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ABSTRACT

The spin-isospin structure of nuclear excitations up to ~ 50 MeV has vmmmﬂ studied
using (n,p), (p,p’) and (p,n) reactions at TRIUMF. At 200400 MeV the L = 0 isovector
spin-transfer component of the cross section is closely related to the Gamow-Teller
strength function. Results are discussed which have implications for Ow«soisﬂa:mn
quenching in (sd) and (fp) shell nuclei, for the Ikeda sum rule, and for the importance
of 2particle-2hole correlations in nuclear wavefunctions.

INTRODUCTION

It is well known that in nuclear 8 decay Fermi strength (quantum numbers L = 0,
S =0, T;.= T¢ # 0) is concentrated in a single transition, whereas Gamow-Teller
(GT) strength (L =0, S =1, T = 1) is spread over a wide energy region as a result
of the spin-dependent residual nuclear interaction. Studies of 8 decays in nuclei far
from stability offer the opportunity to examine a large energy window and thus a large
fraction of the total GT strength. Unfortunately, mixing of 2particle-2hole (2p2h) into
(1p1h) states !, or coherent isobar-hole admixtures 2 may produce a shift of GT strength ,
to energies considerably above 10 MeV, making it undetectable in conventional 3 decay
experiments.

Nucleon (N) scattering experiments at intermediate energies can be used to provide
a substitute and extension of GT studies in beta decay. Pioneering work % 4 using
the time-of-flight setup at Indiana University (IUCF) has demonstrated that the (p,n)
reaction, at E, = 120 — 200 MeV and small momentum transfer, can be quantitatively
related to GT strength known from analogous 8 decay. We discuss here results of
(n,p), (5,P") , and (p,n) experiments carried out at 200-400 MeV using the medium-
resolution spectrometer (MRS) at TRIUMF. Recent modifications of the MRS include
the installation of a dispersion-matching system, of a focal-plane polarimeter % to an-
alyze the transverse spin components of scattered %_.caozm. and of a compact sweeping
magnet which is part of the CHARGEX facility & 7 for the study of (n,p) and (p,n)
reactions. Although the resolution achieved is modest (typically 140 keV FWHM in
(p,p’) and 1 MeV in charge exchange reactions) this is compensated for by the extreme
selectivity of these reactions to excite nuclear spin-isospin modes. The optimum sensi-
tivity dccurs near 300 MeV, where multistep processes are less important than at lower
energies. The relationship between nucleon scattering and 3 decay is shown in Table
1.

Table I Nucleon scattering and beta decay

reaction | transition GT total isospin of o/B(GT)
operator | strength | strength final state calibrated in
(p,n) or_ B(GT-) S- To-1, To, To+1]| P+ decay
AWJ @&u aTo .H.o. To+1
(n,p) oTy B(GT,) St To+1 B~ decay
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The combination of (p,n) and (n,p) reactions makes possible tests of the Ikeda sum
rule &, §_ - S, = 3(N - Z), which might be violated if GT strength is shifted
outside of the energy window over which the GT strength is summed. For targets
with ground state isospin Tq # O the spin response for individual isospin components
(To—1,To, To+1) can be constructed by combining the results from all three reactions.
Such a program has been carried out for the T3 = 1 nucleus *Fe. The experiments
were performed in collaboration with R. Abegg, P. Alford, A. Celler, D. Frekers, R.
Helmer, R. Henderson, K. Hicks, P. Jackson, R. Jeppesen, A. Miller, M. Moinester,
K. Raywood, R. Sawafta, M. Vetterli and S. Yen. The Rutgers group which includes

C. Glashausser, R. Fergerson, and K. Jones has made substantial contributions to the
$4Fe(p, ') experiment.

CONVERTING CROSS SECTIONS INTO GT STRENGTH.

The proportionality between nucleon scattering cross sections and GT strength is
expected to hold at small momentum transfers in the framework of the single-step
distorted wave impulse approximation (DWIA). Assuming an (n,p) reaction for which
B(GT-) (and thus B(GT,)) is known from corresponding 8~ transitions, the cross
section can be written (similar expressions are valid for (p,p’) and (p,n) reactions) as

do, 1 \a..

o =0= (-2 V»N\.zw_.\i_nmznﬂt
1

B(GTy) = gl&? Iy Ty|Bory |JT; >)?

(2 -1) _(2J5=1),g4,_26163.4 £ 3.8sec
.WAAQHFV = g.rld.m;ﬁwmalv = Niﬁwlﬂ.v : \s

In these expressions y is the relativistic reduced energy divided by c?, k; and k ¢ are
wave numbers, g4/gv = 1.26 is the ratio of axial vector and vector coupling constants,
and J, is the volume integral of the (o7) component of the NN interaction. We do not
make use of this factorized form of the cross section but employ instead a computer code
which also includes spin-orbit and tensor pieces of the NN interaction. The distortion
factor N2 represents the difference between plane waves and distorted waves and
reduces the cross section more and more as the target mass increases (typically by
~ 12% for A = 12 and a factor of three for A = 54). In most cases we have determined
the distortions by extensive measurements of elastic scattering for the appropriate
target and energy.

So far we have performed (n,p) calibration experiments ® at 200 MeV for targets
of 8Li and '213C. Figure 1 shows (n,p) spectra for targets of C (top) and CH, (bot-
tom). Both spectra were obtained simultaneously using segmented targets separated
by active wire chambers 7. In the C J&&EE (top) the large peak at Q = —12.6 MeV
arises from the GT transition to the 2B ground state (B(GT-) = 0.999 + 0.005 from
2B B~ decay). The small peak at Q = 0 in the top spectrum arises from hydrogen
in the mylar foils and the counter gas of the segmented target chamber. We obtain
onp(0°,q = 0)/B(GT) = 9.42+0.31 mb/sr in good agreement, but more accurate than,
previous IUCF results * for '2C(p,n) at 200 MeV. This, and values for other pure GT
transitions ° in SLi(p,n) and *3C(n, p), can be reproduced with an accuracy of 10% or
better in DWIA calculations using as ingredients optical potentials derived from elastic
scattering data, the effective NN interaction (essentially J,,) of Franey and Love 19,
and transition densities from microscopic shell model calculations. The GT values
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f beyond experimental errors may be attributed to uncertainties in the DWIA calcu-
lations for three reactions at different energies, to different integration intervals and
analysis procedures, and to systematic uncertainties in the various transition densities.

THE SPIN-ISOSPIN RESPONSE OF 54Fe.

The (n,p), (P,’), and (p,n) reactions on 34Fe have recently been measured at
TRIUMF near 300 MeV. Analysis of these reactions 17 18 has resulted in a decomposi-
tion of the nuclear response for *4Fe into spin and isospin components, and in a test of
the Ikeda sum rule (see next section). Data have been obtained at 0-12° for (n,p), 3-15°
for (7, ') , and 0-15° for (p,n) reactions. Since in nucleon scattering different L-transfers
peak at distinctly different angles, a decomposition into multipoles (L=0,1,2,..) can
be carried out. This is demonstrated in Figure 4 where the L = 0, 1,2 components
of (n,p) angular distributions !7 are shown for different excitation energies. The GT
(L = 0) component is strongly peaked at 0° and is shown in Figure 5 for the three
reactions. In >*Fe(f, p’) at the most forward angle feasible in the experiment (3.1°) the
M1 resonance at 9-15 MeV is seen much more clearly in the spin—transfer cross section
0Sun than in the cross section o. For the (p,p’) reaction the L = 0 component in oS,
above Ex = 20 MeV is rather uncertain and has been omitted in the plot.

Fe(n,p)*Mn 298 MeV
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Fig. 4. Multipole decomposition of angular
distributions for the ®4Fe(n,p)**Mn reaction
at three different excitation energies in M.
Solid lines: total and L = 0 part; dot-dashed
lines: L = 1 part; short-dashed lines: L = 2
part. :

The GT strength is concentrated at lower excitations, although the fitting procedure
produces also a long GT tail to higher excitations. The intensity of this tail is however

subject to large uncertainties since the GT fraction is small and depends on the small-
angle behaviour of the L = 1,2.. angular distributions used in the decomposition. Such
a tail would be expected from admixtures of (2p2h) components in the wavefunction !
and would provide an explanation for the quenching of GT strength at low excitations.

5 — 7T 10 — T
4 | “Fe(n,p)*Mn 298 MeV 8 %Fe(p.p’) 290 MeV
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Fig. 5. Forward-angle spectra for (n,p) (top left), (p,n)
(bottom left) and (p,p’) (right) reactions on 4Fe. The
hatched areas correspond to the L = 0 (GT) components
deduced from multipole decompositions.

In Table 2 we show the L = 0 component of the cross sections (or of 6Spy ) for
the three reactions, and quenching factors f based on the DWIA value of onp(0°%,q =
0)/B(GT) = 3.5 mb/sr. The (p,n) result which is still preliminary is larger but statisti-
cally more accurate than that of Rapaport etal ° obtained at 160 MeV. The quenching
factors shown are for two extreme models, one in which a simple ( hw& $4Fe ground
state is assumed (fa), and one in which RPA corrections have been estimated from a
calculation in %Nj 20 (frpa). It is seen that GT quenching depends strongly on the
assumptions about the Fermi surface, especially for the (n,p) reaction which tends to
be Pauli blocked. In the (sd) shell where Oliw configuration mixing is included fully no
such asymmetry in the GT quenching factors for (p,n) and (n,p) has been observed.

Table IT GT quenching factors in 54Fe

reaction | Epeam | measured angle | E} — mm L =0 strength | f, frpA
(MeV) | quantity | (deg.) | (MeV) (mb/sr)
(n,p) 298 o 0 0-10 12.9 0.37 | 0.65
®,p) 290 0Snn 3.1 [45- 145 2.8 0.39 { ~0.60
(p,n) 300 o 0 0— 13.5 33¢ 0.59% | 0.77°

preliminary value

Evidence for the importance of (2p2h) components in the wavefunctions is con-
tained in the data at larger momentum transfers. At q> 1fm~! giant resonances are

6
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apparent in the 6.4° spectrum, and underestimate the data above Ex ~ 18 MeV. One
may speculate that this could be remedied if correlations in the %Zr ground state (the
RPA calculations assume a doubly closed shell) were included. :

GAMOW-TELLER STRENGTH FUNCTIONS AND OTHER PHYSICS

GT strength functions are of special interest for other fields of physics. We mention
briefly (i.e. without giving adequate references) three topics which are presently being
addressed by nucleon scattering experiments at TRIUMF.

1. ASTROPHYSICS. In models of supernova explosions electron capture rates for
nuclei in the iron region are important parameters. Electron capture which involves the
S+ strength function reduces the pressure of the relativistic electron gas and determines
i) the rate at which gravitational collapse proceeds, ii) the mass M; at the beginning of
collapse, and iii) the mass My, of the homologous core of maximum density. Difficulties
in producing supernova explosions in the models which arise from energy absorption
in remnant matter of the mantle of mass (M; — Mj,) might be resolved if sufficient data
on S4 strength functions become available.

2. DOUBLE BETA DECAY. Double beta decay rates are dominated by the weak
interaction process in which two neutrinos are emitted. The rates are governed by a
coherent product of GT matrix elements involving 11 states in the intermediate odd-
odd nucleus. These matrix elements can be studied independently by (p,n) and (n,p)
experiments. Since S, strength is subject to severe Pauli blocking the (n,p) reaction
may provide the key explanation why calculated lifetimes tend to be shorter than
experiment, e.g. in 32Se and 130Te.

3. EXCHANGE CURRENTS. In T3 = 0 nuclei such as ®Li or !2C GT matrix
elements may be measured accurately by nucleon scattering if experiments to calibrate
o/B(GT) are also carried out. Comparison of GT, and of M1 matrix elements from
(e,¢') work, may help to identify meson exchange contributions which are expected to
be small for an axial vector (GT) current, but large for a vector (M1) current (see the
article by I.S. Towner in this volume).

CONCLUSIONS

We have shown that nucleon-nucleus scattering experiments between 200 and 400
MeV provide a quantitative, optimal tool to investigate the spin and isospin structure
of the nuclear response. The GT component of the response at low energies is found
to be reduced compared to most nuclear models, however the amount of quenching
depends sensitively on the model assumptions made about the Fermi surface, especially
for the Sy strength. Although the question regarding the quenching mechanism is
not yet completely resolved, it appears now likely that (2p2h) correlations are chiefly
responsible for shifting GT strength to higher energies. Supporting evidence for this
view comes from the large fraction of the sum rule observed in 5‘Fe, from the small
amount of GT strength found at low excitation in the ®Zr(n, p) reaction, and from the
success of the slab model with Aw%wwv corrections in reproducing large-angle spectra
in (§,7') and (n,p) reactions on *!Fe. A puzzling aspect of the data is the excess of
(spin—transfer) strength in the high—energy region for both 54Fe(F, ) and %Zr(n, p)
reactions over calculations which include (2p2h) components in the RPA. We speculate
that this discrepancy might be remedied when correlations in the 3*Fe and %Zr ground
states are considered.
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