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the observed elemental ratios of Li, Be, and B relative
to C, N, and 0 in cosmic rays of energies higher than
1.5 GeV/nucleon " strengthens the hypothesis of a
spallation origin of Li, Be, and B in the cosmic radi-
ation and points out to the stability of 'Be in cosmic
rays.

Finally, the relatively low value of the production
cross section of 'sBe in 'sO (and the preliminary value
in "C) will make it more difficult than initially expected
to use this isotope as a "clock" for the determination of
cosmic-ray "ages," at least in connection with the
expected difference in the ratio of Be/8 between

3 F. A. O'Dell, M. M. Shapiro, and B. Stiller, J. Phys. Soc.
Japan 17, suppl. A3, 23 (1962).

"W. R. Webber, J. F. Orms, and T. Von Rosenvinoe, in
Proceedings o the Ninth International Conference on Cosmic Rays,Iondon, 296 (The Institute of Physics and The Physical Society,
London, 1966).

laboratory experiments and cosmic-ray measurements

at similar energies. " ~
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A new table of the intrinsic matrix elements of a two-body scalar Hamiltonian independent of spin is

presented. The space spanned is that subspace of the s-d shell which contains the more deformed intrinsic

states. The table is shown to be especially useful for the study of the relative position of bands belonging

to the same SU(3) representation.

I. INTRODUCTION

HE aim of this work is to present a new table of
the intrinsic matrix elements of a two-body scalar

Hamiltonian in the s-d shell. The table does not contain
more information than that in Tables VII and IX of
Ref. 1, from which it was derived, but the information

is more readily available.
The table will be found useful for the study of the

dependence of the intrinsic matrix elements on the two-

body interaction. It has already been utilized in our

work' ~ on the order of levels in "Ne and lately in the

vrork being done on "Mg.
The usefulness of the table was first suggested by

Levinson in 1961, and the table was then computed by
Kugler and myself. Unfortunately, we performed this

calculation with decimals, and because of the accumu-

lation of round-oB errors, the final results were too

inaccurate to be used in quantitative work. We have

now precisely recomputed the parameters appearing in

~ M. K. Banerjee and C. A. Levinson, Phys. Rev. 130, 1036
(1963).

~ C. AbulafKio, Phys. Letters 11, 156 (1964).
' C. AbulaSo, Phys. Rev. 161, 925 (1967).

the table (as quotients of integers) by making use of the
Elliott 503 Computer.

II. DEFINITIONS AND NOTATIONS

With the exception of Eq. (1), all the quantities and

symbols used in this and the following sections are
dined in Ref. 1. Nevertheless, for the sake of read-

ability, we repeat here some of the definitions.
The Hamiltonian of a E-nucleon system in the space

of the s-d shell can be written as

10

H= QMrHr,
p=l

if the Ã nucleons interact through a two-body scalar
interaction independent of spin. The matrix elements 3Ep

depend only on the two-body interaction and not on the
nuclear configuration. They are dined as follows:

M —=(s',0IHls', 0), M =(de2IHlds, 2)

Ms ="'(s',0
I
H

I
d', 0s)i, , — M- —=(d' 4I H

I
d', 4),

Ms —=&d,olHld, o&, M, —=&d', 1lHld', 1&, (2)

M4 =(sd 2IHIsd 2&—
Me —=(1/14)' '(sd2

I
H

I
d', 2)„Mre = (d', 3

I
H

I tP,3) .
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TAnLE I. Intrinsic matrix elements of the 10 operators H and the connected operators F po H ij o.n changing the segn of the nnme»
cal coeflicient of E, one ohtains the matrix elements ( F 4eeHpl&/&IF-441) and (IF 4»eeHpl)/ IF 441) from the matrix
& IF4»H. I)/& IF4-41& and & IF4eeeeH. I &/& IF4-41&, rebpecti~ely.

C

(IH. I)

He (1/72)Ne+ (1/36)N(+ (1/72) P—(1/36)N —(1/36) P

Hs (5/36)1 (h+ss) (h+44+3) hssJ+(265/576)N
+ (143/288)N5+ (185/576) P—(353/288)N+ (1037/1440) (
+ (17/48)44{14+2)+(37/240) e—&F; e

Hs (17/720)N' —(1/360)N)+ (17/720)&s —(17/360)N
+ (77/1800) $+ (1/20)44 (Is+2) —tso Xs—(1/100) e

He (1/288)¹+{7/144)N]—(23/288) P+ (71/144)N
—(263/720}$ —1444 (so+2) —(1/40} e+bsZF, e

FIs (7/9) L(k+44) (k+44+3) —hssg —(119/144)N' —(73/72) Nt'
—(55/144) P—(161/72) N —(71/72) t
—(7/12)ss (44+2) —(7/12) e

Hs (17/288)1P—(31/1008)Nk+ &71/2016) P—(17/144)N
+ (779/5040) g+ (1/56)44(Is+2)+ (1/14)E' —(1/40) e

(3/20) ¹

—(3/70}N]+ (1/140) P—(11/20)N+ (137/700) P

+ (2/35)4 (44+2)+ (1/35)E'+ (3/5o) 4

II, (9/160)N' —(1/80)N& —(7/160) P+ (3/16)N —(7/80) $
—(1/40)44 (44+2) —(1/40) e

Fjs (13/96)¹+~so N&+ (5/96) P—(29/48) N + (61/240) t.

+xs {p+2)+(1/40)e—PF'4*
Heo (7/120)N' —(1/20)N( —(1/120) P+-'N —-'-5 —e'ose(so+2)

-',N6:—P+ (2' —/9—)5
—(217/384)Ns —(493/576)N) —(4039/5760) P+ (15/32)N
+ (1493/1440) (—sssrpe {Is+2)+ (5/12) E'
+ (37/480) 4' —(3//240) 4

—(7/480)Ns+ {29/720)N g
—(889j'j200)P+ (13/120)N

y (53/1800)]—(2/15)44(so+2)+ (19/60)E'
—(1/200) 4'+ (1/100) e

He (7/192)Ns —(77/288)N)+(601/2880)P —(5/48)N
+ (163/720) g+ (1/24)44 (44+2)+xsXs —(1/80) 4'+ (1/40) 4

He (119/96)¹+{227/144)N(+ (277/288) P—(11/24) N
—(71/72) t+~ (4 +2)—(8/3)E' —(7/24) "+(7/12) 4

Ijs —,',¹+(185/2016)N $+ (587/20160) P+ (1/48) N
—(289/5040) P+ (17/84) 44 (44+2) —(11/21)E'
—(1/80) e + (1/40) 4

Ijr —(3/80)N'+ (69/280}N5 —(9/2800) P—(1/40) N
—(589/1400) 5—(31/280)44 (Is+2)+ (23/280) Es
+ (3/100) es —(3/50) e

FIs —(7/320)¹+4'6 Nk+ (41/320) P—(13/80)N+ est
——,', 44 (so+2) ++Xs—(1/80) e + (1/40) 4

II4
—(7/192) ¹

—(17/96)N )+ (13/960)P+ (5/48) N —(1/240) (
—(1/24) 44(14+2)—boEs+ (1/80) es—(1/40) e

F Iso {7/120)¹+rsxN (—(17/120) P+ (7/120) N —(7/120) j
+{17/120)ss(Is+2)+(1/40)Z'

& IF4»»H p I &

(IF4-.1)

H, (8/3)~

Fjs (32/3)5 —4E+4
Hs (32/15) P—(8/5) Z+8/5
H4 —(16/3)(
H 5 —(64/3) g+ 16X—16

Fjs —(32/21) (+ (16/7)X—16j7

Hs (72/35)5 —(24/3S)X+24/35

Hg 0

IJg 0

H1P 0

& IFseeseeH p I & & IF 4 4eseeH, I)

& I F44-4-41& & IF-4-4441)

16/3

40/3

16/15
—32/3
—32/3

32/2i
96/35

0

0

(IF4-sl&

H 4
—(2/9) N —(2/9) )+4/9

Ije —(143/144)N (16—21/720) P+ (37/120) e+4/9
Hs {7/180)N —(241/900) g+xsZ —(1/50) e—8/45

—(31/72)N+ (349/360) P—(1/20) 4+10/9
He (73/36)N+ (127/36)g —(7/6) 4+16I9
Iis (115/504}N—(247/2520) P—(1/7)E (1/20)—4—4/63
Ijr (27/70)N —(267/700)P —(2/35)Z+ {3/25)e—46/35
IIs bsN+ (3/40) $—(1/20) 4

Hs —(11/24)N —(21/40) g+ (1/20) e—xo

sN+ (9/2o) (+5
( I F»eeH p I )

(8/9) P—(4/9}N —(4/9) 5+ (4/9)4 (44+2) —(4/9) E'
Hs (32/9) P—(16/9)N —(16/9) P+ (22/9)44 (so+2) —(34/9)Z'
Hs (32/45) P—(16/45) N —(16/45) P

+ (28/45)44 {14+2)—(52/45) Es

FI4 —(16/9)p+(8/9)N+(8/9)5 (8/9)—44(I +2)+(8/9)E'
He —(64/9)P+ (32/9)N+ (32/9) P—(56/9)44(14+2)+ (104/9)Es
Hs —(32/63) P+ (16/63)Nj(16/63) P

—(40/63)44 (44+2)+ (88/63) Zs

IIs (24/35}p—(12/35)N —(12/35) (
+ {16/35)44(44+2) —(24/35) E'

a. 0

Hg 0
I11O

The definition of the operators II'„which are inde-
pendent of the residual interaction, results from the
coupling of Eqs. (1) and (2). IIp is the Hamiltonian
defined by

31;(IIp)= b,p.

The importance of Eq. (1) lies in two factors:

(i) The Mp are the quantities which are most im-
mediately computed from the two-body interaction.

(ii) For a definite nuclear configuration, the matrix
elements of the H, can easily be calculated once and for
all.

Table I gives the dependence of the intrinsic matrix
elements of the B, and the connected operators

I15IIp F411IIp F 466IIp—
(4)

+1165IIp ~45111IIp ~—41655IIp F441111IIp ~-4-4565&p



CARLA ABULAFF IO

on the nuclear configuration. [The operators F j» in Eq. IV A32 of Ref. 1, we obtain

H, =95,'C+ Sp'+235, ' I, I,
=F FqF» are defined in Ref. 1 as productions of SU(3)

The nuclear configuration is no& the most general one +.[(5 2+65 9)(Q 2)+5 3(g 1)]Q ) 2

in the s-d shell. Ke restrict ourselves to nuclear states,
in which only the erst three of the six available intrinsic
single-particle states po, g~, p ~, Pm, &0., g ~ are occupied.
The same limitation held, of course, in Ref. 1. If the
number of nucleons in state p; is indicated by e;, our +—', 5,'p [(QXQ);&4& (gXg),.~4&j

restriction can be stated as

e;=0 for i=2, 0', —2.

The nuclear configuration is described by the six
parameters

(Xp), K, e, Q F;g~, E, and $. (6)
+[105 'X($—2)+-'5 'E(E 1)g, —(8)

(Xy) is the SU(3) representation, E=p, y 2, ~ ., 1 or—0
is the band number, t=2X+p=4ep+Ny+e y is a
measure of the intrinsic quadrupole distortion, and P;;
is the Majorana operator for particles i and j. There-
fore, g;&;F;;* depends only on the partition [fj—= [fq,f&, ~,f,$, which describes the symmetry of the
wave function under space permutations. It is well
known' that

E=sp+Ng+s y is the total number of nucleons in the
s-d shell and )=no —N~ —n ~.

III. DERIVATION OF TABLE

Table I is derived immediately (in principle) from
Tables VII and IX, Eqs. (IV A3) and (IV A32) of
Ref. 1, if one remembers the meaning of the Hp.
Equation (IV A3) of Ref. 1, namely,

which is the basis for the construction of Table I.
In the table, the intrinsic diagonal matrix elements
([fg(Xp)Ee[O[[f](Pp)Ee) of any operator 0 is indi-
cated by the symbol (~O~).

IV. CONCLUSION

We have found the table particularly useful in
studying the relative positions of levels belonging to
different bands of the same SU(3) representation. This
is so because only a few of the matrix elements of the
Bp are E-dependent and hence contribute to the
separation between such bands.

The usefulness of the table is of course limited by the
restriction e2=e 2=e0 =0. This restriction means that
we can deal only with the most deformed intrinsic
states for every nucleus. In the cases of 2, 3, and 4
nucleons in the s-d shell, the intrinsic states included in
our basis derive from two SU(3) representations —(40)
and (21), (60) and (41), (80) and (61), respectively. In
the other cases, the intrinsic states included derive from
a single SU(3) representation. There is little hope of
extending in a simple way the validity of Table I to the
ca,se in which e2, n0, and e 2 are different from zero,
because in this case the n; are no longer good quantum
numbers. The intrinsic state is then a mixture of wave
functions having the same e and E, but diGerent e;.

becomesinfactg, =Sp for B=Bp.If wenowsetB=EIp

4 L. Rosenfeld, Sgclear. Forces (North-Holland Publishing Co.,
Amsterdam, 1949), Vol. II, Chap. 10,-p. 21k.
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