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ABSTRACT
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ttimui
We have measured a (jr ,x") angular distribution for Jĵ e transition to the dou-
ble iaobaric analog state of a T = 2 target nucleus, &bFe, at T = 180 MeV.
The data are compared to measurements on T = 1 targets ana to theoretical
predictions. The angular dependence is different from that observed in measure-
ments on T = 1 targets. Some features of the data are reproduced by the
theoretical predictions, but significant discrepancies remain.
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All the published comparisons of data with theory for (IT ,TT~) double charge

exchange (DCX) angular distributions leading to the double isobaric analog state

(DIAS) have been for T = 1 states, primarily because of the difficulty of (it ,JT )

measurements on T > 1 targets. For transitions to the DIAS the cross section

decreases with mass as (N - Z)(N - Z - l)A- l0/3, and for T > 1, the DIAS is

an excited state that must be extracted from a continuum background. Thus,

the validity of theories for T > 1 targets has remained untested.

For T = 1 nuclei and energies near T^ = 164 MeV, the angular distribu-

tion data exhibit a deep minimum (at least an order of magnitude decrease of the

cross section) at an angle several degrees smaller than the position of a minimum

predicted by simple models (sequential charge exchange through the free pion-

nucleon amplitude)1'2*3. The theories of Johnson and Siciliano^and of Liu6 suc-

cessfully describe a majority of the angular distributions at T = 164 MeV, by

including second-order terms in the ir-A optical potential that account for higher

order processes. At higher energies, T^ > 230 MeV, the simpler models ade-

quately describe the existing data1*2.

Fig. 1 shows predictions of angular distributions for 56Fe(ff+,7r")56Ni(DIAS)

at Tn — 180 MeV, calculated using the code PIESDEX* with Hartree-Fock

(Skyrme HI effective interaction) neutron, proton, and excess neutron densities7.

The dotted curve includes no second-order optical-potential terms. Thus it

represents sequential scattering through the intermediate analog state. Although

the second-order potential parameters are energy dependent (but A independent),



the paucity of single- and double-charge-exchange data at T^ == 180 MeV pre-

cluded a unified analysis along the procedure described by Greene et al.s Thus,

we have used the 164-MeV p2 optical-potential parameters (coefficients of the

higher order potential terms proportional to p2, (Ap)2, and p&p, where p and Ap

are the nuclear and excess neutron density, see Table I) in the two other calcula-

tions. The dashed curve is a second-order calculation for the T = 1 target Fe,

and the solid curve is the same calculation for the Fe target. The striking

feature of the calculations is the difference in the position of the minima: at 6 =

22, 14 and 30°. Thus, for T = 2 target nuclei, the position of the first minimum

is predicted to be at a much larger angle than that predicted by the lowest order

calculation, while for T = 1 nuclei, the reverse is true1'2-8. (A linear extrapola-

tion of the second-order parameters between results at 164 MeV (ref. 5) and 230

MeV (ref. 0) does not change the results appreciably.) The change in the position

of the minimum results from the isospin dependence of the second-order TT-A

interaction — which describes higher order processes such as delta-nucleus interac-

tions, pion absorption, and two-particle correlations — contributing to DCX tran-

sitions to the DIAS.

We present here the first measurement of an angular distribution on a

T > 1 target, performed as a test of the above predictions, the validity of the

unified analysis of ref. 5, and the formalism of Johnson and Siciliano4. There

exist two angular distribution measurements at T = 180 MeV for T = 1 target

nuclei, 18O(7rV)18Ne(DIAS) (ref. 2) and 42Ca(7rV)42Ti(DIAS) (ref. 8),to

which we can compare our measurement. In this letter, we report differential



cross sections for 56Fe(jr+,7r")56Ni(DIAS, Ev = 0.90 ± 0.05 MeV),

5< $ < 30°, at T = 180 MeV. A more complete description of the measure-

ments and other data will be reported later10.

The measurements were made at the Clinton P. Anderson Meson Physics

Facility (LAMPF) with the energetic pion channel and spectrometer (EPICS).

Descriptions of the channel, spectrometer, and modifications for forward aagle

DCX measurements have been presented elsewhere11.

The DCX data were normalized by measuring yields for H(;r ,n ) H at

0 = 40°, and comparing them to cross sections based on the phase shifts of

Rowe, Salomon and Landau12. A 1H(*r+,7r+) H angular distribution showed that

any angle-dependent systematic errors are less than 2%.

Cross sections were extracted for the DIAS with the code NEWFIT, written

by one of us (CLM). NEWFIT is an interactive line-shape fitting code that uses

the CERN MINUIT optimization package. The fitted line shape was a Landau

distribution folded with a Gaussian (400 keV FWHM) to fit elastic scattering

spectra. The broadening of the lineshape accounts for instrumental resolution

and multiple scattering in the target. With the momentum-dispersed EPICS pion

beam, the incident energy is derived from the projected interaction position at

the scattering target. Multiple scattering decreases the resolution of the projec-

tion back to the target. The resulting full width of 1.0 MeV at one-half max-

imum (2.4 MeV at one-tenth maximum) was caused mostly by straggling in the

target (2.38 gm/cm2 cold rolled steel).



There are very few background counts in the region of the Ni(DIAS) from

scattering from other isotopes. We expect that the worst case would be for

54Fe(7T+,7r")54Ni(gs), which would be centered 0.44 MeV above the 55Ni(DIAS) in

excitation energy, with approximately 6% of the intensity of the Ni(DIAS)

peak. Our data do not indicate a Ni(gs) peak (much improved statistics would

be needed to observe it), and thus we have made no explicit corrections for it.

Other isotopes, due either to their more negative Q-values for the (ir ,n ) reac-

tion or to their small abundance, make a negligible contribution.

To extract yields at 180 MeV, the following procedure was used. A summed

spectrum was created of all DCX data at all angles without any correction for

relative normalizations or acceptance, (the acceptance varied by less than 3%

across the fitted region of E = 5.0 to 15.0 MeV). Three peaks plus an exponen-

tial background were required to fit the summed data well. Removing the non-

DIAS peaks from the fit increases the x2 with only a small change in the

extracted cross sections. These results were used as initial values for fits at each

angle. The variation in peak positions with angle was less than 100 keV (the

three peaks were fixed relative to each other). At 30°, no DIAS peak was visible.

Without a constraint on the peak positions, the best fit extracted peak positions

differed from those at other angles by about 0.5 MeV, which was considered

unacceptably different. Thus, the peak positions at 30° were constrained to be

the summed spectrum results. A sample fit at 15° is shown in Fig. 2.

The extracted excitation energy of the DIAS peak, 9.90 ± 0.05 MeV, differs

somewhat from our previous measurement13 (E = 9.6 ± 0.2 MeV) with the



same reaction at several energies between T^ = 164 and 202 MeV. In the previ-

ous work, an inferior fitting algorithm was used, which accounts for the larger

uncertainty in E . Our determination of the excitation energy is in good agree-

ment with determinations from 54Fe(3He,n)56Ni and 58Ni(p,t)56Ni measure-

ments14, which find Ex « 0.97 MeV.

The 5^Fe data are compared to the O and Ca measurements and PIES-

DEX calculations in Fig. 3. The 56Fe differential cross section exhibits a forward

angle peak that falls by a factor of approximately three to a relatively unvarying

cross section in the region 15 < 0 < 25°. At 30°, the cross section has dropped

by a factor of at least 1.5 from the 25° value, and might indicate a minimum

near 30°. The data are inconsistent with the presence of a deep minimum in the

vicinity of 14°, as we would expect based on the

18O,42Ca(7r+,jr~)18Ne,42Ti(DIAS) measurements, and the hypothesis that the

angular distributions for T = 2 targets would have similar features as those for

T = 1 targets. The data are also inconsistent with a minimum at 20°, as the

first-order calculation predicts.

We have used the second-order parameters that were determined in the

unified analysis of ref. 5 for the calculations shown. These results correctly

predict the position of the minimum for 18O and 42Ca. However, there are

shortcomings for O at larger angles, and the overall magnitude of the 42Ca cal-

culation is incorrect. Though the calculation for 56Fe correctly predicts a rela-

tively low cross section near 6 = 30°, there remain significant differences in

shape and magnitude between the data and the calculation (solid curve).



More specifically, values of x2 calculated with respect to the three calcula-

tions of Fig. 1 show that the best agreement is with the calculation for Fe

including the higher potential terms (solid curve), and the worst is with the

simpler calculation (dashed curve). Renormalization of the calculations to best fit

the data yields the same conclusions. Thus the T = 2 data exhibit features

unlike (7r+,JT~) measurements for T = 1 nuclei at, or slightly above, T^ = 164

MeV.

e is

With respect to the phenomenology of DCX, the Fe angular distribution

at T = 180 MeV increases our knowledge. It exhibits neither the deep forward

minimum characteristic of T = 1 nuclei, nor a lowest-order shape as might be

expected from a naive two-amplitude model15. A new type of behavior has been

found. However, the lack of detailed agreement with the second-order prediction

presented here is also not encouraging.

How serious is the disagreement? It is difficult to judge since the second-

order parameters are expected to be strongly energy dependent in the A33 reso-

nance region. We have successfully adjusted the magnitudes of isovector and iso-

tensor terms to reproduce the Fe angular distribution, but we have not been

able to both qualitatively reproduce the shoulder (the unvarying cross section for

15 < 0 < 25 ) in the Fe data and retain a forward minimum in the O and
42

Ca 180-MeV angular distributions (within two or three degrees of the data)

with the same set of parameters. We note that a shoulder is predicted10 for the

T = 2 nucleus Ca at 164 MeV, but we have not been successful at using this



as a starting point for adjusting the assumed Fe nuclear structure to allow

prediction of a shoulder. We conclude that the present phenomenology is inade-

quate, because the shoulder in the data is not reproduced. It is not, however, a

fatal flaw, because elastic scattering and single charge exchange input does not

exist. Also, the unified analysis phenomenology does successfully predict a

difference in shapes between T = 1 and T = 2 target nuclei.

In conclusion, we have measured the angular distribution for {n ,n ) on a

T = 2 target nucleus. The data are inconsistent with a deep minimum at an

angle smaller than 30°. Thus, the data are also inconsistent with the lowest-

order calculation or with (n ,if) measurements on T = 1 target nuclei, where

minima appear at smaller angles. We interpret this feature to be a characteristic

difference between T = 1 and T = 2 measurements near the peak of the A33

resonance. These data and further measurements of this type will place con-

straints on theories of the pion-nucleus interaction.
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Table I

Coefficients used for the p2 terms [Jo 83) of the calculations of Fig. 1.

Curve T . X<% x M ,

(MeV) (fm3) (fm3)

dotted 180 0 + Oi 0 + Oi 0 + Oi 0 + Oi
solid, dashed 180 0.75 + 3.67i 7.71 + 15.5i 1.66 + 10.8 35.0 + 0.3i

x<2

9
(fm3)

Energy
Shift

(MeV)
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FIGURE CAPTIONS

Fig. 1 (jr+,7r") calculations from the code PIESDEX4 at T^ = 180 MeV for

transitions to the DIAS. The dotted curve represents sequential scatter-

ing through the intermediate analog state, with no higher order

processes. The solid curve represents a second-order calculation for

5 6Fe, with the strengths of the second-order potential taken from fits

to 164 MeV data5 (see Table I). The dashed curve represents a calcula-

tion using the same second-order potential as for the solid curve, for

54the target nucleus Fe.

Fig. 2 An example of a fit to the excitation energy spectra at 15 from the

code NEWFIT. The lines represent the statistical uncertainty of the

data. The curves show the three peaks and the exponential background

that were used to parameterize the data. The DIAS is at 9.90 ± 0.05

MeV, the identity of the peaks above and below the DIAS is ambigu-

ous. The spectrum has not been corrected for spectrometer acceptance

as a function of excitation energy.

Fig. 3 Data for 18O(Tr+,jr")18Ne(DIAS) (crosses, ref. 2),

42Ca(jr+,7r')42Ti(DIAS) (open circles, ref. 8),

and 56Fe(Tr+,7r")56Ni(DIAS) (squares, this work) at T = 180 MeV are

compared to PIESDEX* calculations for which the second-order

interaction parameters are identical to those of the solid curve in Fig.

1. The data and calculations for the O and Ca targets have been
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multiplied by 100. The dashed curve is the same as the dashed curve

in Fig. 1, multiplied by the additional factor of 6 (ratio of the statisti-

cal factor (N - Z)(N - Z - l ) /2 for 54Fe and 56Fe).



4.0x10

a

73

1tf -

10' r

4.0x10
- 2 -

' m m m m

—

•"•^^^^»^^^___

_

\

-

—

-

—

_

-

1 |

M ' 5 6 F e ( 7 T + , 7 T -

%%\%«%\%«- »

»tt
I
1
I

\ \

\ V
\ /•
\ / :
\ /
\ /

. 1 . . .

V
;\»

•
• <

\ -

•Ji(DIAS)

*

/
N /

\ /

V X /
\ V

\ I V

\ 1 \
\ ^1 I \

V
. 1 . .

-

—'__
"™

_

* >̂

A -—
—
/

/ I

/ :
/ -

M
" 

1
1

1

0 10 20 30

.(deg)
40

cm.

Fig. 1



8 10 12 14

EY(MeV)
XBL 872-9566

Fig. 2



10=

104 =

I
a

101

10
.0

0 10 20 30 40

Fig. 3


