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Abstract

The (p,n) reaction at intermediate energies
is a sensitive tool for the study of isospin-spin
correlations in nuclei. For heavy nuclei the
neutron-spectra are at forward angle dominated by
transitions corresponding to excitation of collec-
tive states carrying a significant part of total
sumrule strength. The zero degree spectra give
information on the Gamow-Teller strength distri-
bution. The analysis shows that only 30-50% of
the strength is observed, and the coupling to the
A-resonance could be responsible for part of the
missing strength.

1. Introduction

The neutron time-of-flight faci]ity]) at the
Indiana University Cyclotron has made possible the
study of the (p,n) reaction up to an energy of 200
MeV. It was early discovered?>3;*s5) that at
these energies the neutron spectra at forward
angles are dominated by isospin-spin excitations.
This is in contrast to the findings at energies
below 50 MeV where t?e spin independent excita-
tions are important®). At 200 MeV the ratio be-
tween cross sections for spin flip and non-spin
flip transitions (with comparable strength) is
typically 10. The (p,n) reaction (at 200 MeV) is
therefore an excellent tool for the study of iso-
spin-spin correlations in nuclei, e.g. the Gamow-
Teller strength distribution.

The zero degree spectra for heavy nuclei show

that a significant part of the Gamow-Teller strength

is concentrated in a collective state. Such a con-
centration of strength wa§ proposed by K. Ikeda,
S. Fujii and J.I. Fujita’) as early as 1963.

In a shell model picture of e.g. 2°%Pb the
Gamow-Teller operator oit- has non-zero matrix
elements with all the 44 excess neutrons (and the
12 h11/2 neutrons in the next lower shell). The
collective state then corresponds to a transition
where all these nucleons coherently change direc-
tion of isospin and spin. In a field description
the giant GT state corresponds to a vibration in
a 3.1 field produced by 3idjtitj interactions.

In such a field description®) one finds that
around 80% of the (renormalized)strength coming
from the transformation of the 44+12 neutrons is
concentrated in the coherent state, indeed a col-
lective state.

The 3i3;Titj interaction is repulsive (at
small momentum transfer) and the coherent state
is shifted up in energy. The correlations remove
GT strength from the low energy region, and the
GT transitions as studied in B-decay are there-
fore very hindered for heavy nuclei.
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Another interesting subject connected with
the Gamow-Teller strength function is the possible
renormg]ization of the axial vector coupling con-
stant®). The coupling to the A-resonance could
remove a significant part of the strength from the
nuclear energy region®s1°).

The strength distribution is also important
for the nucleosynthesis'!) and for evaluating effi-
ciencies in neutrino detectors.

2. Experimental procedure

Beam energies of 120,160 and 200 MeV have been
used in the systematic studies with targets ran-
ging from ®Li to 2°8Pb.

The data are obtained with the beam swinger
facility with 2 detector stations with flight
paths 70-100 m and 240 between the stations. Time
compensated large volume neutron detectors are
used!2), The dimensions are 15 x 15 x 100 cm®.
The detectors are tilted at the appropriate angle
to obtain sub-nanosecond resolution. At e.g. 200
MeV the tilt angle is around 100, the 15 x 15 cm?
end is (almost) facing the target, resulting in a
geometric solid angle of ~ 10-9 sr at a distance
of 70 m. The intrinsic efficiency is around 0.5
resulting in an efficiency x solid angle of
5 x 106 sr per detector. 2 or 3 detectors are
usually running in parallel at each angle. The
typical overall time resolution is 700-900 psec
which results in energy resolutions ranging from
350 keV at 120 MeV and 100 m flight path to around
1 MeV for 200 MeV and 70 m flight path.

Self-supporting targets are used with thick-
nesses from 30 to 150 mg/cm®. The beam currents
used are between 50 and 300 nA (on target) and
are often limited by computer deadtime. Typical
running time to obtain a spectrum varies from
10 min. to 1 hour. The rather small solid angle
is compensated by the thick targets that can be
used and the large cross sections encountered in
these reactions.

3. Experimental results

Figure 1 shows neutron time-of-flight spectra
for a number of targets. The spectra are zero
degree spectra for Ep= 200 MeV®). The resolution
is around 1 MeV. The large peaks in the spectra
are interpreted as the giant Gamow-Teller reso-
nances. The angular distributions show an 2=0
angular momentum transfer and the (bombarding)
energy dependence shows a AS=1 transfer. The final
states are therefore 1+-states. For the !!'2Sn and
99Zr spectra the Ot IAS's are shown with arrows,
and it is seen that the cross sections are indeed
very much smaller for these non-spin flip transi-
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Fig. 1. Neutron t.o.f. spectra at 200 MeV. The spectra are normalized to show relative
cross sections®).
tions. For 2°®Pb, '€°Tm and '2"*Sn the analogue Y o(k)t_(k)|g.s> = V1]0/9199/299/2-]>1+,T=4 +
states are not resolved from the GT states, but k
cross section systematics give an 8% contribution B — _ - -1
for the 0% cross section to the total cross sec- /160/91/9/10|97,299,2 1>14,124+V1710197/299/2" ' >1+,7=5}
tion in the peak. Interactions of form ojojtity will mix the
The observed “°Ca(p,n)*°Sc 1* cross section two groups of T=4 states in such a way as to
gives a B(GT)=0.2 g%4/4m; in these units the free ;;?ﬁe moiF of Eﬁe strength on_%heAstate ¥1th the
neutron decay has B(GT)=3. The “°Ca g.s. is there- contiguration ng7,7vgg/2™". A wave function
fore a closed shell as regards spin correlations 0.97 9 2 9
with an accuracy of around 0.1 single particle -97|m97/2(vg9/2)”> + 0.23 |199/2(vag,2)>>
strength units. . for the upper state (the "giant" state) and the
~ The cross sections at 200 MeV to the collec- orthogonal combination for the lower state is
tive states are very large, around 100 mb/sr for consistent with both the energy and strength di-
29%pb and around 50 mb/sr for 9°Z§)and show an stribution of 4 : 1 between the 2 states.
almost linear dependence in (N-Z)"). The 1*, T=5 state has a strength of only 0.06
The energy dependence is demonstrated in of the total of 30 and is therefore more difficult
Fig.2 where the zero degree spectra for to observe in the (p,n) reaction. In a recent
°°Zr(p,n)°°Nb at Ep=120 MeV23 and 200 MeV®) are experiment the IAS ofgghis state (the M1 state?e)
shown. From the raw spectra it is evident that has been observed in *°Zr(p,p') at E,= 200 MeVv!é)'
the ratio between cross sections of spin flip and consistent with the previous ana]ysig of the (p,n)
non-spin flip transitions is increasing with ener- daFa. The digtribution of strength on a high
ay. lying collective state with a width of around

4 MeV and on a group of states 6-8 MeV lower
(somewhat more than Agg) with 1/4 of strength on
the giant seems to be a general result for heavy
nuclei. In °°Zr we see that the lower group can
be identified with a definite configuration and
the width is small.

Vgq,o '. The first has In Fig.3 a spectrum is shown at 6=4.5° for
2 9é2 208 i D
. Pb. The angular distribution for the broad

The °°Zr spectrum is illustrative for the
structure of zero degree (p,n) spectra at inter-
mediate energies. If we describe the °°Zr g.s.
as (vgg/2)1° the analogue state, the Fermi state,
will be’ (mg9/2vdq/p=1)g, T=5, whereas the Gamow-
Teller strength is disgributed on 2 configurations
(m99/2vgg/2~") and mg
T=494nd g‘g latter T=Z/and
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Fig. 2. Neutron t.o.f. spectra for °°Zr at Ep = Fig. 3. Neutron t.o.f. spectrum for 2°%Pb is shown
120 MeV and 200 MeV. The resolution is with an assumed continuum. The GT reso-
$Eou2d1700 keV and.l Me¥, respec%i\]/gg)yM y 2ﬁnc$_1s inggcatedé. In the 1og$r pirg of

e 2=1 resonance is only seen a e e figure the continuum is subtracted.
because the angular distribution is nar- The broad peak has an %=1 angular distri-
rower (in angle) at 200 MeV®). bution®). Also shown is a RPA strength

distribution for spin flip states 07, 17
and 2°.

resonance in the spectrum shows an %=1 transfer. B—T T T T T 17T

The energy dependence further shows AS=1, and we J

therefore interpret this peak as the giant spin EE;-7F

dipole resonance. " G- |

The figure also shows the result for the o

strength distribution from a RPA calculation®). w— O .

The resonance is following such calculations the O

envelope of 3 collective states, 0-, 1~ and 2~ N 41 -

states. —_—

- . 93 .
This dipole resonance is as general a feature g J
of the spectra around 5° as the GT resonance is at L2

00 (refs.*»%). b

We shall not here go into any detail with the — I 7]
spin dipole resonance. 0 | | | | | | | |
We have only showed results for heavy nuclei. 0 200 400 600 800

Also for lighter nuclei the (p,n) reaction has E:p (hAEﬁ/)

given new and unexpected information on strength

distributions. The reaction is e.g. an excellent

tool to exploit SU4 symmetries in nuclei. Fig. 4. The ratio between t-matrix elements for

the central part of the interactions in
4. Reaction mechanism the ot- and t-channels is plotted versus

N . 13
At the bombarding energies used here the im- bombarding energy ).

pulse approximation is expected to apply. The
effective interaction between the projectile and
a neutron in the nucleus is taken from the free

nucleon-pucleon (N-N) interaction. Love and q=0 (ref.13). The ratio between the square of
Franey'®) have derived the local t-matrix inter- t-matrix elements for AS = AT = 1 and AS = 0
actions in the different channels from experimen- AT = 1 transfer is plotted versus energy. The
tal N-N phase shifts. In Fig.4 the result for the calculations!3) show that it is the non-spin flip
energy dependence is shown for momentum transfer part that decreases with energy whereas the spin
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flip part is rather constant up to the m-threshold.

The interaction strengths are then used in DW
codes such as DWUCK4 and DWBA70 to calculate (p,n)
cross sections for single particle transitions.

These calculations show3) that for a given
nucleus the zero degree cross section is propor-
tional to the Gamow-Teller strength for the single
particle transition considered. That means that
a cross section unit for Gamow-Teller strength can
be calculated as a function of A for a given bom-
barding energy®). From the measured zero degree
cross section we can therefore extract the (cal-
culated) GT strength for a given transition (Fig.
5).

Gamow - Teller strength
B(GT) = $2&L B,,(GT)
do zp(DW[A) sp /// 3(N-2)
-
100 — i —
re
2 -~
g,/4T i
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Fig. 5. GT strength systematics. The experimen-
tal zero degree cross section®) for the
collective states is divided by a GT
cross section unit to obtain (calculated)
absolute GT strength. The dashed line is
the sumrule 1imit 3(N-Z) for T>>0. The
full drawn curve is 30% x 3(N-Z).

For transitions in (p,n) reactions where the
GT strength is known from g-decay this relation
between do/do(e=0) and B(GT) can be tested. For a
number of nuclei between 6Li and 26Mg it is shown
in ref.3 that such a close relationship between
strength and cross section does exist.

In ref.3 a low momentum transfer limit in the
impulse approximation is used. The zero degree
cross section for a transition with Fermi and/or
Gamow-Teller strength can then be written as

k
496=00) = (£)2 E‘?(NTJﬁ-B(F) + N__J2 B(GT))

J_ and J__ are volume integrals of the effective
spin ind&Pendent (#*) and spin dependent (¥3tt)
central components of the force. N¢ and Nyt are
factors by which the cross sections are reduced
due to distortion of the incoming and outgoing
waves by the optical potential. These distortion
factors can be calculated and inserted in the ex-
pression above.

It is important to calibrate the relation be-
tween GT strength and cross section also for hea-
vier nuclei. We have now data for “2Ca(p,n) and
preliminary data for '**Sm(p,n). There are how-
ever very few cases for heavy nuclei of GT transi-
tions between ground states with reasonable fast
rates (log ft < 5.0).

A similar approach can be taken for the spin
dipole transitions®). A cross section unit can
be calculated and compared with 1/ft values for
e.g. 2- » 0% (unique first forbidden) g-decay.

Here some good examples are available in the Hg-
isotopes.

In conclusion: the (p,n) reaction (at inter-
mediate energies) can give quantitative information
on strength distributions for isospin-spin transi-
tions, e.g. GT g-decay. In Fig.5 we show the GT
strength in the collective state for the nuclei
from Fig.1. The strength is calculated from the
measured zero degree cross section and a calculated
cross section unit. These calculations have not
yet been calibrated by g-decay ft-values in this
mass region.

5. Sumrules

For charge exchange modes very general sum-
rules can be derived from commutator relations for
operators involving t; and t.. For GT transitions
we findl"

SB'-SB+

A
1 T1<Fl T o, (K (k)]45]
fu k=1

A
1511 T o, ()t (k)] ]2
f'u k=1

3(N-7)

The relation states that the difference between

g_ and B4+ GT strength from an initial state |i> to
all final states is 3(N-Z). The sumrule is model
independent since it follows directly from commu-
tators of one body operators t. and t,. The only
assumption is that o and t; are one body operators
that can only change™direction of spin and isospin
of nucleons.

A completely analogous sgmru]e can be derived
for the spin dipole strengthS).

The inclusion of the internal degrees of
freedom of the nucleon can, however, change the
strength distribution significantly. The coup-
ling to the A resonance (M = 1236 MeV T =S = 342)
is very important for the isospin-spin modes?>10
and the sum of strength in the nuclear region
(Ex<100 MeV) will now be model dependent, depen-
dent on the coupling between the A and the nu-
cleon.

In the constituent quark model for the nu-
cleon the reduced matrix element for the N A tran-
sition isl0

247
<l ]fot|[[N> = ==

With this coupling constant 36% of the strength
3(N-Z) (for nuclei Ty>>1) is shifted to the
A-region®). So even if the A-resonance is 300
MeV away it can remove a significant part of the
strength.

The effect of the A-resonance is then to
renormalize all matrix elements involving ort.
There will also be an admixture of A-particle
N-hole configurations into the wave functions of
low lying particle-hole states. The amplitude
with the coupling constant from the constituent
quark model given above will be around 8%:
0.997|ph>-0.080|aN-1>.

6. Structure

The spectra in Fig.1 show that a significant
part of the strength is collected in a single
state. We shall desribe this state as a coherent
particle-hole state.
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In a field approximation the coherent state
is generated by an oscillating average field pro-
portional to 3*. This is equivalent to expres-
sing the two body interaction in separable form,
and we shall here specifically take the particle-
hole interaction as V12 = k@132t 1T2. This cor-
responds to setting all.radial matrix elements
equal. We shall further assume a volume inter-
action by having a 1/A dependence of KN*

The selfconsistency condition for the oscil-
lating potential leads to a dispersion relation
for the energy of the collective state. This re-
lation is equivalent to the RPA equation for a
separable force.

<(v )i |1% M=0] 0 e _q)052

i (e“-ev)i-e

-1 +
<(m v)j|1 ,M=0|0°r+]|0>2 .

5 (ev-eﬂ)j + €

A=

The equation relates to the M=0 states and og
and 1y are spherical tensor components of the
operators & and . ¢, and e, are proton-particle
and neutron-hole energies.

For nuclei with a large neutron excess the
second sum of terms will be approximately zero
because the relevant final states, for the g -de-
cay of the ground state, are blocked. The equa-
tion then corresponds to the Tamn-Dancoff approxi-
mation.

The equation has been solved for 208Pb using
experimental values for particle and hole ener-
gies, and if we adjust the coupling constant to
reproduce the observed energy of the collective
GT resonance (19.2 MeV relative to 208Pb g.s.)

we find
_ 23
KOT = A— MeV .

The coupling constant so determined is an effec-
tive coupling constant including e.g. the coup-
ling to the A-resonance.

The corresponding quantity for the IAS deter-
mined using the same particle and hole energies
and adjusted to fit the energy of the IAS, (18.8
MeV relative to 208Pb g.s.) is

KT=§§Mev.

This corresponds to a symmetric energy of V] =
4 x 28 MeV = 112 MeV.

The effective coupling constant (in the field
approximation) is then smaller for the ot- than
for the t-mode, and that the energy of the GT re-
sonance is higher than the IA resonance is because
the ot-mode also includes the transitions to spin
orbit partners.

The energy systematics for the GT resonances
can be discussed in a simple mode15) which con-
tains all the important aspects of the problem.
We shall assume that the unperturbed GT strength
is clustered in 2 groups of states with energies
ej and ej+Agg and the total strength divided as
3zN-Z)(1-f) and 3(N-Z)-f. In any specific case
the value of f can be calculated. For 208pb
f = 0.36 and for 99Zr f = 0.57. The dispersion
relation then reads

2(N-Z)(1-f) 2(N-2)f  _ _ 1
€

+
e4-€ i+Aks €

For agq we take 5.6 MeV which applies to °0Zr and
200ph but also to “8Ca where Agg(nf5/p-nf7/2)05.7
MeV.

The solution to the equation is plotted in
Fig.6 as a function of N-Z/A. The ordinate is
the energy in MeV relative to the unperturbed
particle-hole energy ej.

The corresponding expression for the energy
of the IAS reads

2N-2) _ 1
i€ 728/

and we note that ej is the same energy as appears
in the equation for the GT energy.

The experimental energies of the GT resonan-
ces*) relative to the IAS energies are plotted in
Fig.6 relative to the straight Tine
e-ej = 2 x 28 N-Z/A.

We see that this simple model accounts well
for the energy systematics of the collective state.

This model places around 80% of the strength
(in the nuclear region) in the collective state,
and this is then in agreement with the experimen-
tal findings that around 1/4 of the strength in
the collective state is found at lower excitation
energies. The ratio is, however, rather uncer-
tain being dependent on how the continuum is de-
fined in the high energy end of the spectra.

The collective state might also be described
by particle-hole interactions of quite different

Gamow - Teller resonance energies

//f=057
> 7 4036
/
= s
<,
f: I() B /’/::j//,
w ®
, ’,,://f
/s 7
w -
— ////
277
5+ o kf01;='%$ MeV
(@]
3
0 . . -
0.l 0.2
N-Z
A

Fig. 6. GT energy systematics. The experimen-
tal energies are plotted relative to the
IAS as explained in the text. The IAS
has (degenerate) unperturbed particle-
hole energies e=ej. The dashed lines
correspond to the model for the GT ener-
gies where the unperturbed energies lie
in 2 groups with e=ej and e=ej+Agg and
strength 3(N-Z)(1-f) and 3(N-Z)f, re-
respectively.
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form. If we assume a particle-hole interaction
also inside the nucleus as coming from m- and p-
exchangelS) then we can approximate the interac-
tion at small momentum transfer (which should be
good for ot transitions) by a s-force.

Vi = 9p" 8(F=F5)5815,TT,

If we adjust g.' to reproduce the observed GT ener-
gy as before w@ find -

g,' = 245 MeV fms .

This quantity should be compared with the volume
integral obtained in the field approximation

23 4 3 3
k - volume = £= « =L r A = 168 MeV fm” (r =1.2 fm)

The two models give rather different results for
this property.

7. Summary

The (p,n) reaction at intermediate energies
is a unique tool for the study of isospin-spin
correlations in nuclei. The spectra show that
these correlations build up collective states of
different multipolarities with a significant part
of the sumrule strength. The energy and strength
systematics of the collective states can be ex-
plained in simple models for one particle-one hole
states. The analysis of the cross sections in an
impulse approximation establishes cross section
units for GT and spin dipole strength. These
calculations can be tested for (p,n) transitions
where the ft values are known from g-decay. The
total GT-strength only exhausts from 30-50% of
the sumrule. Coupling to the A-resonance could
be a possible explanation for the missing strength.
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DISCUSSION

P.G. Hansen: You have in certain cases used R-decay
data to "calibrate" the (p,n) cross-sections. Are
there any cases, where further measurements of the
B-transition probabilities would be useful to you?

C. Gaarde: The calibration of the (p,n) cross sec-
tion by B-decay is very important for the absolute
GT strength. For heavy nuclei we need log ft<5
transitions to get sufficient accuracx. The only
cases we have been able to find are '**Sm, !®2Dy and
18540, These are g.s. to g.s. transitions. Sugges-
tions for other cases would be welcome.

J. Zylicz: Is there any good way of detecting the
small delta/nucleon-hole admixture to the wave func-
tion of the lower-energy state?

C. Gaarde: We have not found a good way. An experi-
ment is planned to look for nucleon particle-hole
i.e. GT strength in the A-energy region.

K. Bleuler: Is it right too that you need in order
to interpret your measurements about 8% of A-ad-
mixtures. If so, that would correspond nicely toour
calculation of the binding of nuclear matter through
meson-exchange where you automatically obtain an
admixture of this order of magnitude.

N.I. Pyatov: The 35% quenching of the GT strength
resulting from the virtual excitation of the A-hole,
agrees rather well with the phenomenological esti-
mate of the local quasi-particle charge for the
axial field 1qlot] = 0.8, which was obtained by the
Migdal group from analysis of magnetic moments. But
this does not seem to resolve the problem completely,
because, as we found in our calculations, thequench-
ing required is different at least for °%r and 2°¢Pb
(see the paper by Fayans and Pyatov).

0.W.B. Schult: Does one understand the strength that
goes into the 13.9 MeV state on the basis of shell-
model calculations?

C. Gaarde: The data for ¥C(p,n)**N is to be published
(C. Goodman et al.). The GT strength distribution
was not known, but the general picture is reproduced
in shell-model calculations. The '*C(p,n)'*N reac-
tion is a good case for the determination of abso-
Tute GT strength. The transition to the 3.95 MeV
state in !*N has a ft-value known from B-decay and
the (p,n) 0° cross section is therefore calibrated
in GT strength.
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