
PHYSICAL REVIE% C VOLUME 32, NUMBER 6

g bosons and the third 4+ state in ' Os
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Reduced matrix elements for excitation of the first three 4+ states in ' Os have been measured using

inelastic scattering of l35 MeV polarized protons. These data, as well as the known quadrupole properties
of ' Os, are best described if the third 4+ state is interpreted as a g-boson intruder state.

H=KQ Q+K'L L

T(E2) = qQ (2)

Recent years have seen significant advances in our under-
standing of heavy transitional nuclei (180 & A & 200). The
advent of the interacting-boson model (IBM) has yielded a
relatively clear picture of the nature of the transition: '9 Pt
is a reasonably good example of an O(6) nucleus (i.e., y
unstable) and a generally smooth transition to SU(3)-like
nuclei (i.e. , axially symmetric rotors) occurs as one goes to-
ward midshell. Warner and Casten' have suggested a partic-
ularly attractive parametrization of the Hamiltonian and the
E2 transition operator:

state, not the third 4+ state with only s- and d-boson con-
figurations.

The experiment was performed at the Indiana University
Cyclotron Facility. The proton energy was 135 MeV. Scat-
tered protons were detected on the image surface of the
QDDM spectrograph. Transition matrix elements (ME) for
direct excitation of the first three 4+ states (580, 910, 1070
keV) were deduced from coupled-channels analysis of the
data; the analysis used either measured, if available, or
predicted E2 ME's and dV/dr form factors for both L =2
and'4 transitions. Our deduced E4 ME are

Mo4, /~o4 /Mo4 = 2000/+ 1180/+ 1100 efm, (4)

Here Q is the boson quadrupole operator,

Q = (d s + s d) + Xdd(d d) (3)

where

(5)

and L is the boson angular momentum operator. Since the
same quadrupole operator is used in both H and T(E2),
this parametrization is referred to as the consistent-Q for-
malism (CQF). Two features make the CQF attractive.
First, if xdd =0, H has purely O(6) eigenfunctions, and if
ydd ———J7/2, H has purely SU(3) eigenfunctions; therefore,
the transition is described by a smooth variation of a single
parameter. Second, relative E2 transition matrix elements
depend only on ~dd K and K' determine only features of the
eigenvalue. spectrum. Warner and Casten have demonstrat-
ed that, with a smooth variation in Xdq and a nearly constant
q (boson E2 effective charge), virtually all known E2 prop-
erties of the broad range of even-3 nuclei from Gd to Pt are
well described.

Earlier work by Casten and Cizewski, while less appeal-
ing in its parametrization, showed similar success in describ-
ing E2 properties of Pt and Os nuclei. Considerable em-
phasis was placed on the "emergence" of a "E= 4" band
in Os nuclei as evidence of the success of the calculations.
Indeed, E2 branching ratios from this band to states in the
ground and quasigamma bands are generally well described.
The purpose of this Rapid Communication is to suggest
that, based on (p,p') excitation of the 4+ bandhead of this
band, this state is more likely to be a g-boson intruder

The magnitude of Mp4 is in excellent agreement with re-
1

cent (e, e') results. 3 Signs of these ME are meaningful only
in comparison to other ME. For example, the sign of Mp4

1

is easily measured by observing interference between two-
step E2 (0+ 2~+ 4q+) and one-step E4 (0+ 4~+) exci-
tations such that

Mp4 Mp2 M2 4 & 0 (6)

The E4 boson effective charge h is the only parameter avail-
able to fit E4 properties once the parameter pe has been
fixed by E2 properties. For ' Ospd~ = —0.205, determined
by B (E2, 22+ ~ 2~+)/B(E2, 22+ 0+), and q = 15 efm,
determined by B (E2, 2~+ 0+ ). If one then chooses h
= —520 efm to fit Mp4, , all other E4 ME's are predicted,

The (p, p') experiment could not determine phases for ME
for the second and third 4+ states; there are therefore four
possible solutions for the three ME. Additional details of
the experiment and the coupled-channels analysis will be
published elsewhere.

In the usual IBM the E4 transition operator is

T(E4) = h (d d ) t i
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in particular,

Mo4, /~o4, /Mo4 = —2000/+ 363/+ 18 (8)

+ x,g(g'd + d'g )"'+x„(g'g )"'
Similarly, T(E4) is generalized:

T(E4) =h[(d d) +q, (g s+s g)

+ v),d (g'd + d'g ) '"+ q„(g'g )"'1

(10)

This prediction is clearly in poor agreement with Eq. (4),
particularly for the 43+ state. It is not surprising that M04 is

predicted to be very small. The third 4+ state is the state
which, in the SU(3) limit, becomes the state analogous to
the two-phonon gamma vibration E = 4 bandhead; one
would naturally expect this state to be only weakly connect-
ed to the ground state. Thus, one does not expect to im-
prove the IBM prediction by merely readjusting parameters
or modifying the form of H. Recent analysis of the
'o6Pt(e, e') experiment also failed to successfully reproduce
measured E4 properties; Ref. 4 used IBM2 in the analysis,
indicating that the failure of our IBMl calculation is not due
to treating proton and neutron bosons as indistinguishable.

We have investigated the possibility that the E4 collectivi-
ty of the 43+ state might be attributed to g bosons which are
normally truncated from the usual IBM space. The versions
of pHINT and FBEM (Ref. 5) modified by Van lsacker have
been used to perform all calculations; in these calculations a
configuration may have at most a single g boson. We have
chosen to simply extend the CQF. A, single-g-boson energy
term is added to H,

H = KQ Q + x'L L + egng

the transition operator retains the form given in Eq. (2),
and Q is generalized to be

Q = (d s+s d)"'+xdd(d d)"'

causing 0+ 4+ transitions, and so the parameter q«was
set equal to zero (the calculations are quite insensitive to its
value). There are, finally, four parameters to be varied:
X~d, which causes the mixing, and the E4 effective charge
parameters h, gg„qgd. There being three data, the effective
charges required to fit the data can be studied as a function
of the mixing.

Shown in Fig. 1 are the results of such a calculation for
the solution where a11 three ME are negative. For values of
Ixggl up to 3.0 (corresponding to approximately 24% g-
boson configurations in the 43+ state) the values Iqg, I and

Iggdl are reasonable, but the values of h &10" efm' are
not. Solutions for the other three possibilities of the rela-
tive signs of the three ME show similar behavior. Qualita-
tively, the origin of the unreasonable solutions is that what
is required to reasonably explain our data is for g-boson
configurations to be preferentially mixed into the 43+ state;
instead, approximately equal percentages of g-boson con-
figurations are mixed into- 4j+, 42+, and 43+ for each ggd.
Although we studied changing the mechanism for mixing by
altering H (e.g. , by including a hexadecapole-hexadecapole
term), the only way found to induce this preferential mixing
was to lower the energy of the g-boson 4+ until it was quite
close to the 43+, this can be easily done by either increasing
p«or decreasing E'g This could yield reasonable results but
raises a problem: The g-boson state should be strongly ex-
cited in inelastic scattering and, if it is in the vicinity of 1.0
MeV excitation energy, should have been observed experi-
mentally.

The above arguments have led us to the following con-
clusion: The state at 1070 keV in ' Os is not the 43+ state
of the s-d IBM, but is, mainly, the lowest g-boson state. It
is quite possible to explain both E4 and E2 properties of
the K =4 band with this hypothesis. If one chooses the
parameters x«=3.6, ~gd

———0.5, and et=1.5 MeV, then
the E4 effective charge parameters shown in Table I are ob-

Although H is certainly not of the most general form possi-
ble, retaining the CQF is a reasonable way of keeping the
number of new parameters to a minimum; this is necessary
because of the restricted E4 data base. The parameter eg is
held fixed at 1.5 MeV, the appropriate pairing gap in this re-
gion, since such a value is reasonable and physically
motivated. The parameter X«causes no mixing of g-boson
configurations into pure s-d states, but causes splitting of
the degenerate pure s-d-g states; this causes bands to em-
erge, 7 the lowest of which is a E =4 band built on the
lowest s-d-g state which has a configuration of a g boson
coupled to the ground state of the seven s-d boson system
(' 'Os has eight bosons). The parameter X,d is the only
parameter in H which does cause mixing. We now vary ~gd
and seek a "reasonable" solution; we consider a reasonable
solution one in which the effective charge parameters IqI
and Ih I are not very far from their values without g bosons
(15 e fm2 and 520 e fm ) and in which the relative effective
charge parameters ~ and q are not extremely large in mag-
nitude, e.g. , in the general range

IO—

%g-bosons in 4~
5 IO I5 P5

- (ef

= IO&

—10&q, x&10 (12)

X« is initially held fixed at 1.0 such that there is a band
built on the lowest g-boson 4+ state but that this state is at
rather high excitation energy (near 2.0 meV; see Fig. 2).
The operator (g g ) ~4~ was found to be very ineffective at

FIG. 1. Dependence of E4 effective charge parameters h, gg„
q~d on Xgd. Also shown is the percentage of g-boson configurations
in the 43+ state which is controlled by Xgd. Note the different scales
for Ih I and for Iql.
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sl/s2/s3 h (efm )

TABLE I. Solutions for E4 effective charge parameters for

xgd = —0.5, egg =3.6. t2
2
3
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's; is the sign of the reduced matrix element M04 .
I
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tained; these, for the most part, constitute reasonable solu-
tions. Changing the sign of ~gd merely changes the signs of

gs and gg
It should be noted that the E =4 s-d state, now the 44+

rather than the 43+ state, has not been identified experimen-
tally. Ho~ever, many levels have been observed between 1

and 2 MeV for which definite J" values have not been
determined.

Figure 2 shows that E2 branching ratios are as well
described as they are for the standard interpretation of the
E =4 band. It should be noted, however, that the agree-
ment for branching ratios from the E =4 band 5+ state
should be considered fortuitous. Mixing is quite sensitive
to how close states of the same J are and correct relative
placements of the 4+ states do not ensure the correct place-
ments of the 5+ states. Indeed, in our calculations the tran-
sition from the J, K"= 5, 4+ state to the J, K = 3, 2+ state
is predicted to be strong, but is known experimentally to be
weak.

It is important to note that our calculations have deter-
mined no parameters. Rather, we have shown that with
reasonable parameters our calculations successfully describe
both E2 and E4 properties of ' Os.

Finally, it should be noted that. our conclusion (that the
43+ state is mainly a g-boson state) is not a completely new
and novel interpretation of the nature of this state; earlier
workers have noted that properties of this state suggest
that it is a "hexadecapole vibration. " This would be, in the
standard Bohr-Mottelson model, a very collective J= 4 state
which is exactly what a g -boson configuration would
represent in the IBM. We have shown that this (often ig-
nored) interpretation of the 43+ state can be incorporated
into the IBM by the inclusion of a g boson and that a
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FIG. 2. The lower part of the figure compares the experimental
band structure of Os with calculations including a g boson. The
leftmost spectrum is for no mixing, so the bands labeled 6, y, and
"4" are the bands which appear in the usual interacting-boson ap-
proximation; the band labeled g is the g-boson band. The right-
most spectrum has mixing and a lowered g -boson band; also
shown, in parentheses, are the percentages of g-boson configura-
tions in each state. The energy scale is 0.5 MeV(division. The
upper portion shows E2 branching ratios for experime, nt (first
number), for the calculation without mixing (second number), and
for the calculation with mixing (third number).

reasonable IBM calculation reproduces known E2 properties
as well as does a calculation without the g boson.
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