53
9-0 11-55 24 2-244 0-272 4-51 0-289 12-4 0-61 0-47

Previous fits to 53 in the R-matrix one-level approximation (Barker and Treacy
1962; Tombrello and Senhouse 1963) were over a limited energy range near the well-
known 2:9 MeV level and required a channel radius az ~ 3-5fm. We now use a
three-level one-channel approximation to try to fit 8§*P for £ < 17 MeV; for the
larger channel radii the energy range over which the fits are made is restricted by
requiring 8§*P+¢s < 440°, where —gs is the hard sphere phase shift. Contributions
to 83 from the known narrow 2+ levels of 8Be at B, ~ 16-6 and 16-9 MeV are neglected
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here. Such contributions could well be appreciable in the measured value of 8§*P
at B =17-1 MeV (E; ~ 17-0MeV), but are difficult to calculate owing to the
experimental uncertainty in F of 4-0-15MeV and spread of +0-2 MeV (Bredin
et al. 1959). Exclusion of the 17-1 MeV measurement from the fits does not appreciably
change the parameter values.

TABLE 2

PARAMETER VALUES FOR FITS TO ngp IN THE THREE-LEVEL APPROXIMATION FOR ag = 7-0 fm
AND VARIOUS FIXED VALUES OF K

Epax = 17-1MeV, By = 0

El yf E2 'yg E3 yg X
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) 2
2-525 0-360 7-36 0-672 26-3 1-75 0-98
2-55 0-352 7-37 0-675 26-3 1-76 0-68
2-575 0-346 7-40 0-681 27-2 1-91 0-50
2-6 0-339 7-43 0-686 27-5 1-99 0-44
2-625 0-334 7-48 0-693 29-1 2-25 0-51
2-65 0-327 7-50 0-698 29-4 2-31 0-68
2-675 0-322 7-54 0-705 31-0 2-58 0-97

The parameter values that give best fits to 85*P for various channel radii are
given in Table 1. These values are obtained by taking Bz = 0 and varying the para-
meters K, and 'yi (A = 1,2,3) to minimize X, defined in equation (3) of BHT. For
convenience the suffix [ on £ ,; and yi, is omitted. Identical fits can be obtained for
any other value of By by using the relations in Appendix IT of BHT. Variations of
the parameter values about those given in Table 1 can still lead to acceptable fits to
85*P, defined as fits with X < 1, which is about twice the minimum value of Xj;
thus for ag = 7-0 fm, Table 2 gives parameter values for fits with X5 < 1 obtained
by taking a set of fixed values of E; and varying only the remaining level parameters.

1201

Fig. 1.—The o—« scattering
d-wave phase shift 33 as a
function of the 8Be channel
energy K. The points are
experimental values and the
curve is the R-matrix three-
level fit for the channel radius
az = 6-75 fm and other
parameters as in Section VII,

0 5 ll0 15
E (MeV)

In Tables 1 and 2, no allowance has been made for uncertainty in the «-particle
energy in the scattering experiments. This is most significant in the region £ ~ 3 MeV
where 8; is changing most rapidly with energy; here Tombrello and Senhouse (1963)
have an uncertainty in £ of 418 keV. When allowance is made for this, the para-
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meter values giving best fits are not changed greatly, but for fits like those given
in Table 2, X increases less rapidly as E; is changed from its optimum value.
Figure 1 shows the calculated fit to 85*P for as = 675 fm and the other para-
meter values given in Section VII; these provide the best overall fit to the data
discussed in this paper.
From Table 1, it is seen that acceptable fits to 85*P can be obtained for a wide
range of channel radii, including at least 5-5 to 9-0 fm.

III. RESTRICTION OF R-MATRIX PARAMETERS FROM 9Be(p, d)®Be REAcTION

Restrictions on the acceptable values of the channel radius and the level para-
meters may be obtained by requiring them to give simultaneous fits to the a«—o
scattering data and to other data obtained from some reaction that proceeds
through an intermediate stage involving 2+ states of 8Be. One such reaction is
9Be(p, d)8Be(x)4He, which is suitable to the extent that it proceeds as a direct transi-
tion and therefore populates preferentially the lowest 2+ state rather than the higher
broad 2+ states. As was the case for the 0+ states discussed in BHT, these higher
2+ states probably contain little of the lowest shell-model configuration.

Of the data available on the 9Be(p, d)8Be reaction, the most accurate and useful
for the present purpose are those of Hay (personal communication) obtained at a
proton energy of 8 MeV and at the peak of the angular distribution at 20°. The
deuteron spectrum was obtained for 8Be excitation energies Ky <{ 4-4 MeV (B < 4-5
MeV), as the competing mode 9Be(p, «)6Li(d)*He proceeding through the 2-18 MeV
state of 6Li contributes strongly for B > 4-4 MeV (see Fig. 3). Transitions through
other 6Li states and also through the 0t states of 8Be provide non-interfering
backgrounds.

After a neutron penetration factor Py, is extracted, as in BHT, in order to provide
a spectral density, the background contribution from 0+ states of 8Be is assumed to
have the form (10) of BHT, with all the parameters except the normalization taken
from the best fit obtained there, while the background contribution due to transitions
through 6Li states is assumed for simplicity to be a linear function of energy, vanishing
at £ = 0. The contribution from 2+ levels of 8Be is obtained from equation (9) of
BHT, by neglecting the 16-6 and 16-9 MeV levels altogether, by extracting the
neutron penetration factor (using Gz = gimPn), and by assuming that the levels
A =2 and 3 are weakly fed. Then contributions from different z-values can be
lumped together, giving

7 =2 g, g2 = gugnl, =23, 1)
T

so that the 2+ contribution is similar to BHT, equation (10). Also, as in BHT, the
restrictions

|g2/91] < 0-3, |9s/g1] <0-3, @)

are imposed on the feeding amplitudes of the 2+ levels. This in principle makes the
range of acceptable fits dependent on the choice of B, but in practice the dependence
is slight for a reasonable range of Bz values.
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The initial fitting is done with By = 0 and g3 = 0, and the relations of Appendix
II of BHT may then be used to obtain parameter values that give the same fit for
other values of By. For a given ag and for a set of level parameters that gives an
acceptable fit to 8§*P, such as those given in Table 2 for as = 7-0 fm, the value of
g2/g1 for the 2+ levels and the normalizations of the two background contributions
and of the 2+ contribution are varied to minimize Y, defined by

,
Yo=No' Z [{p™"(E) —p(Bo}/n(Ed) |, 3)

where p(Ej), p®*P(Ey), and n(Ey) are respectively the calculated and measured spectral
densities and the error at the channel energy F;. The data are fitted over the energy
range £ = 0-7—4-2 MeV (Np = 135).

TABLE 3

PARAMETER VALUES FOR FITS TO Be(p,d)8Be DATA IN THE THREE-LEVEL APPROXIMATION FOR
a2 = 7-0fm AND VARIOUS SETS OF PARAMETER VALUES GIVING ACCEPTABLE FITS TO 3xp

R x Y, By =0 By= —0-5
2
(MeV) g2/g91 gslg1 92/91 9s/g91
2-525 0-98 4-06 —0-18 - 0-0 —0-13 0-01
2-55 0-68 3-25 —0-09 0-0 —0-04 0-01
2575 0-50 3-29 0-01 0-0 0-06 0-02
2.6 0-44 \ 4-11 0-12 0-0 0-17 0-02
2-625 0-51 6-05 0-23 0-0 0-28 0-02
TABLE 4

PARAMETER VALUES FOR BEST FITS TO 9Be(p,d)8Be DATA IN THE THREE-LEVEL APPROXIMATION
FOR VARIOUS CHANNEL RADII AND FOR PARAMETER VALUES GIVING ACCEPTABLE FITS TO 8¢XP

asz El X Y Bz =0 Bz = —0'5
(fm) (MeV) 2 2 92/91 gslg1 92/91 9s/g1
6-0 2-605 0-74 3-19 0-70 0-0 0-77 0-02
65 2-597 0-72 3-12 0-26 0-0 0-31 0-02
6-75 2-579 0-70 3-18 0-10 0-0 0-15 0-02
7.0 2-561 0-58 3-16 —0-05 0-0 0-00 0-01
7-5 2-516 0-40 3-20 —0-24 0-0 —0-19 0-01
8-0 2-448 0-54 3-40 —0-41 0-0 —0-35 0-01

The smallest Y3 obtained in this way is about 3-1 and fits with Y5 < 5 are,
rather arbitrarily, taken as acceptable, provided that X» < 1 and that (2) is satisfied.
An example of such fits is given in Table 3 for as = 7-0 fm, the level parameters
being specified by the values of £; and the corresponding Xs. Table 3 also includes
values of g2/g1 and g3/g1 for both of the cases Bs = 0 and —0-5; these are approximately
the values of Sp(E2) and Sp(E1) and so form a reasonable range of By values (see
Appendix IIT of BHT). It is seen that variation of Bp within this range produces
only small changes in both gs/g; and gs/g1.
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Fig. 2.—Acceptable regions for
R-matrix three-level fits to 8§*P and
to the 9Be(p, d)8Be data for various
channel radii ag and for By = 0. The
values of a2 (in fm) are indicated
within the sets of contours, which
are for Zy = 1+5 (solid curves) and
Zg = 2-0 (dotted curves). The
acceptable regions are within the
contours Zs = 1+5 and between

24 25 38 the dashed lines ga/g1 = +0-3.

EI (MCV)

Fig. 3.—Spectral density p for the
reaction °Be(p, d)8Be as a function
of 8Be channel energy E. The points
are experimental values and the solid
curve is the fit over the region

E = 0-7-4-2 MeV. The dashed curve
shows the contribution from 2+
states of 8Be, with ag = 6-75 fm and
other parameters as in Section VII,
and the dotted curves show the two
background contributions due to 0+
states of 8Be and to competing
reaction modes.

w

p (arbitrary units)
N

E (MeV)

TABLE 5

PARAMETER VALUES FOR BEST FITS TO 8‘;"1’ AND THE °Be(p,d)8Be DATA IN THE THREE-LEVEL
APPROXIMATION FOR VARIOUS CHANNEL RADII

B = 0, g3/g1 = 0

as By y2 Es y2 E3 y2

(fm) (MeV) (MeV)  (MeV) (MeV)  (MeV) (Mev) 92191 X» e Zs
6-0  2-632 0-489 10-75 0-958 123-0 11-37  0-85  0-58 3:5  1-28
6-5  2-617 0-402 8-84 0-815 41-4 3-36  0-36 0-57 3.4 1-24
6-75 2-600 0-371  8-08 0-748  33-2 265  0-18  0-54 3.4  1-22
7.0 2580 0-345 7-41 0-682 27-2  1-93 0-03 048 3-4 1-15
7.5  2.518 0-308 6-34 0-557 20-1 1-19 —0-23 0-40 32 1-03
8.0 2444 0-286 556 0-458 16-3  0-84 —0-43 0-53 3.4 1-22

Table 4 gives the smallest values of Y obtained for various channel radii
together with the corresponding values of K and X,. The values of g2/g: and g3/g1
for both Bz = 0 and —0-5 satisfy (2) only for channel radii between about 6-5 and
7-8 fm, but this applies to the smallest Yz values and a wider range of channel
radii could yield fits with acceptable values of Y2 and of g2/g1 and ¢g3/g1. In order to
obtain a best simultaneous fit to 85*P and the 9Be(p,d)®Be data, we introduce the
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quantity Zs = X5+0-2Y; and take the smallest Z; as giving the best fit provided
(2) is satisfied. The conditions X2 < 1 and Y, < 5 for acceptable fits are replaced
by Zs < 1-5, which is the mean of the smallest possible and the largest acceptable
values of Z,.

The complete sets of parameter values for best fits, in this sense, are given in
Table 5 for various channel radii, including some for which |gz/g; | does not satisfy
(2). Complementary to Table 5 is Figure 2, where contours of constant Zz are shown
as functions of gz/g1 and of E for various channel radii. Acceptable fits correspond
to regions within the contours Z; = 1-5 and the lines ga/g1 = +0-3.

From Table 5 and Figure 2, it is seen that the best overall fit to the «—« scattering
and the 9Be(p, d)®Be data is obtained for ag near 7-1 fm, and that acceptable fits can
be obtained for a; values between about 6-3 and 8-0 fm. The fit to the 9Be(p, d)8Be
data is shown in Figure 3 for as = 6-75 fm and the parameters of Section VII, the
same as are used in Figure 1.

_ IV. PROPERTIES OF THE 166 AND 16-9 MeV LEVELS orF 8Be

Restrictions on the R-matrix parameter values may also be obtained by fitting
the a-particle spectrum following 8Li B-decay, but significant contributions to this
spectrum come from the narrow 2+ levels of 8Be at 16-6 and 16-9 MeV, and it is
necessary to consider first the properties of these levels. These may be obtained from
other reactions, in particular 19B(d, «)8Be, 7Li(d, n)8Be, 9Be(p, d)8Be, Be(3He, «)8Be,
and 8B(B+)8Be.

In the reaction 19B(d, «)8Be, the 16-6 and 16-9 MeV levels have been observed
as two prominent distinct peaks, and analysis has been based on the assumption
that contributions come only from these two levels (perhaps interfering with each
other) together with a non-interfering background (Browne, Callender, and Erskine
1966). It is possible, however, that the broad 2+ levels can contribute an appreciable
interfering background in this energy region, so that the experimental data should be
analysed on this basis in order to obtain parameters for the two levels.

We use equation (9) of BHT, with [ = 2, and with A = 1, 2, and 3 referring to
the three broad 2+ levels included in the phase-shift analysis of Section IT and A = a
and b referring to the 16-6 and 16-9 MeV levels respectively. Justification for the use
of this formula is given in Appendix I of BHT, and some additional comments are
given in Appendix I of this paper. In application to the 16-17 MeV region, constant
values may be used for Sp and P,, and for the contributions of the broad levels to the
sums over A. Also we put @, = gszz, where the energy dependence of @, is con-
tained in the factor P, which does not necessarily depend on z; generally P, may
be taken as constant, but in 8B(8+)8Be its energy dependence is significant. For the
particular choice By = 83 ~ 0 (see Table 6), the cross section may then be written

b

: 2
Z {@ra Ty (Bx—E)} +J,

o, € 2 Py s 4

b 2
14 ! I (ATJE B} +K |
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where
FA=272AP2’ )\:a,b,

3
Js = 2P2) T {gazya/(BEx—En)}, L (5)
A=l

3
E=P 3 AN Er—Ew)}

-/

with Eu a mean value of E, say Em = 16-8 MeV. For other choices of B, the same
energy dependence of o, may be obtained by using a generalization of (4) with
parameter values obtained from the relations of Appendix II.

Equation (4) is a generalization of equation (13) of Barker (1967), the essential
modification being the inclusion of the real constants J, and K which give the
contributions of the background due to the broad 2+ levels. We omit the J, terms,*
as the feeding factors for the levels 2 and 3 are assumed to be relatively small and
the level 1 is far away. On the other hand K may not be omitted, as it is Py Ro(Ewm)
where Rs is the R-function of Section IT with the narrow 2+ levels omitted, so that
equation (1) of BHT with By = Sz gives

K = tan(8-+2), (6)

where 83 = 85*P(Ey) ~ 74° (see Fig. 1) and ¢2 = do(Hm). Since ¢g is a sensitive function
of the channel radius as, K becomes very large for certain values of ag (see Table 6).

The dependence on E of the right-hand side of equation (4), with J; = 0, can
be made independent of the value of K by appropriate choice of the parameters £,
Iy, and g, (A = a,b). The necessary relations are given in Appendix II. Fits to the
10B(d, «)8Be data of Browne, Callender, and ‘Erskine (1966) have been obtained
previously with K = 0 (Barker 1967). The corresponding parameter values, with the
superscript 0 denoting K = 0, are

E0—E —303keV, I =108keV,  I'=T9keV. (7)

These values in the formula (4), with the appropriate feeding factors, give the same
energy dependence as the weighted mean parameters of Browne, Callender, and
Erskine give with their form of the differential cross section. Identical fits can be
obtained for any value of K, but the required values of the level parameters depend
on K as shown in Table 6. In particular, from the relations of Appendix 1I,

Tot+To = 1+K2)(TG+TY), (8)
while approximately, for | K| < 3,

TalTy ~ (PYT)exp{(IS+ T K (B3—E} ~ 1-37exp(0-6 K). (9)

* These terms may be needed to explain some energy- and angle-dependent effects observed
recently by Callender (personal communication) in the 10B(d, «)8Be reaction.
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Now the 16-6 and 16-9 MeV states appear to be well described as mixtures
of basic T' = 0 and T = 1 states, which we label by 0 and 1’ respectively
¥, = aPh+B¥r, ¥y = BP—a¥r, (10)
with «24-82 = 1 (Barker 1966). Thus we can write
Tg+Ty=1T) (11)

TABLE 6

VALUES OF VARIOUS QUANTITIES, MOSTLY CONNECTED WITH THE 16-6 AND 16-9 MeV STATES OF
8Be, FOR VARIOUS CHANNEL RADII

Bz = Sz = Sz(EM), E’M = 16:-8 MeV

az b2 Ey-E, T, Ty ¥?

(fm) (deg) X (keV) (keV) (keV) |l 13 Sz Pr Mevy T
5-0 191 11-2 1134 23200 420 0-991 0-133 —0-106 5-6 0-85 2-46
55 223 —1-93 328 262 620 0-545 0-838 —0-088 6-3 0-603 0-115
6-0 257 —0-56 300 123 123 0-707 0-707 —0-073 7-0 0-471 0037
6-5 290 0-07 304 111 77 0-767 0-642 —0-062 7-6 0-390 0-031
6-75 307 0-38 309 136 78 0-796 0605 —0-058 8:0 0-364 0037
7-0 324 0-78 323 207 94 0-828 0-560 —0-055 8-3 0-339 0-053
7-5 358 3-10 451 1728 250 0-934 0-356 —0-050 9-0 0-306 0-357
8-0 392 —3-38 402 386 1931 0-408 0-913 —0-045 9:6 0-286 0-421
for the width of the basic T' = 0 state, and

Ty|Ty = o2/B2, (12)

so that different values of K lead to different values of Iy and of « and 8. Also from
(10), (11), and (12) we may write the feeding amplitudes for the states @ and b in
terms of those for the states 0 and 1':

Jaxz = I’a"‘(l’,jgm +Fb}gl’x) s Jbx = F(')}(Fb*.%x—ré g1z) . (13)

From the 19B(d, «)8Be reaction, the approximate equalities of the widths of
the observed peaks and of their intensities have been used as arguments that
|«/B| ~ 1 (Barker 1966). This result, however, is based on the assumption that
K = 0,* and the same fit obtained with other values of K leads to different values
of «/B (see Table 6). No selection of a best value of K is possible from arguments based
on isobaric spin conservation, as equations (All) in Appendix IT show that changing
K does not change the values of the combinations of feeding amplitudes

pX ggz s p 9%’::; s and Z Joz 91’z
z z z

* It was also assumed that there is no interference between the 16-6 and 16-9 MeV levels.
Inclusion of interference does not change the result. This is contrary to the conclusion of Marion
et al. (1967); however, their discussion on the effect of interference on the intensity ratio of these
levels in the 19B(d, «)8Be reaction is incorrect, as they assumed that A/B = «/f in their formula
(21), whereas their formula (9) implies 4/B = «2/p2 (cf. Browne, Callender, and Erskine 1966).
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which occur in (4) when (13) is used. Relative values of these combinations are 1,
0-092, and 0-017 respectively.

Similarly, arguments based on the relative yields of the 16-6 and 16-9 MeV
levels observed in 7Li(d, n)8Be, °Be(p, d)8Be, and 9Be(3He, «)8Be, assumed to proceed
as direct stripping or pickup transitions, have been used to suggest that |«/8| ~ 1
(Barker 1966 ; Marion and Wilson 1966; Paul 1966). Again previous analyses assumed
K =0, and used theoretical estimates of go; and g;-, obtained from shell-model
calculations of spectroscopic factors with x labelling channel spin (Barker 1966).
These estimates provide consistent fits to all the data (Dietrich and Cranberg 1960 ;
Dorenbusch and Browne 1963; Marion, Ludemann, and Roos 1966). Exactly the
same fits can be obtained, however, for any value of K, with the same values of
goz and g1-; and with other parameters satisfying the relations (A10), so that again
no choice of a best value of K is possible. The same applies to other reactions populat-
ing the 16-6 and 16-9 MeV levels, including $Li(3He,p)8Be (Erskine and Browne
1961), "Li(3He, d)8Be (Marion et al. 1967), and "Li(p, y)8Be (Marion and Wilson 1966;
Paul, Kohler, and Snover 1968). Thus it is not possible to obtain unique values of
I'q and I'y by analysis of these experimental data alone.

The contribution of the 16-6 and 16-9 MeV levels to the phase shift 8 is also
independent of the channel radius as, when the level parameters are constrained to
fit the 10B(d, «)8Be data. This follows from the relations of Appendix II, which show
that in the energy region near 17 MeV the 16-6 and 16-9 MeV levels give an additive
contribution to 83 of

arctan[H{TY/(BY—E) +I'Y(B)—E)}].

Some restrictions on the values of K and of a2 may be sought by using additional
results of shell-model calculations. Thus from (6), (8), and (11)

Ty = (14+-K%)I§ = secX(x-+42)I§, (14)

where I') = 187 keV from (7). Also we can write Iy = 2y2P;. Thus for each value
of a3, y§ can be calculated and compared with the value of % given in Table 1 (and
in Table 6). With the reasonable approximations that the denominators

1+ 3 Yac SUE,)

occurring in (A10) of BHT are the same for each of the states 0 and 1, and that the
single-particle («-particle) reduced widths are the same for these two states, then
the ratio of the spectroscopic factors of these levels for the a«+o channel can be
written

5”0/91 = 'y%/‘y% = 8602(32—|—¢2) I’g/Zy%Pz , (15)

and values of this ratio are given in the last column of Table 6 for various channel
radii. These values may be compared with those obtained from shell-model calcula-
tions by assuming that for a level of the lowest configuration the spectroscopic factor
is proportional to the intensity of the basic state ¥(1s¢1p%[4]'1Dy) in the wave-
function. Thus from Barker (1966), %o/F1 = (—0-064/0-987)2 = 0-004, while
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the potential (POT) fit of Cohen and Kurath (1965) gives &o/&1 = 0:024. Both
of these values lie below the minimum of 0-030 obtained from (15) for any as in the
range covered in Table 6. The values in Table 6 are for By = Sp. For general Bs, the
value I'o(Bz) of Iy is given in terms of the quantity Jo = I'o(S2) occurring in equation
(14) by (see equations (A8) and (A9) of Appendix II)

Fo(Bz) = Po(Sz){l—(Bz—Sz)K/Pg}_z . (16)

From the values of Sz and P; given in Table 6, it is seen that the values of &/
in Table 6 are not altered significantly for reasonable values of Bz (0 = Bz = —0-5).
Balashov and Rotter (1965) had previously noted the disagreement between the
shell-model value of %p/1 and that obtained (with K = 0) from the observed
widths, and attributed it to the mixing of shell-model levels with levels of a collective
nature. In our description this corresponds to an admixture of say @, in the eigen-
state ¥y, where @, is the pure state of higher configuration that forms the main
part of the eigenstate ¥s, and Wy consists mainly of the pure state @g of the lowest
configuration. As @ has a large a-particle reduced width compared with @, the
calculated value of % is very sensitive to the intensity of @5 in ¥p; thus 109, intensity
gives o/ 1 ~ 0-2. Very little restriction can therefore be placed on the value of
K, especially as large values of | K | correspond to Kz (or E3) near 17 MeV, in which
case larger admixtures of @; (or @3) in ¥ are probable (this is consistent with the trend
of log(ft)2 values in Table 7).

If the isobaric spin mixing in the levels a and b is attributed to the Coulomb
interaction (Barker 1966), then it would seem that the Coulomb matrix elements
required to produce this mixing would depend on K, since « and 8 depend on K.
Actually the relations of Appendix II are such that

Hgl' = aﬁ(EG_Eb) and Hyp = B2Ea+“2Eb
are independent of the choice of K, while
Hoo = o?Eo+p2Ey = Hyy— KT

(the dependence on By is similar). The accuracy of shell-model calculations is not
such as to restrict severely the value of K or az on this account.

The region of 8Be excitation energies near 16 MeV has also been investigated
by Matt ef al. (1964), who measured the spectrum of high energy «-particles following
8B B-decay, covering the region E = 15-17 MeV. We fit their data by using formula
(4) with J; = 0, P; = fs+ (the integrated Fermi function, which is f(—4,17-563
MeV —E) in the notation of Bahcall 1966), and « = F or G corresponding to Fermi
and Gamow-Teller transitions. The feeding amplitudes g,, can be written in terms
of g1'F, gog, and g1-¢ (since gor = 0), and these can be related in an approximate
way to the more usual B-decay matrix elements |[1|%, |[ ¢|2, and |[ ¢|%. This
cannot be done rigorously as the levels are interfering; a fuller discussion is given
in Appendix IIL

The values of these matrix elements required for a given fit to the data are
independent of the value of K (and of the value of Bz). We choose Ep—E,, I'y, and



304 F. C. BARKER

I'y to fit the 10B(d, «)8Be data as mentioned above, so that for K = 0 they have the
values (7), and also take E? = 16-620-+0-095 MeV = 16:-715 MeV, which corre-
sponds to the excitation energy 16-627 MeV obtained by Marion et al. (1967) from
"Li(3He,d)®Be. Then we put |[1|3 =2, take |[ ¢|% = 0, which is reasonable
from shell-model calculations (Barker 1966), and vary | [ ¢ |2 to minimize a quantity
Y5, defined in a similar manner to (3). The experimental data are those of Matt
et al. (1964). In the theoretical fit, allowance is made for the experimental energy
resolution and source thickness. The effect of the latter is uncertain as the geometry
of the target is not known; we assume a uniform «-particle energy loss between
0 and A4, and choose A to minimize Y. This gives 4 = 140 keV and a mean energy
loss of 70 keV, which may be compared with the values quoted by Matt et al. of a
source thickness of 160 keV and a mean energy loss of about 50 keV. Then the
best fit, which is shown in Figure 4, gives

|fo]2=2-60, Yor = 0-87. a7
The dependence of Y. on | [ 6|2 is quadratic, so that
Yau = 0-87+51(|f |2—2-60)2. (18)

A shell-model estimate gave |[ 6|3 = 2-26 (Barker 1966). The log(ft) values for
the 16-6 and 16-9 MeV levels do not depend sensitively on the value of as or of K;
for az = 6-75 fm, one obtains from (17) the values 3-31 and 3-38 respectively.*

Fig. 4.—Spectrum of high
energy a-particles from
8B(B+)8Be(«x)*He as a function
of 8Be channel energy E. The
points are experimental values
and the curve is the best fit
corresponding to the values (17).

N (counts per 80 keV)

150 155 160 1(‘5‘5
E (MeV)

From the discussion of this section, we conclude that experimental data from
reactions proceeding through the 16-6 and 16-9 MeV levels of 8Be are not sufficient
by themselves to pick out a best value of K or of ag, and therefore do not lead to
unique values of the widths I'; and I'y, of these levels. For each value of ag, however,
well-defined values of I'y, and I'p, as well as of B4 and Ep, can be obtained, by fitting,
for example, the 10B(d, «)8Be data of Browne, Callender, and Erskine (1966), and
these are used in the 8Li(8-)8Be fits of the next section. Also the 8B(8+)8Be data

* Matt et al. (1964) obtained log(ft) = 3:03 for the 16-6 MeV level, if its position and
width were taken from Erskine and Browne (1961), but we find that their formula in this case
gives log( ft) = 3-33.
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may be fitted for any channel radius to give values of the Gamow-Teller matrix
element | [ ¢ |2, and these are also used for the 8Li B-decay.

V. RESTRICTION OF R-MATRIX PARAMETERS FROM 8Li(8-)8Be

The B-decays of 8Li and 8B are suitable means for studying the 2+ states of
8Be for several reasons: allowed decays populate only the 2+ states, there is no com-
peting mode in which the «-particle is emitted before the B-particle, and the energy
dependence of the feeding factors for the B-emission is well known (the integrated
Fermi function). A possible disadvantage is that the f-decay matrix elements to the
broad 2+ levels (A = 1, 2, and 3) are expected to be small compared with those to the
narrow 2+ levels at 16-6 and 16-9 MeV (A = a and b). For the A = 1 level this
follows from shell-model calculations (Cohen and Kurath 1965; Barker 1966) and
for the A = 2 and 3 levels from the fact that f-decay matrix elements vanish between
states of different shell-model configurations.

The most accurate published experimental results appear to be those of Alburger,
Donovan, and Wilkinson (1963), who measured the «-spectrum following 8Li B-decay
for energies corresponding to 8Be excitation energies B, < 7-4 MeV (E < 7-5 MeV).
Pfander (see Lipperheide 1966) obtained agreement with these measurements and
extended the spectrum to £ ~ 14 MeV.

Previous one-level approximations did not adequately fit the observed spectrum
for E > 3-5 MeV (Alburger, Donovan, and Wilkinson 1963, and references quoted
therein), and it was suggested that the contribution from the 16-6 MeV level could
account for the discrepancy (Alburger, Donovan, and Wilkinson 1963; Matt et al.
1964). No such detailed fit has been published, apart from an early one by Griffy
and Biedenharn (1960), who used a form for the yield that is probably incorrect
(see e.g. Alburger, Donovan, and Wilkinson 1963), and an indirect treatment by
Lipperheide (1966) using dispersion relations.

The form of «-spectrum used here is taken from (A12) and (A14) of Appendix
I, with A=1, 2, 3, @, and b, and f; = f;— = f(4,16-608 MeV —E). Values
of most of the parameters are obtained from fits to other data. Thus for various
channel radii as and for By = 0, values of £ aand yi are used which for A = 1,2, and 3
give acceptable fits to 8§*P (Tables 1 and 2) and for X = a and b give the best fit to the
10B(d, «)8Be data (Ta.ble 6). Of the feeding amplitudes g,,, we take g7 = 0 (A = 1,
2, and 3) since these levels are assumed to be pure 7 = 0. We also take gsg = 0
since level 3 is not expected to be populated strongly. For the levels @ and b, we make
the same assumptions as in Section IV, and restrict gog or | [ 6|2 so that good fits
are obtained to the 8B(B+)8Be data according to equation (18). Thus the only free
parameters are g1¢ and gag, or rather 4;¢ and Az defined in (A15). The formula 80
obtained for the «-spectrum is

g1 FYa Yo Ey—E,
yo (Ey—E)Ey—E)
2

YA
E,—FE

Nt
N_(B) = ozln—; fo- Pg(

2
gacg¥r , Jog
t|Bp e s i)

19)

b
= | 1—(Se+iPp) X
A=1

The Fermi transitions do not contribute much in the region of interest (£ < 14 MeV).
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The quality of fit to the experimental data is measured by a quantity Y- defined
in terms of N_(E) in a manner similar to (3). The experimental data are taken from
Figure 8 of Alburger, Donovan, and Wilkinson (1963) for E = 2:-0-7-5 MeV, with
errors assigned on the basis of statistical errors in their thin target yields, and from
Figure 2 of Lipperheide (1966) for B = 7-5-14 MeV, with errors assigned rather
arbitrarily. As these experimental values lie on smooth curves, there is no expec-
tation that Y»_ need be near unity. The data of Alburger, Donovan, and Wilkinson
for E < 2-0 MeV are not used, as this part of their spectrum is very sensitive to their
subtraction procedure. A linear least squares programme is used to obtain 4;¢ and
Asg, and then (A22) and (A21) are used to give values of | [ 6|2 and (ff), for A=1

and 2.

Fig. 5—Minimum values of
(A) Yoo,
(B) Xa,
(C) 0-2 Y32, |g2/g1] < 0-3,
(D) 0-2Y3, |g2/g1]| > 0-3,
B B as functions of E; for various
a,=60fm | 65im 675 fm 7.0 fm channel radii as.

25 2:6 27 25 2:6 27 25 2:6 27 2:5 26 2.7
E; (MeV)

Because the dependence on | [ ¢ |2 of Yz, is much more sensitive than that of
Yo~ (a change of | 6|2 by 139, from its optimum value of 2-60 doubles Yz, but
changes Y5_ by less than 10%,) we give results only for | { 6|3 = 2-60. In Figure 5,
for various channel radii, the minimum values of Y2_ are shown as functions of K4,
the remaining level parameters being chosen to minimize Xp (as in Table 2 for
ag = 7-0fm). Also shown are the corresponding values of Xs and Yo, which charac-
terize the fits to the a— scattering data and the °Be(p, d)8Be data respectively. For
each channel radius, the E; value giving the smallest Y3 is lower than that giving
the smallest Yo, and this is lower than that giving the smallest X, the differences
each being about 50 keV for az = 675 fm. The smallest Y5 drop to a fairly sharp
minimum of about 0-6 at ag ~ 6-6 fm. If values of ¥Yo— < 1-2 areregarded as accept-
able, then it is only for channel radii in the range 6-3-7-0 fm that one can obtain
acceptable simultaneous fits to 8¢*P and to the 8B(8+)Be and 8Li(8~)8Be data. In
order to obtain the best simultaneous fit to these data, we introduce the quantity
Zs_ = X9+ Yo and take the smallest Zo_ as giving the best fit. Such values of
Zy_ are given in Table 7 for various channel radii, together with the corresponding
values of other quantities. The best overall fit is obtained for as = 67 fm.

The corresponding log(ft) values for levels 1 and 2 are 5-79 and 5-23 respec-
tively. For the 2-9 MeV level, this value is somewhat larger than the values 5-62
and 5-64 obtained previously on the assumption that all the 8Li and 8B decays go
to a sharp level at 2-9 MeV (Bahcall 1966), and therefore further from values obtained
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in shell-model calculations, which are 4-77, 5-04, and 5-26 (Cohen and Kurath 1965)
and 5-45 (Barker 1966). The value of log(ft): may be attributed to about 29, inten-
sity admixture of the state @y (of the lowest configuration) into the A = 2 state
¥, which belongs mainly to higher configurations. This may be compared with about
209% admixture in the similar 7-66 MeV state of 12C required to account for its
observed log(ft) value (Cohen and Kurath 1965).

TABLE 7

PARAMETER VALUES FOR BEST FITS TO 85%P AND THE 8Li AND 8B B-DECAY DATA FOR VARIOUS
CHANNEL RADII

|f 6|2 =260, Y3, = 0-87

as E, 1% E, y2 E3 1%
(fm) (MeV) (MeV) (MeV) (MeV) (MeV) (Mov) l0B(f1 log(f)e X» Yoo Za

2:500 0-714 13-54 1-228 177-7 18-4 5-70 4-43 123 2-16 3-40
2-564 0-536 10-73 1-000 73-6 6:66 5-74 4-95 1-33 1-34 2-67
2-561 0-424 8-78 0-824 370 2-82 5-77 5-18 1-13 0-77 1-90

5 2-551 0-390 8-07 0-746 33-6 2:62 5-79 5-23 1-02 0-79 1-81
2-5561 0-352 7-37 0-676 26-3 1-77 ~5-80 5-28 0-67 1-53 2-20
2-55¢ 0-339 7-14 0-651 25-0 1-656 5-80 5-29 0-52 2-92 3-44

LN I B~ R~ R R
O I 0t © Gt

The fit to the 8Li(8-)8Be data is shown in Figure 6 for az = 675 fm and the
parameters of Section VII, the same as used in Figures 1 and 3.

1000
Fig. 6.—Spectrum of a-particles from

- 8Li(B~)8Be(x)4He as a function of 8Be
*'é’ channel energy E. The dotted curve
2100 gives the experimental values and the
g - solid curve is the fit over the region
£ E = 2-0-14-0 MeV for az = 6:75 fm
; and other parameters as in Section

VII. The vertical bars indicate
typical errors assigned to the
experimental data.

10

E (MeV)

VI. Dara FroM OTHER REACTIONS

The 2:9 MeV level of 8Be has been observed in many reactions (Lauritsen and
Ajzenberg-Selove 1966). The position and particularly the width of the level obtained
from fits based on a one-level approximation appear to differ for different reactions,
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as was pointed out, for example, by. Berkowitz (1964). We attribute these variations
to interference between the 2-9 MeV level and the other broad 2+ levels.

In some reactions this interference is expected to be small, because the broad
levels belong mainly to higher configurations and are weakly fed. These include
reactions in which 8Be is produced in a direct transition from a heavier target nucleus
by the extraction of nucleons, e.g. °Be(p,d)®Be, 9Be(d,t)8Be, and 9Be(3He, «)®Be.
In these cases the observed position and width of the 2-9 MeV peak should be close
to the values 2-84 and 1-30 MeV given in Section VII. The 9Be(p,d)®Be data of
Hay (personal communication) are discussed in Section III; other measurements
on this reaction are less useful, being at too low a bombarding energy (Beckner,
Jones, and Phillips 1961), having poorer resolution (Kull 1967), or being over an energy
range not sufficiently wide to allow determination of the background (Laugier ef al.
1966). Data from 9Be(d, t)8Be (Vlasov and Ogloblin 1959) have low resolution and
from 9Be(3He, «)8Be (Dorenbusch and Browne 1963) have a large background, but
in each case the position and width of the 29 MeV peak appear to be consistent
with those obtained from Hay’s data.

In reactions in which 8Be is produced in a direct transition from a lighter
target nucleus by the addition of nucleons, states of higher configurations may be
formed. The addition of one nucleon, as in "Li(d,n)8Be, can populate 1p-1lh con-
figurations (relative to the lowest configuration 1s1p?), while the addition of two
nucleons, as in 6Li(3He, p)8Be, can populate both 1p-1h and 2p-2h configurations.
If it is assumed that the higher broad 2+ states belong to 2p—2h configurations, they
should not be populated by one-nucleon transfer reactions. Fits to preliminary
data obtained by Kean and Spear (personal communication) from magnetic analysis
of the 7Li(3He, d)8Be reaction at a beam energy of 15 MeV and an angle of 10° support
this assumption. The deuteron spectrum is assumed to have three contributions as
described in Section III, the 2+ level parameters being fixed at the values given in
Section VII so that the only free parameters are go/g1 and the normalizations of the
three contributions. The best fit is obtained for gs/g1 = 0-15, corresponding to a
peak energy of 2-82 MeV and a width of 1-27 MeV for the 2+ contribution. The
data of Vlasov et al. (1960) from 7Li(«, t)8Be at 40 MeV and 7° appear to be consistent
with such values.

If 8Be is produced in a reaction that proceeds through an intermediate compound
nucleus, formation of states of higher configurations is not necessarily inhibited,
and appreciable interference effects and hence different positions and widths of the
2-9 MeV peak are possible. We illustrate this by fitting data obtained from two
reactions at energies and angles where direct contributions are probably small, and
for which larger values of the width have been quoted. Johnson and Trail (1964)
measured the neutron spectrum from 7Li(d,n)8Be at 1-98 MeV and 120°. With
the same procedure as for "Li(3He, «)8Be above, except that allowance is made for
the experimental energy resolution and a neutron penetration factor is assumed
the same as that of Johnson and Trail, the best fit to the data, shown in Figure 7, is
obtained for ga/g1 = —0-90, corresponding to a position and width of the 2+ con-
tribution of 2-97 MeV and 1-62 MeV respectively. Thus appreciable feeding of the
second 2+ state can lead to a much larger width of the 2-9 MeV peak. Kavanagh
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(1960) measured the proton spectrum from 7Be(d,p)8Be at 1-475 MeV and 60°.
In this case, the best fit is obtained with negligible feeding of the upper 2+ level.
This fit is shown in Figure 8.

500 Fig. 7.—Neutron spectrum from
7Li(d, n)8Be, as a function of 8Be
400+ excitation energy E,. The
experimental points are from
Johnson and Trail (1964). The
! curve is the best fit over the region
E; = 0-9-9-0 MeV for the 2+ level
i parameters given in Section VII,
with background contributions from
N N ) , 0+ states of 8Be and from competing
10 8 6 4 2 0 reaction modes, and with allowance
for the experimental energy
resolution.
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1 Fig. 8.—Proton spectrum from
“Be(d, p)®Be, as a function of 8Be
H excitation energy E,. The
i experimental points are from

Kavanagh (1960). The curve is the
best fit over the region

! I H, = 0-8-6-6 MeV for the 2+ lovel
parameters given in Section VII,
with background contributions from
0+ states of 8Be and from competing
reaction modes, and with allowance
for the experimental energy
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VII. SumMARY OF RESunts

Restrictions on the values of parameters in R-matrix fits to the d-wave a—«
scattering phase shift have been obtained by requiring simultaneous fits to experi-
mental data from various reactions. In Section III, the best value of the channel
radius ag was found to be 7-1 fm, while values in the range 6-3-8-0 fm were accept-
able. In Section V, the best value was 6-7 fm and the acceptable range 6-3-7-0 fm.

The best overall channel radius* may be taken as

as = 6-75 fm, (20)

* Recently Kermode (preprint 1968) has used one-level approximations to fit both
scattering and reaction data for 0+, 2+, and 4+ levels of 8Be, and has obtained a best channel
radius of 4-6 fm, but it is not clear over what energy range he gets a good fit to the scattering
data, as effective range expansions are used as intermediate stages in the fitting.
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and from Figure 5 the best value of B is then about 2-56 MeV. The values of the
level parameters are then

E; = 2-56 MeV, By = 8-07 MeV, E3 = 34-1 MeV,
: (21)
y2 = 0-387 MeV, y2 = 0-746 MeV, y2 = 2-68MeV,
while the feed factors for 9Be(p, d)8Be are
ga/g1 = 0-03, gs/g1 = 0-0, (22)
and for 8Li(8~)8Be
log(ft)1 = 5-79, log(ft)e = 5-23. (23)
The corresponding qualities of fit are given by
X =10-90, Y, =33, Y, =0-97. (24)

Quantities connected with the 16-6 and 16-9 MeV levels are given in Section IV
and particularly in Table 6. The positions and widths of the first two 2+ levels,
defined as in BHT except that here we use excitation energies, are

E1m=2'84MeV, E2m= 8’5MeV,
(25)
I't =1-30 MeV, Iy =10-5MeV.

The above values are all for By = 0. For By = —0-5, the changes in g¢2/g1, 93/g1,
log(ft)1, log(ft)2, E1im, I'1, Eom, and I’y are 0-05, 0-02, —0-04, —0:02, 0-01 MeV,
0-01 MeV, 0:3 MeV, and —0-1 MeV.

The values (25) for the position and width of the first excited state of 8Be are
both smaller than the mean values given by Lauritsen and Ajzenberg-Selove (1966),
which were based on one-level analyses.

By comparison with the results of BHT for the same channel radius, the
second 2+ level is found to lie about 2 MeV above the second 0+ level and to have
about the same width. Similar 2+ levels are found in other light even nuclei, about
1-2 MeV above the second O+ level, and apparently not belonging to the lowest
shell-model configuration. Thus there are 2+ levels in 10Be at 5-96 and 755 MeV
(Lauritsen and Ajzenberg-Selove 1966), in 14C at 7-01 and 8-32 MeV and in 140
at 6-59 and 7-78 MeV (Ball and Cerny 1967), and in 180 at 6-92 MeV (Lauritsen
and Ajzenberg-Selove 1962). Shell-model calculations with only the lowest con-
figuration predict* only one 2+ level in this energy region for 4 = 10 and 4 = 14
and none for 4 = 16. The ratio of a-particle reduced widths obtained here for the
second 2+ and second 0+ states of 8Be is similar to that found for the 6-92 and 6-06
MeV states of 160 by Loebenstein ef al. (1967) (see also Bethge et al. 1967; Meier-

* Boyarkina (1964) predicts 2+, T' = 1 levels for A = 10 at energies 3-4, 5-9, and 8-6 MeV
above the lowest T' = 1 level, but the calculated expectation value of the energy of the [222]358
state is in error and the third 2+ state should be much higher.
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Ewart, Bethge, and Pfeiffer 1968). A similar 2+ state might be expected in 12C about
2 MeV above the 0+ state at 7-66 MeV (see also Balashov and Rotter 1965).
Morinaga (1966) has given arguments for a 2+ assignment to the level at 10-3 MeV,
previously taken to be 0+ because of its large width of about 3 MeV (Ajzenberg-
Selove and Lauritsen 1968). A 2+ state of the type considered here, with an «-particle
reduced width the same as that of the second 2+ state of 8Be for the same channel
radius (say 6-75 fm) and situated at 10-3 MeV, would have an observed width of
about 2-2 MeV. The ghost of the 7-66 MeV state (Barker and Treacy 1962) could
also contribute in this region.

The analysis of high energy o—a scattering data by Darriulat ef al. (1965) suggests
6+ and 8+ levels of 8Be at about 28 and 57 MeV respectively. The suggestion that
these belong to a rotational band based on the 0+ ground state becomes open to
question because of the existence of 0+ and 2+ excited states at about 6 and 9 MeV.
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AppENDIX I
Discussion of One-channel Approximation for 2+ States of 8Be

In Appendix I of BHT, use of the R-matrix one-channel approximation for
o—a scattering and for reactions involving 8Be was justified provided that only the
o+ channel is open (£ < 17 MeV) and that for all other channels ¢ the shift factors
are linear functions of E. The parameters entering the formulae are then £, and
72, rather than the original eigenenergies £, and reduced widths 'yil.

One case was mentioned in which the &, and 73, are simply related to the £,
and 'yi ;» namely, no channel ¢ has non-vanishing v ,. for more than one level A. This
was relevant for the 0+ levels of 8Be studied in BHT, but in the present case there are
three 2+ levels of 8Be below 17 MeV that appear to belong to the lowest shell-model
configuration, and for some nucleon channels more than one of these have large
reduced widths, e.g. both the 2-9 and 16-6 MeV levels for the 7Li(0)+p channel
(Barker 1966). Thus in this case & is apparently not diagonal but couples the states
A =1, a, and b. For example, )

fla = % Yie '}’ac(Sc”‘Bc) (Al)

for £ < 17 MeV. We take ¢ to include only nucleon channels, and put
Sc'—B(z == ac(E— €) 3 (A2)

where B is chosen to make e independent of ¢. The orthogonality of the states 1
and a requires that

2 Y1eYae =0, (A3)
¢
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so that if «; = constant, then
£1a=0. (A4)

Actually (A4) is approximately true, as the main contributions to the left-hand side
of (A3) are from channels with approximately the same threshold energies and for
these the «c are about equal, so that more or less complete cancellation still occurs
in

2 YieYac%e -
c

Similarly £, and £45 are expected to be small, so that (A10) of BHT is expected to
be approximately true for all the 2+ levels A = 1, 2, 3, a, and b, and £,, ~ £pp so that

Val7v ~ valyo (A5)

(omitting the subseript I = 2). Similarly for reactions the feeding factors satisfy
(_;};x/ égx 2 ng/ Glfx ’ (A6)

so that ratios of feeding factors @), obtained from shell-model calculations via
spectroscopic factors can also be used for the barred quantities G .

As in BHT, the quantities £, 'yi, and @, used in the main body of this paper
correspond to the barred quantities of this appendix rather than to the unbarred
quantities.

We note that the one-channel approximation for a—x scattering below the
"Li+-p threshold would obviously be invalid if an antiresonance of the type described
by Kermode (preprint 1968) exists in the s-wave channel. This follows from the
Wigner (1955) condition on the energy derivative of the phase shift. It can be shown,
however, that also in the two-channel approximation considered by Kermode the
existence of an antiresonance is inconsistent with R-matrix theory if only one of the
channels is open.

ArpENnDIX II

Variations of Level Parameters for 16-6 and 16-9 MeV Levels of 8Be with Changes
of By and of K

The generalization of equation (4) fbr the case Bz = B} # Sz may be written

b ’ 23 2
g xS [Px Deli | g,
s U7 iam—E
' b 17V 2 b ’ 2
2 = B\ —F rA=a B\ —E
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The dependence on E of o, can be made independent of the choice of B} by satisfying
the general relations of Appendix II of BHT. For the special case considered in
Section IV, these simplify to give for the primed quantities (Bz = Bj) in terms of the
unprimed quantities (By = Sz)

Eip = HEat By—w(Ta+To)+ ({Ba— Bo—(Ta— o) +44> To T3)Y,  (A8a)

I = X{Ty(Bo—Ey) +To(Ba—Ei)}|(By—E) (ASb)
Ty = N{To(By— By) +To(By—Ea)} (B3 —Es) (A80)
K' = \K, (A8d)

g = Ao L8 11T L) Bo—Ba)+ @oa T3 + T To) (Ba—Ea)

(A8e)
A(Ey—Ey)
I'y'(Ey—Eq)
> = Az, (A8g)
where
A = {1—(Byj—82)K[Ps}1, = 3(Bj—S82)A/P2. (A9)

Similarly the dependence on E of o, given by equation (4) can be made inde-
pendent of the choice of K. If the parameter values corresponding to K = 0 are
denoted by B9, I'}, g9, and J), then their values for any other value of K are given by

Bap = B+ BY—3K(IS+T9)+ ({Be— By—3K(Te—T)Y+ K2 T3 T}, (AlOa)

Ty = (14K By— Ea) +Iy(Ba— Eo)}(Bp—Ea) » (A10b)

Iy = (L4+E>{I3(Eo—Ep) +I'y(Bo— Ea)}|(By—Fa), (A10c)

dos = (14 Kz)wé’z I3 (By—Eo)+9vs ¥ (Ba—Ea)+ I o(By—Ea)(Ba—Ea),  (A10d)
TYEy—E,)

gou = (1 +K2)+92,r2*(Eb—E2>+g§zr%ﬁ:?ﬁ))—J2(Eb—E2><Eb—E2>’ (A10¢)

Js = 1+ K35, (A10f)

For the feeding amplitudes defined in (13) and for the particular case
J;, = Jz = J% = 0, these relations give

Gow = Yoz = 9> o= Iz =93z- (A11)
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ArpENDIX IIT
Formulae for B-decay Analysis

For application to the 8-decay of 8Li or 8B, the formula (9) of BHT can be
used with ! =2, Gy, = g%, fs where f; is the integrated Fermi function, and
x = F or G corresponding to Fermi and Gamow-Teller transitions. Then

2

2
' %‘a {grryr/(BEr—E)} | + ‘ % {graval(Er—E)}

w(E) = O Py 5 (A12)
1~ (8~ Bor+i Po) Z 3/ (Br—B)}
with the constant C2 chosen so that the transition probability is
o]
w= f w(E) dE = (In2)ft;, (A13)
0

where ¢, is the half-life of the decay. Then the «-particle energy spectrum N(E) is
given by

N(E) = (Nt;/ln 2)w(E), (Al4)

where
[=2]
N = j N(E)dE
0
is the total number of counts. Thus the fit to the observed spectrum leads to values of
Aro = C(N4/m2Yguay,,  o=F,G. (A15)

In order to relate these to the more commonly used matrix elements | { 1|2 and
|/ 6|2, and to obtain (ft), values for the transitions to the various levels, we define
a transition probability to level A as

wy = fo wA(E) AE = (In2)/ty;,

where w,(E) is obtained from (A12) by omitting all contributions from levels other
than A (this is not the same as assuming that only level A is fed). Then

(A16)

@ Py dE
= PGhrtaion | [iPedB .
0 |E3—E—(S3—Bz+iPopya |®

This is not a partial transition probability and ¢,; is not a partial half-life as the
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summation over A of w, does not equal w, due to the interference of the levels. We
also define f, as the mean value of f; for the level A, writing

N o248 -l Ladl = 1l
0 | Ey—E—(Sa—Ba+iPo)yi |” O | By—E—(Se—BetiPo)y; |”
(A17)
so that*
wy = CAgAp+g% a5 Frla- (A18)
We note that for a narrow level (Py — 0),
I, = '77‘)/;2(1—‘}/?\ ng/dE)E;r, (A19)

where
Exr = B\ +7{Be—S2(E xr)}

Now the usual formula for the transition probability to a single isolated narrow
level A is (Wu and Moszkowski 1966)

wy = 33 (me2(F) f(G% | [ 115 +G%|[ 6]3). (A20)
where Gp = 2-98x 1012 and G¢ = 3-51 x10-12. This gives
(f)r=BI(|J 1|2 +R|[e]3), (A21)

with B = 6240 and R = 1-39. By equating (A18) and (A20), and using (Al5),
we get
|J 1|2 = 2n3(f/me2)}{(In 2)[ Nty (A5 p 11/G%) ,
(A22)
| 6|2 = 2m3(/me2){(In2) [Nt }(A56 126 )

and these may be used in (A21) to obtain (ft),.

* Matt et al. (1964) used a formula similar to (A18) but with the integration in I going
from 0 t0 Emax, where fg(Fmax) = 0. This does not appear to be reasonable as the integrand of
I, does not involve f4.






