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The (p,n) reaction to the analog of the first excited 2+ state in ***Fe at 35 MeV is analyzed with
coupled-channel calculations which couple together the ground state, the first 2+ state, and their
analogs. These employ a Lane model optical potential and vibrational model couplings for the in-
elastic transitions. The potential parameters and transition strengths are constrained by requiring
that the calculations simultaneously fit data for the (p,p), (p,p')2%, (n,n), (n,n)27%, (p,n)0*, and
(p,n,)2* cross sections. At this energy the two-step processes 0% —2*—2% analog, and 0* —0%
analog —2% analog, are essential components of the reaction. Interference between the two-step and
the direct one-step (0" —2% analog) amplitudes allows both the magnitude and sign of the isovector
deformation parameter B, to be determined. We find B, is negative in **Fe but positive or zero in
Fe. The results are consistent with B values obtained by comparing measurements with different

probes.

I. INTRODUCTION

Nucleon-nucleus elastic scattering at low energies (< 50
MeV), as well as (p,n) reactions to target isobaric analog
ground states (IAS), are successfully described by the
Lane model,' in which the N-nucleus optical potential
contains an isovector term

U=Up+ Lty . (1)

A

In spherical even-even nuclei, inelastic transitions to low
lying collective states (such as the first excited 2% states)
are well described by the vibrational model. The Lane
model can be extended to include these excitations, as well
as transitions to excited analog states (EAS), by allowing
both the isoscalar and isovector terms to vibrate. The
coupling potential in this extended Lane model is given by
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The isovector deformation parameter B; contains im-
portant nuclear structure information. It reflects the
difference between proton and neutron contributions to
the nuclear collective motion, and it can be related to core
polarization and effective charges in shell model descrip-
tions of nuclear excitation.

In the past, B, has been determined indirectly by com-
paring measurements with different probes.> The defor-
mation parameters for (p,p'), (n,n’), and electromagnetic
scagtsring are related to B, and B, by the following formu-
lae:>
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where B, and B, are the deformation parameters for nu-
clear neutrons and protons, respectively. [The approxi-
mate expressions in (3d) and (3e) assume that the
nucleon-nucleon potentials satisfy V,,=Vy,, Vo=V,
Vap/Vpp=3, and that e=(N —Z)/A4 << 1.] If the B’s for
two different probes are known, then B, B, and hence
Bo, B1 can be derived.

In principle, B, can also be directly determined from
measurements of charge-exchange reactions to excited
analog states. An important first step in this direction
was taken by Carlson et ql.’ and Orihara et al. They
measured angular distributions for (p,n)2* cross sections
in the 20—35 MeV range, and extracted 3; by normalizing
a distorted wave Born approximation (DWBA) calcula-
tion to the data. This procedure assumes the reaction is
dominated by a direct one-step transition. The results in-
dicated that B, is typically 3 to 5 times larger than the
corresponding By or Byy. These large values in general do
not agree with the B’s derived indirectly from Eq. (3) us-
ing By and By, from the analysis of proton’ and neutron®
inelastic scattering data. We will see, for example, that in
5Fe the 2+ data for both proton and neutron scattering
are consistently fit using equal B’s: By, =Py =0.24,
which implies that 3, =BO=Bpp"

In earlier work®~!! it was shown that multistep pro-
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cesses are important components of charge-exchange reac-
tions. In particular, the two-step  processes
0t —2%t2*%EAS, and 0t —0*IAS—2*EAS dominate
the (p,n)2* transition at low energies (~20 MeV) and can
significantly affect it even at relatively high energies
(~130 MeV). In order to assess the importance of these
effects in understanding the recent (p,n)2* data of Ref. 6,
we have performed coupled-channel calculations for 35
MeV protons and 26 MeV neutrons incident on >*3¢Fe.
In contrast to the DWBA analyses, we obtain values of 8,
which are consistent with results derived from By, By,
and BB, using Egs. (3).

The coupled-channel analysis and the isospin-consistent
Lane potential used in it are described in Sec. II of this
paper. The calculated 35 MeV (p,p), (p,p’)2%, (p,n)0,
(p,n)27, and the 26 MeV (n,n), (n,n’)2* cross sections are
shown and compared to data. In Sec. III the importance
of multistep contributions is discussed, and the results for
54Fe and °Fe are compared and contrasted. Section IV is
a conclusion and summary.

II. COUPLED-CHANNEL ANALYSIS

A. Optical potential

Our Lane-model optical potential parametrization is
based on the Becchetti-Greenless (BG) “best-fit” global
proton potential,'? but uses the energy-dependent isovec-
tor potential of Patterson et al.!> [hereafter referred to as
the Michigan state (p,n) potential], which was determined
by fitting angular distributions for (p,n) reactions to ana-
log ground states of various nuclei.

The essential criterion for a good isospin-consistent po-
tential is that it simultaneously fit (p,p), (p,n)IAS, and
(n,n) data. This imposes a tight constraint on the poten-
tial, but it must be satisfied before attempting to extract
deformation parameters for transitions to excited states.
Therefore the following procedure was adopted for deter-
mining a global Lane potential. Starting with the BG
proton potentials, the isovector term [proportional to
(N —Z)/A] was replaced with the Michigan State (p,n)
potential. The isoscalar term was then modified so that
the resulting Lane potential reproduced (on the average
for 3Fe and ®Fe) the original BG potential for protons.
Next we demanded that the potentials fit both the elastic
(p,p) data at proton energy E,=35 MeV, and the elastic
(n,n) data at neutron energy E,=E,+Q;,,=26 MeV,
where Q,,=—9.0 MeV is the IAS Q value for **Fe.
Two-channel calculations, which coupled together the
ground state and first excited 2% states, were performed
for **Fe using values of B, and B, taken from the litera-
ture (the elastic cross sections are relatively insensitive to
the choice of these parameters). The resulting elastic dif-
ferential cross sections were too large compared to both
proton and neutron scattering data. This was somewhat
surprising since the effect of channel coupling is to de-
crease the elastic cross sections, but it in fact reflects a
weakness of the global BG potentials applied to Fe at
these energies. To overcome this problem, the imaginary
parts of the isoscalar potentials (both volume and surface
terms) were increased by 4%. This produced good fits to
the elastic data. Finally, the real part of the isovector po-

tential was increased so that the (p,n)0* cross section was
normalized to the data (the energy-dependent imaginary
part was left unchanged). The resulting global Lane po-
tential is given below. For proton and neutron scattering

Ve =[54.0+(€)(24.0— V)] +70.4Z /4!
—0.32E teV, ,
rg=1.17 fm, az=0.75 fm,

Wy, =1.04(—2.7+0.22E)
Wsp=1.04[11.8+(€)(12.0— W, /1.04)

—E(0.25— (€)W} /1.04)]
+e(W,—EW}),

r;=1.32 fm, ¢;=0.5140.7¢ fm ,
Ve=6.2,
ro=1.01fm, a,=0.75 fm . 4)

The notation here is the same as that of BG; V3 is the
real volume, W) the imaginary volume, and Wgg the
imaginary surface potential, given in MeV. The Coulomb
potential is that of a uniformly charged sphere of radius
Rc=1.24"3 (€)=0.05 is the average value of
(N —Z)/A for **Fe and **Fe. The plus (minus) sign is for
proton (neutron) scattering, and the energy is evaluated,
for a given nuclear state, at the incident projectile energy
E},, plus the Q value for that state. Thus E =E,,, for
the ground state, E =E,+Q,, for the IAS, E=E,,
+Q,+ for the first 2* state, and E=E,+Qpn+0Q,+
for the 2%EAS (in *Fe Q,,=—8.99 MeV,
Q, =—141 MeV, and in *Fe Q,,=-9.03 MeV,
Q,+=—0.85 MeV). The only Coulomb correction to the
proton energy is the ¥0.4Z /A'/* term in the real volume
potential, where y =1 for protons, O for neutrons. The
(p,n) potential is given by

VR=2——”Y4—ZV1 , (5)
WSF=2_JV—J“(W1 ——EWII ) .

Here the energy is evaluated at
E=(E,+E,)/2=E\,—Qpn/2 .

In both Egs. (4) and (5) V,=21.7, W;=19.0, and
W1=0.31. [In Ref. 13 W;=18.1 and W) =0.31, but
their potential is evaluated at a Coulomb-shifted energy

E=(E,—0.84Z/A'*+E,)/2,
which is equivalent to Eq. (5) evaluated at (E, 4+ E)/2.]

B. Four-channel analysis

Once the Lane potential was determined, four-channel
calculations'* which coupled together the ground state,
the first excited 2% state, and their analogs, were per-
formed for 35 MeV protons on **Fe and *Fe. The input
parameters By, B, and B, were determined by first find-
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ing a set {Bpy, Bun» Bem) Which fulfilled the following re-
quirements: (1) that it be consistent with Egs. (3a)—(3c);
(2) that it agree with the 35 MeV (p,p’)2* and 26 MeV
(n,n’)2% data; and (3) that B, be in reasonable agreement
with values previously determined'>!® from measurements
of the B(E2)t transition strength. Then By and 3; were
found from B, and B, using Egs. (3d) and (3¢). In actu-
al calculations, slightly different values of the B’s were
used with the imaginary and Coulomb potentials. This is
because Eq. (3) strictly applies not to the deformation pa-
rameters f3, but to the nuclear deformation lengths §=pR,
where R is the radius which enters into the radial form
factor of the coupling potential [Eq. (2)]. Equation (3) is
valid if Rg=R;=Rc (Rg=rgrA'”3, etc). Therefore
Bo, B1 were replaced with 8,/R;, 8;/R, in the imaginary
coupling potentials, and S., was replaced with 8.,/R¢
(where 8o=PBoRR, 8; =B1RR, and 8., =PemRy).

Calculations on >*Fe were performed with two sets of
B’s which are listed in Table I. In set 1 we initially took
Bop =0.16, Bey =0.20 from previous analyses,”'* and cal-
culated the remaining B’s using Eq. (3). To improve
agreement with the data, small adjustments to these
values were made while maintaining the requirement that
Eq. (3) be satisfied. In set 2, B, B;, and B.,, were calculat-
ed using B,y =0.193 from Ref. 8 and the B, from set 1.
For comparison, Table I also shows values of |B;| from
the DWBA analysis of Refs. 5 and 6.

Angular distributions for the two-channel 26 MeV
(n,n), (n,n')2%* and the four-channel 35 MeV (p,p),
(p,p')2%, (p,n)0*, (p,n)2* cross sections are shown in Fig.
1. Solid curves are the results using A’s from set 1, and
dashed curves are the results with set 2 (shown only when
noticeably different from the solid curves). The (p,p),
(p,p')271 data are from Ref. 7, the (n,n), (n,n’)2* from
Ref. 8, and the (p,n)0*, (p,n)2* from Ref. 6. All six cross
sections agree reasonably well with the data, especially
considering the potential being used is global. Fits to the
elastic and 27 cross sections are comparable in quality to
the proton scattering calculations of Fabrici et al.” and
the neutron scattering calculations of Mellema,® both of
which employed best fit optical potentials. However,

there is some discrepancy with the data at large angles. In
order to test the sensitivity of our results to the choice of
optical potential, and to try and fit the large angle cross
sections better, we repeated the calculations with an “im-
proved” potential for **Fe. This is similar to the potential
of Egs. (4) and (5), except that the geometry parameters
and imaginary volume strength W) were changed in or-
der to better agree with Mellema’s best fit >*Fe 26 MeV
neutron potentials and the 35 MeV proton potentials of
Fabrici et al. With these changes it was also necessary to
decrease slightly the real isovector strength ¥, in order to
fit the (p,n)2% data. To summarize, the improved S4Fe
potential is given by

rg=1.18 fm, az=0.689 fm,
r;=1.25fm, a;=0.673 fm,

Wy =1.04(—6.640.33E) MeV ,
V,=20.1 MeV .

All other parameters are the same as in Eqgs. (4) and (5).
Figure 2 shows the calculated cross sections with this po-
tential, again using the f’s of sets 1 and 2. We see that
the angular distributions are indeed improved at large an-
gles; however, the overall magnitudes are practically the
same [there is a slight improvement in the (n,n’)2% case].
Therefore, the deformation parameters needed to produce
the correct magnitudes of the inelastic cross sections are
essentially equal for both potentials.

In Fig. 3 calculations for *Fe are shown which use the
original Lane potential of Egs. (4) and (5). As observed
earlier by Mellema,® we find that the 2+ data for both
proton and neutron scattering on >%Fe are consistently fit
using equal B’s: B,y =Pny=0.24. This also implies, by
Eq. (3), that By=p,=0.24. However, [, is extremely sen-
sitive to small differences in B, Byy. For example, if By,
and B, differ by only 7%, then B;=0. To test the sensi-
tivity to B, in the **Fe calculations, 8, was held fixed at
0.24 while 8, took on values between 0.24 and 0.00. Table
I shows two sets of B’s used. In Fig. 3, solid curves are

TABLE I. Deformation parameters used in the coupled-channel calculations.

Bpp‘ Bnn’ Bp Bn BO B[

Fe set 1 0.165 0.186 0.197 0.155 0.176 —0.390
set 2 0.165 0.193 0.208 0.152 0.179 —0.577

0.74%

0.79°

RPA° 0.160 0.180 0.194 0.155 0.170 —0.35

Fe set 1 0.240 0.240 0.240 0.240 0.240 0.240
set 2 0.232 0.249 0.259 0.224 0.240 0.00

0.69*

0.63°

RPA° 0.244 0.244 0.244 0.244 0.244 0.244

*| B | from the DWBA analyses of 35 MeV (p,n)2* data in Ref. 6.
®|B;| from the DWBA analyses of 22.5 MeV (p,n)2* data in Ref. 5.
°Bp» Bn are from the RPA calculations, and the remaining 8s are derived from these using Eq. (3).
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FIG. 1. Differential cross sections for the 35 MeV (p,p), (p,p’)27, (p,n)0%, (p,n)2*, and the 26 MeV (n,n), (n,n’)2* reactions on
%Fe. Data are from Refs. 6—8. Solid curves show the calculated cross sections using the potential of Eqs. (4) and (5) and the By, Bi,
and B,y values from set 1 for *Fe in Table I. Dashed curves are the results with the same potential but using the B’s from set 2 for

S4Fe.

the results with set 1 (equal B’s), and dashed curves are
the results with set 2 (8;=0.0). The agreement with ex-
periment is again satisfactory.

III. DISCUSSION

Our analysis indicates that the two-step processes
0t —>2*>2*EAS and 0" —-0+tIAS—2TEAS make ex-
tremely important contributions to the excited analog
cross sections at 35 MeV. While the two-step amplitudes
are expected to decrease with increasing energy relative to
the direct one-step, they can have a significant effect even
at quite high energies. For example, in Ref. 9 it was
found, based on a coupled-channel analysis of the

26Mg(p,n)2™* reaction, that including the two-step ampli-
tudes increases the cross section by 30% at 135 MeV.
This is somewhat unfortunate since most analyses of
charge exchange use the DWBA or the distorted wave im-
pulse approximation (DWIA), which are first-order calcu-
lations. On the other hand, there is an enormous advan-
tage in having to include the two-step processes: The in-
terference between one- and two-step amplitudes allows an
unambiguous determination of the sign of B, as well as its
magnitude. This is not possible in a DWBA analysis,
where the (p,n)2* cross section depends only on /3.

In earlier work on the 2+ EAS excitation in the 15—25
MeV range® ! it was shown that two-step processes dom-
inate in nuclei with strong inelastic 2% transitions, be-
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FIG. 2. Same as Fig. 1 except using the improved potential of Eq. (6). Solid and dashed curves are again the results using ’s for

4Fe from sets 1 and 2, respectively.

cause of the small size and near incoherence of the one-
step amplitudes. Under the assumption of a pure two-step
mechanism, the quantity o /(N —Z)B3 should be approxi-
mately constant as a function of isotope [where o is the
integrated experimental (p,n)2* cross section]. Table II
shows that this is clearly not satisfied by the 35 MeV Fe
data. If we assume the one-step process dominates, as
would be expected in the high energy limit, then the quan-
tity o/(N—-Z )B% should be approximately constant.
Table II shows that this limit is also far from satisfied,
even if B; values from DWBA analysis are used. There-
fore at 35 MeV it is necessary to include both one- and
two-step amplitudes.

While both amplitudes are important in each isotope,
the interference is quite different in the two cases. Figure
4 shows the one- and two-step contributions to the (p,n)2*
cross sections using the ’s from sets 1 in Table I. Solid

lines are the full coupled-channel result, dashed lines show
the two-step contribution (the 0*<«<>2*EAS coupling has
been turned off), and dot-dashed lines show the one-step
contribution (only 0*«>2*EAS coupling allowed), which
is essentially a DWBA calculation since the transition po-

TABLE II. These numbers, given in mb, are calculated using
the B’s of sets 1 and (in parentheses) sets 2 from Table I. Num-
bers in brackets are calculated using the B,’s from the DWBA
analysis of Ref. 6, which are also given in Table I. ¢ is the in-
tegrated experimental (p,n)2* cross section.

A 54 56
o/(N —Z)B} 6.87,(6.60) 2.40,(2.40)
o/(N—-2)B} 1.39,(0.64),[0.39] 2.40,(),[0.29]
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FIG. 3. Differential cross sections for *Fe. Solid curves are the calculated cross sections using the potential of Egs. (4) and (5) and
the B’s for *Fe from set 1 of Table I. Dashed curves show the results using the set 2 B's.

tential is weak.

We see that in °Fe the one-step contribution is small
compared to the two-step, and therefore the (p,n)2* cross
section is relatively insensitive to the choice of f;.
Nevertheless the two-step calculation appears to lie above
the data (at least at forward angles) suggesting the one-
and two-step amplitudes should interfere destructively,
which occurs when B, is positive (this agrees with the rel-
ative phase determined from the simple surface-
interaction model of Ref. 9). Thus the full calculation
(shown here with B;=pB;=0.24) lies slightly below the
two-step result.

In **Fe the situation is different. Here the one- and
two-step amplitudes are comparable, and the calculated
(p,n)2 cross section is more sensitive to the choice of B;.
Both one- and two-step calculations are well below the

data, therefore the amplitudes must interfere constructive-
ly, which occurs when B, is negative. One might argue
that the data could be explained by increasing B, and let-
ting B;—0, or vice versa. However, B, cannot be changed
much without drastically altering the (p,p’)2* and
(n,n')2% cross sections. The data therefore force us to
conclude that B, is negative.

In **Fe the Bs from set 1 are in good agreement with
the forward angle (p,n)2* data, while the large angle data
would prefer set 2. In °Fe, the forward angle data lie be-
tween the B;=0 and B;=0.24 results. The authors of
Ref. 6 quote a ~20% error in the absolute magnitude of
the (p,n) and (p,n)2* cross sections and a ~7% relative
error. Bearing in mind these errors, as well as the uncer-
tainties due to the choice of optical potential, we expect
that
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FIG. 4. Comparison of one- and two-step contributions to
the *>Fe(p,n)2+ cross sections at 35 MeV. Solid curves are the
full coupled-channel calculations. Dashed lines show the two-
step cross sections (same calculation with the direct 0t<>2*EAS
coupling turned off), and dot-dashed lines show the one-step
cross sections (only 0*«>2+EAS coupling allowed). The one-
and two-step amplitudes interfere constructively in **Fe and des-
tructively in *°Fe.

Bi=—0.4(+0.1,—0.2) for **Fe
and
0<pB;<0.24 for *Fe.

These values are quite different from the results of
DWBA analyses, which found |B,; | =0.75 for *Fe and
| B | =0.65 for *Fe.>¢

The sign of B; in each nucleus can be understood on the
basis of its shell structure. >*Fe is a single-closed-shell
(SCS) proton valence nucleus. In the extreme independent
particle shell model, only the valence protons participate
in the vibration. Therefore B,=0 and, using Eq. (3),
Bi1/Bo= —1/€= —27. This model breaks down, however,
because the core of filled proton and neutron shells is not
inert; it is deformed by the residual interaction with the
valence protons. This “core-polarization”*!” acts to
reduce the ratio 3,/ toward the prediction of the homo-
geneous collective model where 8,=f,, and B;/B,=1, but
it leaves B,/B, < 1 and B,/B, negative. The degree of core
polarization can be estimated using our values for this ra-

tio. The multipole transition matrix elements for nuclear
neutrons and protons, given by

N(Z) A
2 ri Yl(?,)

i=1

Mn<p>=<-’f Ji> 7

(A=2 for the 0t —27 transitions), can be expressed in
terms of the valence space matrix elements M, M :

M, =M, (1+8")+M 8",
(8)
M, =M, 8"+ M, (148%),

where 8 is the parameter describing polarization of core
x by valence y nucleons. Assuming equal radii for pro-
tons and neutrons (R,=R,), the multipole matrix ele-
ments and collective model deformation parameters are
related by
M, NB. ©
M, ZB,
In a SCS proton valence nucleus M, =0, and M, /M de-
pends only on the core-polarization parameters. Combin-
ing Egs. (8), (9), (3d), and (3e) for this case yields

1 +EBO/Bl
1—€Bo/By |’

where e, =146 is the proton effective charge. Using
the ratio B,/By=—2.22 (from set 1 for **Fe), we find
8"°=0.85¢,, indicating a substantial polarization of the
neutron core by valence protons. This agrees very well
with schematic-model calculations,!7 and with full ran-
dom phase approximation (RPA) calculations'® which
yield M,=22.4 fm?, M,=26.1 fm* for **Fe, and thus
M,/M,=58"/e,=0.86. These results lead to the RPA B
values shown in Table I.

Now consider the shell structure of *Fe. There are two
neutrons above the f;,, shell and two holes in the proton
f7,2 shell. If the neutron particles and proton holes were
in the same shell we would expect M, =M. However, in
SFe the neutrons are in a higher shell with more single
particle levels (1p3,5, Ofs/, 1p12, 089/2), so there are
more two-particle configurations which can contribute to
the 2% transition strength, and as a result M, is slightly
greater than M. This has been verified by schematic-
model calculations similar to those in Ref. 19, and by full
open-shell RPA calculations. The RPA results'® indicate
that the ratio M,/M, in *Fe is very close to N/Z, so
that B,=p, and B,/By=1, in agreement with our analysis
of the data.

8"=e, (10)

IV. CONCLUSION AND SUMMARY

We have constructed a global, energy dependent Lane-
model optical potential from the BG proton and Michigan
State (p,n) potentials which fits the 26 MeV (n,n) and the
35 MeV (p,p) and (p,n)IAS cross sections on **Fe and
%6Fe. Using values of B, and B, consistent with By, Bun»
and B., we also simultaneously fit the (p,p’)2", (n,n’)2,
and (p,n)2* cross sections with coupled-channel calcula-
tions which employ vibrational model couplings. Both
the magnitude and the sign of 3; can be determined be-
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cause of the interference between the two-step and the
direct one-step transition amplitudes. Our analysis of the
data clearly indicates that B, is negative in *Fe, but it is
positive or zero in *°Fe, in agreement with full RPA cal-
culations. We conclude that the (p,n) reaction can be used
to determine isovector deformation parameters, but only
if multistep processes are carefully taken into account.
Finally, we suggest it would be very useful to measure
(p,n)0*IAS and (p,n)2+EAS cross sections at a somewhat
higher energy, say ~60 MeV. As the energy is increased,
the two-step amplitude drops off compared to the one-
step, so there is greater sensitivity to the choice of 8, and
it can be more accurately determined. However, the ener-
gy should not be too high, because the isovector potential
drops with increasing energy, and the 2*EAS will eventu-

ally be too small to measure in the background of the
broad Gamow-Teller resonances.”’ (p,n) experiments near
60 MeV could be performed at several currently running
accelerators such as the Indiana University Cyclotron Fa-
cility.
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