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Data are presented for pion double charge exchange on targets of *Ca, **Fe, %¥Ni, 8Se, *Zr, and
1185, These and earlier data are used to examine the mass dependence of double-isobaric-analog
transitions and nonanalog ground-state-to-ground-state transitions in the energy region T,=100 to
300 MeV. The implications of the mass dependence to the interpretations of the underlying reaction
mechanisms of double charge exchange are discussed.

I. INTRODUCTION

The mass dependence of pion double charge exchange
(DCX) has been a topic that has evoked much discussion.
Prior to any experimental evidence, Johnson' derived the
mass dependence of sequential charge exchange leading to
double-isobaric-analog states (DIAS’s) as

do
dQ

Several subsequent articles comparing data (typically at
6.,=5°) with the above expression have appeared.?—¢
Most of these made a graphical comparison of the data to
this expected mass dependence and concluded that there is
good agreement. One of them noted,® however, that if
only T =1 nuclei are considered, the 4 dependence is
closer to A ~7/3 than 4 1073,

The agreement has been observed to be better at the
higher energies (292 MeV) than at the lower energies (164
MeV). This arises from the variation in the shapes of the
excitation function of the DIAS transitions. Above about
180 MeV, all DIAS excitation functions increase mono-
tonically at about the same rate (the explanation can be
seen from the equations of Ref. 1). Below this energy, the
behavior of the excitation functions is different for dif-
ferent nuclei. The *C excitation function, for example, is
roughly flat from 100 to 140 MeV, and increases mono-
tonically above this energy, whereas the '*0 excitation
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function has a peak at about 140 MeV and a minimum at
about 180 MeV. As a result, the graphical mass-
dependence comparisons at lower energies (164 MeV) have
shown much scatter among the data.

Until recently,” there has been no satisfactory micro-
scopic theory of the non-DIAS DCX transitions connect-
ing initial 0" ground states to residual nonanalog O%
ground states. These transitions have been shown to ex-
hibit regular features®°—in particular, a mass dependence
that has usually been approximated as o~4 %3 (We
note that we use the term “mass dependence” to refer to
the combined N, Z, and A4 dependences.) This results
from a comparison of forward-angle cross sections,
which, while lacking theoretical justification, is the only
practical manner in which such comparisons may be
made. The long data-taking times required to measure
nonanalog DCX cross sections have resulted in only a
small number of angular distributions (six), which are lim-
ited in angular range (0°—50°), and thus inappropriate for
an attempt to compare total cross sections.

The forward-angle result is both very different from
that of DIAS DCX, and unexpected. It has usually been
assumed that both nonanalog and DIAS DCX result from
sequential single-charge exchange. Two-step DCX pro-
cesses are generally expected to have an 4 ~!'°”° mass
dependence (although we know of no formal derivations
that do not assume intermediate and residual analog
states). The exponent — '—30 comes from a geometrical size
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of r2 A%/3 and the two-step reaction, with the amplitude
of each step being proportional to 1/A4. In a crude model,
the volume of the nucleus is proportional to A4; thus a
nucleon’s wave function must be proportional to 4 ~!/2.
The amplitude for each step is then 1/ 4 since this is the
probability of finding a nucleon at some position in the
nucleus. This crude argument holds as well for diagrams
other than sequential charge exchange. There are howev-
er, no good arguments about what, if any, N and Z
dependence are appropriate for nonanalog DCX.

In this paper we present some additional measurements
of DCX cross sections. A comprehensive statistical
analysis of both analog and nonanalog mass dependences
is presented for all data at energies between 100 and 300
MeV (some earlier works have reported best-fit ex-
ponents). A comparison is made of DIAS cross sections
with calculations. Finally, we discuss the implications of
the mass dependence for interpretations of the underlying
reaction mechanism.

II. NEW EXPERIMENTAL RESULTS

The experimental measurements were performed with
the small-angle DCX setup at the EPICS channel of the
Clinton P. Anderson Meson Physics Facility (LAMPF).
Descriptions of DCX experimental procedures have ap-
peared in the literature (see, e.g., Refs. 2—6, 8, and 9).
Targets used included *““Ca (0.86 g/cm? as *CaCO;
powder packed in thin-walled nickel cells) *°Fe (2.44
g/cm? of ™'Fe), ®Ni (2.46 g/cm® of "'Ni), ¥°Se (1.93
g/cm? of "'Se powder packed in nickel cells), *° Zr (0.90
g/cm? of isotopic metal), and ''¥Sn (0.55 g/cm? of isoto-
pic metal).

A simple spectrum is shown in Fig. 1. The measured
cross sections are listed in Table I. We estimate the un-
certainty in our absolute normalization to be +10%. The
%Fe data complete the excitation function of Ref. 4. A
80Se excitation function was measured to investigate the
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FIG. 1. Spectrum of the (7*,77) reaction on a natural Se
target. Much of the background arises from other Se isotopes,
but the peak corresponding to *°Se(#*,77)% Kr(gs.) is ap-
parent. The large peak near an excitation energy of 19.2 MeV
contains the DIAS from several Se isotopes.

TABLE I. Measurements in this work.

dU/dQ]ab(So)

Reaction T, (MeV) (nb/sr)
“UCa(r*, 7 ) Ti(g.s.) 163 151+34
210 34420

“Ca(w*, 7~ )“Ti(DIAS) 163 181+42
210 314462

SSFe(m—,m*)*Cr(g.s.) 164 38+38
SFe(rr+, 7~ )**Ni(g.s.) 100 <5
120 60+15

180 18+5

230 <8

292 <11

SFe(wt, 7~ )*°Ni(DIAS) 100 35+26
120 62+35

180 41+12

230 110+39

292 290+68

8Ni(7~, 7% )*®Fe(g.s.) 164 25+18
8Se(7+, 7 %K r(g.s.) 100 70+50
130 120+35

164 60+ 14

190 54+31

NZr(w, 77 ) Molg.s.) 164 32423
211 34+34

PZr(m+, 77 )" Mo(DIAS) 164 240+89
211 209+89

180 (rt, ) ¥ Te(g.s.) 165 37137
212 120+ 84

Y8Sn(rt, 7 ) 13 Te(DIAS) 165 <118
212 350+157

variation in nonanalog excitation function shapes with
mass. The use of strip targets® enabled simultaneous mea-
surements of cross sections for **Ca, °°Zr, and ''*Sn. (The
slightly different energies quoted in Table I result from
the different target thicknesses and the correlation of the
+19% beam momentum spread with target position.)

The *°Fe and *°Se excitation functions are shown in
Fig. 2. The new DIAS data confirm the earlier observa-
tion® that the °Fe DIAS excitation function is approxi-
mately flat between ~ 100 and ~ 180 MeV. The *Fe ex-
citation function to the residual nonanalog ground state
suffers from inadequate statistics; many of the cross sec-
tions for both this and the earlier work* are either upper
limits or one-count measurements. Although ground-
state excitation functions on lighter nuclei® peak near 160
or 170 MeV, the peak in the **Ni (g.s.) data is nearer 140
MeV. The 30Se data also appear more consistent with a
peaking at a lower energy. We know of no explanation
for the shift of the excitation function peak with target
mass. The mass dependence is not removed by considera-
tion of various kinematic quantities, such as the Q value,
laboratory to center-of-mass conversion, or outgoing 7~
energy.
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FIG. 2. Excitation functions at 6,,,=5° for (7,77 ) DCX on
S%Fe and %°Se. Data from Ref. 4 are designated by crosses; all
other data are from this work. The lines are Breit-Wigner fits
to the data with the parameters of Table II. The use of the
Breit-Wigner parametrization is based on the results of Ref. 8.

III. FITS TO THE DATA

The nonanalog excitation-function shapes are well
parametrized with a Breit-Wigner function.® Results of
fits to old data and the new >°Fe and 3%Se excitation func-
tions are displayed in Table II. [All fitting procedures re-
ported in this work have been performed with the MINUIT
(Ref. 10) optimizing package, and all reported X? are the
X? per degree of freedom, the reduced X*] The peak

widths are all consistent with having a constant value,
I'=74.3+4.7 MeV. The peak energies are consistent with
a decrease with target mass, except for the peak energy for
Mg, for which T is lower than those of nearby nuclei,
as has been noted before.® The large number of upper lim-
its and one-count measurements in the *® Fe excitation
function (four of nine points) results in a fit with a very
small width parameter. As a result, the table presents a
fit to only the five data with more than one count.

For both nonanalog and DIAS DCX, we have simul-
taneously fitted the mass dependence of the center-of-
mass cross sections taken at 6;,,=5° for several incident
beam energies. A summary of the data that were fitted is
given in Table III. About 20% of these data are from the
present work. To emphasize the large amount of nonana-
log data that has been measured, we present in Fig. 3 a
comparison between these data at several energies and the
often-used A ~*/* mass dependence. In this figure it is
seen that a large number of data points span a wide range
of masses, and that the data appear generally well
represented by the 4 —*/3 expression.

We have fitted both the nonanalog and DIAS data with
three different mass-dependence functions, (N —Z)(N
—Z —1)A7*, A*, and N(N —1)4*. The function
(N —-Z)N—-Z —1)A4A*, with x =1T°, represents the ex-
pected form of the DIAS mass dependence. The
(N —Z)N —Z —1) factor for DIAS DCX arises from
sequential charge exchange through the intermediate ana-
log state. This factor must be inappropriate for analog
DCX, as it would result in zero cross section for N =Z
targets, which form the bulk of the nonanalog DCX mea-
surements. (Cross sections on these targets at 164 MeV
are typically about as large as DIAS cross sections on
T =1 nuclei of similar mass at 164 MeV.)

The function 4 %, with x = %, has been used previous-
ly>® to describe nonanalog DCX. The N(N —1)4~*
mass dependence, with x = %, represents a collective
enhancement in the cross sections over the expected
A 1973 since the cross section is proportional to the total
number of neutron pairs (rather than to the number of ex-
cess neutron pairs to which we expect DIAS DCX to be
sensitive). For each function, we have allowed the overall
magnitude of the mass dependence to vary independently
at each energy, but have constrained the exponent to be
the same for all energies.

The results of these fits are given in Table IV. For the

TABLE II. Fitted parameters for nonanalog 0*—07" g.s.—g.s. excitation functions.?

Target Reduced X Ty (MeV) I (MeV)
2c 1.15 0.123+0.023 173.8+3.3 70.5+8.1
e 1.84 0.116+0.018 165.4+2.9 76.5+7.6

BO(7r—,7mt) 0.35 0.188+0.077 174.9+6.9 84.8+22.2

XMg 2.93 0.057+0.022 143.1+5.3 65.5+16.2
2854 0.25 0.076+0.031 173.1+7.3 86.7+20.2
28 1.30 0.049+0.027 161.5+7.3 83.2+26.9
40Ca 0.52 0.054+0.025 163.9+6.9 89.4+24.8
S6Fe 1.32 0.009+0.005 142.2+6.3 55.1+22.9
805e 0.89 0.027+0.028 139.2+9.1 82.4+50.9

Ndo/dQ)ub/st)=g X 104#c)? /p*[(T —Ty)*+T?/4], where p, Ty, and I are in MeV.
m
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TABLE IIl. Summary of 4-dependence data fitted.?

Number
of Average statistical

Type T, points error (%)
Nonanalog 120 8 23.1
130 4 46.7
140 9 23.1
164 18 32.2
180 15 35.0
210 11 38.6
DIAS 100 4 36.2
120 6 27.7
140 6 29.8
164 10 33.3
180 10 24.9
211 5 28.5
230/235 8 20.1
260 4 16.5
292 14 16.1

?Data are from the present work and Refs. 2—6, 8, 9, 17, and
18.

nonanalog data, the N(N —1)4 = and 4 ~* formulas re-
sult in comparably good fits, as we might expect. For the
large fraction of the nonanalog data that has been mea-
sured on N =Z targets, these two dependences are indis-
tinguishable (given the experimental uncertainties). We
will discuss only 4 ~* fits to the nonanalog data hereafter.
[We remind the reader that the N(N —1)4~* fit is
theoretically preferable, since x ~5-.] A reduced X? value
of 2.3 for the A ~* dependence may indicate that this is an
inadequate representation of the data. We return to this
point below.

In Table V we present fits to the nonanalog data done
independently at each energy with the 4 ~* function, and
fits of two energy-independent parameters. The quantity
g is the magnitude parameter of the fits to the nonanalog
excitation functions that are given in Table II. The quan-
tity o(T,) is the fitted cross section of the nonanalog exci-
tation functions at the peak energy. Although most of the
resulting fits have X2 near 1.0, only about half of the fits
have exponents consistent with — +. There appears to be
some energy dependence to the exponents, which are
displayed in Fig. 4. However, the small 130-MeV ex-
ponent may not be as reliable as the others. It is based on
fewer data points with poorer statistics than exponents at

TABLE IV. Simultaneous fits of the 4 dependence at all en-
ergies.

Type Form x* Exponent
Nonanalog A4~* 230 —1.35+0.06
(N—-Z)YN—-Z—-1)A"* 15.9 —3.25+0.13
(NN —1)4A~* 2.48 —3.51+£0.06
DIAS A~* 7.48 —1.79+0.07
(N—Z)N—-Z—-1)A~~* 3.15 —3.29+0.04
(NN —-1)A—* 7.03 —3.72+£0.07
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FIG. 3. The mass dependence of nonanalog DCX. Each data
set is for constant lab energy, except for the set labeled oy,
which is the cross section at energy T =T, (from the excitation

function fits in Table II). The lines ares 4 —*/3 curves.
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FIG. 4. The variation with energy of the best-fit exponents
for the DIAS and nonanalog mass dependences. The DIAS ex-
ponents are compared with the expected value of —13—0 (solid

line). The nonanalog exponents are compared with a prediction
(see text) based on the Breit-Wigner excitation-function fits.
The dashed lines show the prediction and error bands. The dot-
ted line is at — +.
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TABLE V. Results of nonanalog A4 ~* fits at each energy.?

Constrained 4 ~%/3 fit

T, X2 f (nb/sr) Exponent X? S
120 2.16 93(£12) —0.77(+0.16) 3.58 60(+6)
130 0.01 154(+28) —0.40(+0.20) 3.58 59(+12)
140 0.87 133(£16) —0.97(£0.15) 1.37 105(+9)
164 1.38 118(+38) —1.42(+0.09) 1.36 124(+6)
180 3.15 S0(£5) —1.81(£0.13) 3.98 56(£5)
210 1.01 53(£9) —1.28(+0.20) 0.91 51(+4)
o(Ty) 0.30 142(+29) —1.11(£0.22) 1.19 117(£12)
g 1.29 0.025(+0.005) —1.47(+£0.20) 0.38 0.028+(0.003)

do/dQ(A)=f(A/Ay)™7%, with 4,=40.

other energies (see Table III).

We have indicated previously that the shape of nonana-
log excitation functions appears to have some mass
dependence—in particular, the peak energy decreases with
mass (see Table II). If, for example, the peak cross section
(independent of energy) follows a power-law mass depen-
dence, the variation of peak energy with mass will result
in an energy dependence to the best-fit exponents. For ex-
ample, at an energy below the peak, an increase in mass
effectively moves the excitation function down in energy,
increasing the cross section and slowing the mass depen-
dence. At energies above the peak, the cross sections will
decrease faster. We have estimated the magnitude of this
effect and displayed the result (with error band) as a set of
dashed lines in Fig. 4. The variation with energy is simi-
lar to that of the best-fit exponents. Thus, we believe that
this simple effect accounts for much of the energy varia-
tion of the exponents. Given the energy-dependent re-
sults, the fits to the energy-independent quantities o(7T)
and g, and the simultaneous fit to all energies, we con-
clude that, on average, an 4 dependence of A~*7?
represents nonanalog DCX adequately.

Fits to DIAS DCX with the various mass dependences
are also shown in Table IV. The only possibly adequate
representation of the DIAS mass dependence is the ex-
pected mass dependence formula, for which the exponent

agrees with the expected value of — % The large X? is to

TABLE VI. Results of DIAS (N —Z)(N —Z —1)A4 ~* fits at
each energy.?

T, xX? f (nb/sr) Exponent
100 7.9 12(+4) —3.32(£0.32)
120 6.4 24(+5) —3.23(£0.21)
140 6.7 16(+4) —3.31(£0.23)
164 4.0 15(£2) —3.43(+0.14)
180 34 18(x1) —3.47(£0.11)
211 0.03 29(+4) —3.23(£0.20)
230/235 2.8 39(+4) —3.37(£0.16)
260 1.8 64(+13) —3.00(+0.26)
292 2.1 68(+3) —3.24(£0.05)

*do/dUA)=f(N —Z)N—Z —1)(A/Ay)~ %, with 4;=42.

be expected; we have already described the variation in the
excitation function behaviors at the lower energies. Table
VI presents fits with the expected mass dependence for-
mula at each energy. At every energy, the best-fit ex-
ponent is consistent with — - within errors. (The ex-
ponents are also displayed in Fig. 4.) The major energy
dependence is the larger X at the lower energies that re-
sult from the greater scatter in the data.

IV. DISCUSSION

How are these results to be interpreted? Some impor-
tant points should be stressed. First, the mass depen-
dences of both analog and nonanalog DCX are reasonably
well represented by simple functions over a wide range of
masses and energies. In particular, for DIAS DCX, the
derivation of the expected mass dependence ignores, for
example, nuclear structure (shell effects), alternative reac-
tion mechanisms, intermediate states other than the
single-isobaric-analog state, and two-nucleon (or p?) ef-
fects. For example, an estimate by Johnson and Sicili-
ano'! of certain p? effects indicated that the conventional
mass dependence formula would be (approximately) modi-
fied by an additional factor of (N —Z)2/(N —Z —1)>.
(This modification does not, however, significantly im-
prove fits at energies where the conventional formula
works poorly). Although we have previously emphasized
that the X? are large, it is probably more nearly correct to
believe that the X? are surprisingly good, given the simple
assumptions made.

Second, the mass dependences for analog and nonana-
log DCX are dramatically different. For nonanalog
DCX, it has been speculated®® that the regular angle, en-
ergy, and mass dependences imply dominance by a single,
diffractive reaction process. Given the different angle, en-
ergy and mass dependences of nonanalog and analog
DCX, it is an obvious speculation that the dominant
underlying reaction mechanisms for nonanalog and DIAS
DCX are different. This is supported by some theoretical
results. DIAS DCX is generally assumed to result from
sequential charge exchange, with important corrections at
and below resonance.l’? Calculations of nonanalog DCX
through the sequential mechanism result in the same ener-
gy dependence as for DIAS DCX,”!? and, as there would
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Plotted is o' =do /dQ X A" /(N —Z)N —Z —1).

be no dominant intermediate (analog) state, magnitudes of
cross sections would presumably be very sensitive to
shell-model effects, and would vary irregularly near closed
shells.

The observed nonanalog 4 ~*/® dependence has been in-
terpreted as evidence for a single-step process leading to A
components of the residual nuclear wave function!* with
A?3x(1/4)=A~*3. An alternate interpretation is evi-
dence for a collective enhancement of the cross sections,
with A23x(1/4)*xA*=4~*73. If nonanalog DCX
were sensitive to all neutrons in the nucleus (as discussed
above), we would expect a factor of N(N —1) in the mass
dependence which, for the existing data set, is equivalent
to A2. This seems consistent with the model of Ref. 7,
for which an 4 —*/3 mass dependence for the calculations
arises out of the collectivity of the ground state to ground
state nuclear matrix elements.

Figure 5 shows the mass dependence of DIAS DCX at
164 and 292 MeV contrasted with the best-fit 4 —!9/3
curves, with lowest-order DCX calculations [calculated
with the code PIESDEX (Ref. 11) and Skyrme III excess
neutron densities for all nuclei], and with higher-order
DCX calculations from Ref. 15. At both energies the
simple mass dependence formula appears to represent the
data about as well as the actual lowest-order calculations
(which, it should be noted, do not follow the simple for-
mula and have a slightly different mass dependence at the
two energies).
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The higher-order optical-potential'® calculations of Fig.
5 have been used to explain the forward minima exhibited
by 164-MeV DIAS angular distributions. For the T =1
nuclei (which have been more studied that other nuclei),
these p? terms approximately cancel at 0°, thus leaving the
mass dependence mostly unaffected, but interfere at larger
angles to produce the forward minima. The higher-order
calculations of Fig. 5 at 164 MeV are taken from Ref. 15;
the 292-MeV calculations result from an extension of that
model to an additional energy. At both energies, the cal-
culated cross sections on heavier nuclei are usually de-
creased significantly. We note that similar results have
been obtained in higher-order calculations by Liu'®!? for
light T =1 nuclei and for *®Ca.

In Ref. 6 it was noted that the examination of only
T =1 nuclei indicates 4 ~7/> mass dependence. No ex-
planation was suggested. The best-fit exponent for a fit to
the “C, 20, Mg, and **Ca data at 164, 180, 230/235,
and 292 MeV is —2.33+0.14 with a X2 of 1.9. In view of
the A4~%3 mass dependence of nonanalog DCX, one
could speculate!® that the interference of the two mecha-
nisms with an (N —Z)(N —Z —1)4~'°/3 and an 4%/
mass dependence results in the intermediate mass depen-
dence. An examination of the calculations in Fig. 5, how-
ever, shows a similarly slower mass dependence for the
T =1 nuclei. This result occurs because the Skyrme III
densities do not scale according to the simple assumption

Ap N-Z
p A

Instead, Ap/p increases with mass faster than (N —Z)/A4.
Thus, it appears that the 7'=1 mass dependence may
arise simply from the excess neutron densities (if this as-
pect of nuclear structure is correctly represented by the
Skyrme densities), rather than from additional reaction
mechanisms or higher-order effects.

V. SUMMARY

We have reported the measurement of several new cross
sections, and performed an analysis of the mass depen-
dences of the entire available DCX data set. We have
quantitatively confirmed that the mass dependence of
both analog and nonanalog DCX may be approximated by
relatively simple formulas, (N —Z)(N —Z —1)4 =193 for
DIAS DCX and 4% for nonanalog DCX, that are
applicable over a wide range of masses and energies. In
both cases, the quality of the agreement between data and
formula varies with energy. For DIAS DCX, the mass
dependence exponent is independent of energy, but the
quality of the agreement is worse at lower energies. For
nonanalog DCX, the quality of the agreement is fairly
good at each energy, but the exponent varies with energy.

The very different mass, angle, and energy dependences
lead to the speculation that there are different underlying
reaction mechanisms dominating analog and nonanalog
DCX. DIAS DCX is dominated by sequential single-
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charge exchange (with important corrections at and below
resonance energies) and is sensitive to excess neutron
pairs, particularly at the higher energies. Some of the
features of the mass dependence are reproduced by the use
of microscopic calculations. Some nonsequential mecha-
nism presumably dominates nonanalog DCX, but the

proof of this requires, of course, adequate microscopic
calculations.
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