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SPIN EXCITATIONS IN NUCLEI
G.F. BERTSCH

Cyclotron Laboratory and Dept. of Physics
Michigan State University, East Lansing, MI 48824

Abstract: The recent progress in the study of nuclear spin exci-
tations is reviewed. The (e,e') measurement of the gilant Ml
state in *fCa and the systematics of the giant Gamow-Teller
state seen in the intermediate energy (p,n) reaction give a
clear picture of the spin-dependent dynamics. The effective
interaction strength is consistent with previous knowledge of
the nuclear force. However, the excitation strengths are much
smaller than shell-model theory predicts. This may be under-
stood at least partially by considering additional hadronic
degrees of freedom. '

Introduction

There has been great progress in the last few years in the
study of spin excitations, and at this conference there are several
significant contributions. For a long time, there was only one
nucleus whose spin properties we really knew, namely '2C. Now for
the first time we have measurements of the spin excitation strength
in magic nuclei with spin-unsaturated j-shell closures. The best
example is “®Ca, where there are recent measurements both of the
M1 strength by electron scattering!), and of the strength of the
Gamow~Teller operator ¢T_ by charge exchange reactions®). With
such excellent qualtity data we can with confidence infer the prop-
ertiegs of the residual interaction. We can also see a pattern
emerging, with the spin operator becoming strongly gquenched in
nuclei.

Before I go into any detail on the interpretation of the
experiments, I would like to remind you qualitatively what is
learned. Measurement of the M1l strength tells us the degree to
which spins are unpaired in the ground state. The excitation
energy tells us the effective spin-spin interaction, which then
should be usable to predict many other features of the spin degrees
of freedom, such as higher multipoles, and interactions with spin-
dependent probes such as pions.

M1 strength

According to the shell model, the M1 strength should be con-
centrated in a single particle~hole state for a closed shell
nucleus with spin-unsaturated j—shell closures. The measurement
on *®Ca is particularly welcome for this reason. The experimental
result is that the strength is indeed concentrated, in a state at
10.23 MeV excitation. This is seen in the data of Fig. 1:

The excitation energy of the “®Ca Ml state is close to what is
expected theoretically. I want to show you this in some detail,
because there has been some controversy about ?°%pPb, as to where in
energy the state should be. In the simplest theory, the_excitation
energy is due to the single particle energy of the 65/2f7}2) con~-

figuration, together with the residual interaction. The single-
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Fig. 1 Excitation spectrum for Ca isotopes in 165° electron scat-
tering, measured by Steffen, et al.l)

particle energies I determine empirically by binding energy differ-
endes:

e5/2—e7/2=2BE(‘*8Ca) -BE("%Ca, 5/27) -BE("7Ca, 7/27) (1)

’

From the nuclear mass tables and the experimental excitation of the
5/2 state in *%Ca, I then find a single-particle excitation energy
of 8.4 Mev. This is larger than the presumed splitting of the
spin~orbit potential. One reason is that the energy includes the
loss of pairing energy in the "®Ca ground state.

For the residual interaction, I will apply the Brueckner G-
matrix interaction calculated with the Reid potentialB). ~The
result for (fs/zf;}z) is 1.9 MeV repulsive. Thus the state is pre-

dicted at 10.3 MeV, in agreement with experiment. We can make the
same kind of analysis for other nuclei, with results shown in Table
I. For !'2C, the method overpredicts the excitation energy. But

12¢ ig far from a closed Py, shell nucleus, so we should not expect

to do very well here. The nuclei ?°Zr and 2°%Pb have been problem
cases because strong concentrations of strength were never found at
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Table I. Energetics of M1l states

wacleus  Particlediole . Re%idisl.) | otal | Experinental
Energy

e 13.8 3.4 17.2 15.1
80 8.8 1.9 10.6 10.23%
Sogy 6.7 1.6 8.3 g ©)
208pp 5.6 1.8 7.4 7.5

a)Bare G-matrix from Reid potential (ref. 3).

bl pes. 1.

S pef. 10.

the theoretical energies shown here.

However, the data on "°®Ca give us a new insight on the syste-
matics of strength to expect. Let me first review with you the
experimental situation for ?°®pb. There is a group of states at
%7.5 MeV excitation, which together have 1/5 of the shell model
limit of strength. There is also a state at 7.99 MeV, identified
at one time as M1, which would bring the strength up to 40% of the
shell model. The Ml identification was made by observing a polar-
ization asymmetry in the photonuclear reaction *). The electron
scattering is no help here because a strong M2 state would mask the
M1%). But later higher resolution experiments showed that this
state was EL1%77). We can see the proof easily in (y,n) data shown
in Fig. 2.
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Fig. 2 Cross section for the 2°3Pb(y,na)'reaction in the vicinity
of the 7.99 MeV state, from ref. 7.
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The lower peak is known to be El, and the upper peak is the state in
guestion. If it is M1, there would be no interference between the
two states. But examining the cross section halfway between the
states, we see a plateau that could only be due to constructive
interference. Thus the state is El, and there is only 20% of the
shell-model strength in the expected energy region. The quenching
phenomenon has been known for some time from the systematics of low-
lying transitions, particularly the suppression of M1 transitions
around *°®ph3®). Moreover, the quenching appears to be quite gen-
eral, with the spin operator suppressed in the M2 strength as
well®e 1%y,

The new data on "®Ca show a strength of 1/3 of the shell model
limit. In '’C the reduction is similar, but for '’C the fault is
with an oversimplified shell model based on a closed P3/2 shell. In

fact, the '?C strength agrees quite well with a more complete shell
model calculation®?). So one possibility for this guenching is that
even heavy nuclei have strong ground state correlations. These cor-
relations are treated in the RPA theory and their effect is calcu-
lated to be small, reducing the strength only by a factor (Ep~eh)/E.

Another possibility, suggested by Brown, et al.'?), is that the
single~-particle energies should be somewhat larger, moving the cen-
ter of gravity of the strength to a higher energy. This does not
provide a good explanation for the large guenching. For one thing,
the spin-orbit potential is known independently from elastic proton
scattering, and is consistent to within one MeV of the empirical
bound single-particle energy splittings. In heavy nuclei, there are
theoretical grounds for thinking that the spin-orbit splitting
should even decrease. Also, the correlations that would shift the
single-particle strength to nearby energies would not tend to shift
the spin-flip strength if the correlations were isoscalar. We shall
see evidence later that this is so.

One further possibility to explain the guenching is that the
other degrees of freedom that we omit in describing the nucleus as
a collection of neutrons and protons are important for the spin
operator. I will return to this later.

Gamow-Teller Strengths

We have known for some time from charge exchange reactions that
the strength of the oT operator is concentrated in a peak above the
analog statel®). But with the recent use of the (p,n) reaction
above 100 MeV, we have for the first time a really clean tool to
study this strength. The reason may be seen in Fig. 3, showing the
neutron-proton differential cross section!®). fThere is a peak at
180°, corresponding to forward charge exchange, of magnitude 11
mb/sr. An amplitude analysis of potential models shows that most of
the cross section is spin~flip. Thus the operator ot 1is enhanced
for low momentum transfers, which is perfect for a probe to study
the Gamow~Teller strength.

As an example of the kind of data obtained, we see in Fig. 4
the reaction of *®ca, from Anderson, et al.?). The major peaks at
0° are: the 07 analog of the *®Ca ground state, the analog of the
M1l seen in electron scattering, a low 1" and the broad 1% of the
Gamow-Teller giant state. The identification is clear because all
of these peaks fall off sharply with angle away from 0°. Also at
this conference are reported measurements of many other heavy
nuclei. For my analysis I will emphasize the magic nuclei, °°zr
(ref. 10) and *°®pPb (ref. 17). The spectrum for °°zr is shown in
Fig. 5. In both cases the Gamow-Teller state is a prominent peak at
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Fig. 3 The neutron proton differential cross section, from ref. 16.
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Fig. 4 The reaction *®cCa(p,n)*®Sc.at 0°, measured by Anderson, et
al. {(ref. 2). The peaks at 2.52 MeV, 6.67 MeV and 16.81 MeV cor-

regpond to the low l+ state, the ground state analog and the ML

analog state, respectively. The broad peak centered at 10.4 MeV is

the Gamow-Teller giant strength. A theoretical strength function!?)
is shown by the vertical lines.
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Fig. 5 The spectrum of neutrons in the reaction °°2r(p,n) measured
by Sterrenburg, et al. (ref. 10).

0°, located somewhat above the target analog. The width of the peak
is about 4 MeV.

Thﬂoretlcally, the Gamow-Teller strength was long predicted to
concentrate in a high energy peak'®). 1In Figure 6 are depicted the
various stages of theoretical treatment. On the crudest level,
given by the 1ndependent particle model, there are two pieces to the
strength function, 5/2 7/2) and 7/2 7/2), carrying roughly equal

strength. The excitation energy of the upper state is due to the
spin-orbit potential. On the next level of approximation, the
residual interaction is included in the Hamiltonian. Both states
are pushed up, and the bulk of the strength goes to the upper state.
Finally, in the most detailed theoretical treatment the mixing of
the particle-hole states with more complicated confxguratlons can be
included. 1In the calculation of Gaarde, et al.'®), this last step
fractionates the upper peak into many pieces, but leaves the lower
peak unaffected. And this seems to be just what the experiment
shows in “®cCa.

I will go back now to the second stage, the inclusion of the
residual interaction, because it is here that we learn about the
spin~dependent force. But first, it is important to know the spin-
orbit splitting if the residual interaction is to be accurately
tested. I calculate the spin-orbit splittings with a Woods-Saxon
potential of the usual type. I take the well geometry and spin-
orbit strength from the global flt to low-energy proton scattering
data by Becchetti and Greenlees®). Roughly the same results are
obtained using a common geometry and a spin orbit strength of 15
Mev fm?. I first compare the excitation energy of the Gamow-Teller
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Fig. 6 Schematic Gamow~Teller Strength Function for heavy nuclei.

The first graph shows the independent particle-model, for which the

spin orbit splitting alone provides the high energy component. The

second graph shows the effect of the residual interaction among the

particle hole states. The lower graph shows the effect of mixing
in more complicated configurations as in ref. 5.
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state with the spin~-orbit parameter excitation.
the measure of the residual interaction.

G. BERTSCH

The difference is
These numbers are shown in

Table II, for the three magic nuclei that have been measured?r??s17),

As with the M1l states,
action calculated from the Brueckner theory.
bottom row of the table,

empirical data.

this can be compared with the residual inter-

From the next-to-

we see that these numbers are close to the

Table II. Energetics of Giant Gamow-Teller States
Nucleus

*8ca *0zyr Pb
Experimental a) b) o)
Excitation Energy 10.4 Mev 9.3 15.6
(j3°') particle-
hole excitation -0.2 MeV -0.1 3.6
Spin-0Orbit
Splitting 6.1 MeVv 6.4 6.3

Residual Interaction

Empirical- 4.5 MeV 3.0 5.7
G-Matrix 3.5 MeVv 3.0
G' 1.3 1.2 1.6
0
a)Ref. 2,
P)pes. 10, 37.
©) pef. 17.

I now want to turn the analysis around and use the systematics of
the excitation energy to deduce the residual interaction. It is
then necessary to make a simplified parameterization of the interac-
tion. Using the parameterization scheme of Bohr and Mottelson, C.
Gaarde?’) has found that the energy systematics can be well accounted
for. I prefer to use the Landau-Migdal scheme, since this is easier
to connect with other physical phenomena. The idea is to parame-
terize the interaction with a zero-range form that reproduces the
important properties of the true effective interaction. The advan-
tage is that calculations are easy; in fact I did the calculations
shown here in an afternoon with a table of Woods-Saxon wavefunctions
and a hand calculator. The disadvantage is that each type of exci-
tation requires its own Landau parameter. The relation between the
usual Landau parameter G; and a delta function interaction is

ﬁznz
= A - I ey -
Vegs G, kaF olczrl »ZS(r] rz)
with - (2)
% %— ~ 150 MeV-fm?.
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This type of calculation has been done for spin excitations in the
Pb region by Speth and collaborators 2'r22) ., If we use the parame-
ter G!' to fit the energies of the Gamow-Teller peaks, we find the
numbers given in the last row of Table II. These measurements of
G; are not as consistent with each other as could be desired. How-
ever, it is clear that the parameter is larger than one and repul-
sive. The Brueckner interaction, since it gives about the right
energy shifts, should have associated a G, in the right range. 1In
fact, the calculation of G'! directly from the Brueckner theory in
infinite nuclear matter yields a similar number??).

The measurement of G; has significance beyond this discussion
of nuclear structure. The parameter is important in the theory of
pionic interactions, since the pion vertex has a o1 factor. The
strength of this interaction is crucial for predictions of a wpion
condensation phase transition'. The existence of an observable
phase transition demands that G| be as small as possible, certainly
less than 1.2. Thus the Gamow-Teller energetics warn us not to have
high expectations in seeking pion condensates. The parameter also
comes into the theory of elastic pion scattering. McManus, et al.?),
in their fits to elastic scattering find that G, is in the range
0.5-1.0, somewhat less than our value, and more optimistic for the
phase transition. There is no real inconsistency between these
values because the scattering requires the interaction at high mo-
mentum transfer, and the Gamow-Teller strength depends on the inter-—
action at low momentum transfer. The various sources of information
on the spin-isospin interaction are summarized in Table III, inclu-
ding some analyses that I have no time to mention.

Table III. Comparison of strengths for the ot interaction

Phenomenological Vet
Giant Gamow-Teller State 160-240
Magnetic Transitions in Pb region (ref. 21) 275
m-Nucleus elastic scattering (ref. 24) 130~-260
Magnetic Form Factor in !'2C (ref. 31) 220
Low Energy (p.,n) Reaction (ref. 38) 191
Theoretical
Reid potential in °°Zr 170
Reid potential (ref. 23) 200
High-Brow Meson exchange (ref. 32) 230-370

We can also reexamine the M1l energetics with the Landau parame-
terization. In 2°®Pb, the Ml strength has isovector character and
we can just apply G}. Using the same value as fits the Gamow-
Teller energy, and the empirical particle-hole energies, I calculate

+In many theoretical papers on pionic interactions with nuclei, a
similar symbol, g', is used for a different unit of interaction
strength,

v = g' (390 MeV-fm®) o - . -
efr = 9'( m) L9, T T, 6(r1 rz)
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an excitation energy in 2°°Pb of 7.8 MeV. With the Becchetti-
Greenlees spin-orbit potential, the energy is somewhat higher. Thus
this analysis opens the door again to the question of whether there
is missed low-lying M1 strength in 2°®Pb. 1In "®Ca, it is not enough
to know G; to predict the M1l state. The state is a pure neutron
excitation, which requires knowledge of the isoscalar parameter G,
as well. We could use the data to determine the parameter (and

find that GO:sO), but this is perhaps pushing the empirical analysis
too far.

Strength

I now want to discuss the strength of the Gamow-Teller state.
There are two aspects we can discuss, the relative magnitude of the
upper and lower components, and the absolute cross section. The
relative magnitudes can be understood with simple theory. Recall
that the residual interaction shifts most of the strength into the
upper state in the 1lp-lh model. The ratio of the strengths may be
easily calculated from the eigenvectors associated with the empiri-
cal GB interaction. In Table IV this theoretical ratio is compared
with éxperiment. Typically we sece a 4:1 ratio, with good agreement
between theory and experiment.

Table IV. Relative strengths of giant Gamow-Teller
and low-lying 1% excitations

Nucleus Theory Experiment
*8ca 5 6 (ref. 2)
90gr 5 4 (ref. 25)
208Pb

The absolute magnitude of the cross section regquires knowledge
of the projectile interaction and the wave distortion effects in the
target. Goodman, et al.?®) have calibrated the reaction by com-
paring the cross sections to states with known Gamow-Teller strength.
They arrive at a simple formula for the (p,n) reaction at 120 MevV,

do

ag A+

2
= (—A—l) (8.3 mb/sr) (ND) <ot _>2 (3)
0
Here ND is the effect of the wave distortion and is given by

_ 1/3
NP = 1.74 e"-P41 AT T (4)

In Table V we show how eg. (2) compares with the data. First notice

that this formula works even on the p+n reaction: <o1_>%=6 for

p~>n; ND==1, A=1, and %% ~ 12 mb/sr. In the heavy nuclei the cross
0

section is substantially less than theory. But this discrepancy is

also well known from the matrix elements of the B decay operator.

The nuclei, such as %%Ca and “'Sc, which should have the full shell
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Table V. Cross section for excitation of the giant Gamow-Teller
state by the (p,n) reaction at 0°. The light nuclei are shown for
calibration purposes (ref. 18). In the heavy nuclei, the theoreti-
cal Gamow-Teller strength is that of the upper state from the TDA
calculation. The cross section is obtained from the strength with
egs. (3-4).

Theoretical Theoretical Measured
Target <o >? Cross Section Cross Section

— (mb/sr) (mb/sr)
neutron 6 12.5 11
l2¢ 1.88 6.7 6
“8ca 40 78.3 30
50gzr 50 63.9 21
208pp 175 100 40

model strength in their beta decay, are actually retarded by a fac-
tor of two?7). This may be partially understood in terms of mesonic
effects?®). The nuclear configuration space should be extended to
include A-particles as well as nucleons. Instead of the independent
particle strength function from Fig. 6, we should consider the one
in Fig. 7. The A peak is larger because all of the nucleons can

STRENGTH

N L--
?—-—-

300 MeV

v

Fig. 7 The independent particle o1_ strength function, including
the A state of the nucleon.

participate in the A excitation, while the Pauli principle blocks
most of them from the particle-hole excitation. It might seem that
the states are too far away to be significant, but the pion couples
more strongly to the A than to the nucleon. Quantitatively, the

A states seem to account for about half of the ocbserved qguenching?®).
A similar story can be made for mesonic corrections to the Ml
strength. The A produces a quenching by a factor of two in infinite
nuclear matter, but is not so effective in finite nuclei??).
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Width

In all of the heavier nuclei the width of the Gamow-Teller
state is about 4 MeV. Since particle decay widths rarely exceed 1
MeV, we may assume that the width is due to mixing with more com-
plicated states. We saw in the case of Gaarde's calculation of
2p-2h admixtures in “°Ca, that at least gualitatively theory pro-
duces the width. One important point can be made without doing a
complicated calculation. Namely the width is much smaller than a
single-particle state would have with the same available energy.
The widths of relevant single-particle states have been measured by
Gales, et al.?*"%). The hll/z hole state in 29771 is found at an

excitation energy of 8 MeV and a width about 3.7 MeV., In compari-
son, the Gamow-Teller state has twice the excitation energy with the
same width. There is clearly much more phase space available, even
considering that the energy must be shared between a particle and a
hole. I believe the reason for the relatively modest width is that
there is an interference between the particle and the hole damping.
This effect is significant in the damping of other giant vibra-
tions?®?®). It might be surprising that there should be such inter-
ference; the particle and hole have different spin and isospin
projection, and so might be expected to couple differently to the
core. However, according to calculation the most important core
excitations for the damping are the low-lying spin-isospin scalar
vibrations®*), which do not couple to the valence particle spin or
isospin. Thus the observation of this 4 MeV width seems to confirm
theoretical ideas on the general mechanism of the damping. But more
detailed work should be done on this subject.

The width of the Gamow-Teller strength function is an important
ingredient in present day calculations of stellar nucleosynthesis.
Calculation of beta ~decay lifetimes over a broad range of the
periodic table requires a suitably parameterized Gamow-Teller
strength function. This is done in the gross theory of beta decay
by Takahashi, et al.®°®), who describe the Gamow-Teller strength with
a two-parameter function. The function is characterized by its mean
energy and width. The energy is taken degenerate with the isobaric
analog, which we now know is somewhat low. Takahashi, et al. find
that a Gaussian r.m.s. width of 5 MeV gives a global fit to the
data. We should express this as a full width at half maximum to
compare with the measured I'. For a Gaussian the relation is

I'=2.35¢ (5)

Thus the gross model of beta decay uses a T =10 MeV, much larger
than the measured 4 MeV. This disagreement is surprising, even
though we know that the beta decay is just sensitive to the low
energy tail of the Gamow-Teller strength function. Perhaps the pri-
mary division of the strength functions into two pieces make the
analysis by a single Gaussian misleading. It would be interesting
to see the B-decay analysis redone in the light of the recent
experimental results on the strength function®®).

Higher Modes

There is good evidence that higher modes of spin excitation are
visible in the intermediate energy {p.n) reaction. 1In this confer-—
encel?7%%) there are several reports of a broad L = 1 bump, seen in
nuclei ranging from ®°Zr to 2%%®Pb. The excitation energy is about



SPIN EXCITATIONS IN NUCLEI 169¢

20 MeV and the width is about 10 MeV. Since we have the residual
interaction from the energetics of the Gamow-Teller state, we can
now calculate the L =1 states and compare with the experiments. In
9%2r, the orbital excitation energy is =9 MeV for a Woods-Saxon
potential, and is somewhat larger for a Hartree-Fock potential.

Also raising the excitation energy of L =1 states is a stronger
residual interaction. This is because more particles can partici=-
pate in the L =1 collective motion than in the L=0. In °%Zr, the
residual interaction is calculated to be nearly twice as strong for
the L=1 states as for the Gamow-Teller state.

The spin orbit energy is less important in the L =1 state than
in the Gamow-Teller state. I calculate its average at 1.6 MeV for
the L=1, compared with 6 MeV for the Gamow-Teller state. Putting
these contributions to the energy together, I find for the average
energy

9 + 5.4 + 1.6 = 16 MeV,

using the Woods~Saxon orbital energy. This is lower than experi-

ment, but could easily be brought into agreement by using Hartree-
Fock energies. For the systematics of the energy with mass number
A, we can expect the orbital contribution to decrease as

A_l/3, and the interaction energy to increase with the neutron
excess. The overall dependence on A will then be much weaker than

the typical Aul/3 behavior of giant resonances. This is in accord
with the exgerimental finding that the excitation is roughly con=-
stant from °%Zr to *%°®ph.

The spin-orbit energy depends strongly on the J-coupling of the
state. The 0  state can only be made by spin flip, with configura-
tions such as hg/zg;}z. This state has the full spin-orbit enerqgy

of ~6 MeV. On the other hand, in the 27 state, configurations dif-
fering by two units of j are dominant, and the spin orbit energy is
actually negative. For experiments that do not resolve the separate
J-states, the effect of this will be to make the state appear
broader. For °°Zr, I calculate the r.m.s. energy spread of the
three J-coupled states to be 4 MeV. The experimental width is
gquoted at =10 MeV, but this is the full width at half maximum of a
Gaussian. Using eqg. (5) for the relation of these two measures of
the width, we see that our ¢ of 4 MeV implies I'=10, in agreement
with experiment. This provides a possible explanation of why the
L=1 strength is so broad compared to the Gamow-Teller strength.

Conclusion

With the new experimental data, we understand much better now
the energetics of the spin excitations. In broad outline the ener-
gies may be understood with a single interaction parameter G', but
much work needs to be done to refine the description. The energies
are sensitive to the velocity dependent parts of the interaction,
parameterized by F1' Fz, etc. Kohno and Ando?) have shown how

these parameters can be included in a more precise theory, for the
case of spin-~independent vibrations. The formula for the isovector
giant states in the large A limit has the structure®)

gy (L¥FE/3) g F) S
(ﬁ‘g) S TEE et +to(z7))z
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where z is the root of a spherical Bessel function and E0 is deter-

mined from the ground state size and kinetic energy density. Except
for the spin orbit energies, analogous formulas should apply to
spin-flip excitations, by changing Fi to Gi. Thus in principle a

more refined treatment of the L =1 energies can be used to extract
G'.

! The strength of the spin excitations is still a problem for
theorists. The data is compelling showing these excitations to be
suppressed. There are clear mechanisms in meson theory for the
suppression, but as a quantitative matter the mesonic effects do not
appear strong enough.
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