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We have measured pion inelastic scattering from Ne with 180 MeV m+ and m at 12 and
from 15' to 90 in 5 steps and with 120 MeV m+ from 15' to 90 in 5' steps. We report here on
states in the 6rst four K = 0+ bands, including the 6.73-MeV 0+ and the 8.78-MeV 6+ levels.
Coupled-channels processes are shown to be important for many states.

PACS number(s): 25.80.Ek, 27.30.+t, 21.60.Cs, 21.60.Ev

I. INTRODUCTION

We have measured pion inelastic scattering &om Ne
looking for the e6'ects of two-step reaction routes. Be-
cause of its strong rotational structure and because the
strengths of many of its transitions have already been
measured [1], Ne is an ideal nucleus in which to search
for two-step routes. Several states have a very weak decay
to the ground state, but have a strong branch to the 1.63-

MeV 2z . The known ground-state strengths of states in.

the K = 0+ bands are shown in the fourth column of
Table I. Inelastic scattering &om Ne has been mea-
sured with many other probes, including electrons [2],
protons [4], and n's [5]. From these measurements, 2 Ne
is known to have a strong quadrupole and hexadecapole
deformation, P2 ——+0.47 + 0.04 and P4 ——+0.28 + 0.05.

II. EXPERIMENT
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We measured pion inelastic scattering &om Ne using
both m+ and vr at 180 MeV at 12 and Rom 15 to 90
in 5' steps. We also acquired data at 120 MeV using
only m+ &om 15 to 90 in 5 steps. The data were mea-
sured at the Energetic Pion Channel and Spectrometer
(EPICS) of the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF). The target material was 2oNe gas enriched
to ) 99.9% purity. The target was kept in a cylindrical
steel gas cell at 138 kPa and cooled to 45 K giving an ef-
fective areal density of 100 mg/cm in the middle of the
gas cell. Measurements were made at several angles with
both m+ and vr with an empty target to determine the
contribution of the gas cell to the spectra. The resolu-
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Jma g xa

0.82+0.17
5.6 x 10
12.0+0.5

0.255
3537
4.52
461

0.163
1 160

TABLE I. Ground-state transition strengths in Ne.

B(EA) (e fm ") B(EA) (e fm ") B(EA) (e fm ")
(Comp. ) (ZBM calc. ) [(sd) calc.]
335+21 233 303

3 800+8 000' 2 873 27 600

B(EA) (e fm ")
(measured)
322.9+1.8

42 400+600
2.2+0.9 x 10

2.9+0.4
5 000+600
16.6 +0.5

9 800+900
40.9+2.0

6 000+300

Reference [1].
All B(EA)'s were obtained by fitting 180-MeV x+ and ir data simultaneously with the constraint

M = M„= M„where B(EA) = [M„~ . The errors given are statistical only.
'Reference [3].

tion was 180-keV full width at half maximum. Absolute
normalizations, as a function of angle, were obtained. by
filling the gas cell with H2 gas, measuring m-p scatter-
ing, and comparing the yields with cross sections calcu-
lated &om the 7t-nucleon phase shifts of Rowe, Salomon,
and Landau [6]. Relative normalizations are believed to
be known to within 4%%uo and absolute normalizations to
within 10'%%uo.

A oNe(sr+, vr'+)2 Ne spectrum measured at 30' with
T =180 MeV is displayed in Figs. 1 and 2. The spec-
tra are dominated by the elastic-scattering peak and the
1.63-MeV 2& as seen in Fig. 1. The 5.62-MeV 3&, 7.16-
MeV 32, and 4.25-MeV 4z are also very strong as shown
in Fig. 2. A spectrum of states in the region 7—10.5 MeV
has already been published [7]. The spectra were fitted
using a linear background (dashed line) and constrain-
ing the peak energies at their known values for states
in Ne. The peak shape for the narrow states was de-
termined. by fitting the elastic peak shape. The areas
of the peaks were the only parameters allowed to vary.
The peak shape for states with large natural widths were
constrained to be Lorentzians of width I', where I' is the
natural width of the state, convoluted with the empirical

elastic peak shape. All of the 2+'s and 4+'s in the first
four K = 0+ bands are present in the spectra. The
6.73-MeV 0+ and the 8.78-MeV 6+ are also seen. Sev-
eral higher 0+ bands have been identified in Ne but
there is no evidence for states from those bands in the
data. Angular distributions for these states are displayed.
in Figs. 3—8.

III. ANALYSIS

Shell-model calculations of the structure of the low-
lying states in Ne were performed using QXBAsH [8] to
provide microscopic transition densities. Two sets of cal-
culations were done. The first assumed an 0 closed
core and four particles in the Sd shell, referred to here
as (sd)4. This calculation used the usd interaction of
Wildenthal [9]. The first two rotational bands of 2sNe

are'believed to be primarily (sd)4 configurations [10] and
should be described by this calculation. The second cal-
culation assumed a C closed core and eight particles in
the pzg2, d5y2, and 8&y2 orbitals, referred to here as ZBM.
This model space was first used by Zuker, Buck, and Mc-
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FIG. 1. Fitted missing mass spectrum for Ne(m+, s'+) at
30 with T =180 MeV from —2 to 8 MeV excitation. FIG. 2. Same as Fig. 1 but for 4—8 MeV excitation.
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FIG. 3. Angular distributions for the 1.63-MeV 2+ (left
column) and the 4.25-MeV 4+ (right column) states The .top
graph in each column is 180-MeV 7r+, the middle 180-MeV

, and the bottom 120-MeV m+. The curves are DULIA
calculations ([6]) using a collective-model transition density
taken from [7]. 0
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FIG. 5. Angular distributions for the 6.73-MeV 0+ state.
The top graph is 180-MeV 7r+, the middle 180-MeV m, and
the bottom 120-MeV m+. The solid curve uses the standard
collective-model transition density. The dashed curve uses
the transition density of [17].
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FIG. 4. Angular distributions for the 8.78-MeV 6+ state.
The top graph is 180-MeV m+, the middle 180-MeV m', and
the bottom 120-MeV 7r+. The curves are DWPI calculations.

FIG. 6. Angular distributions for the 7.42-MeV 2+ (left
column) and the 9.99-MeV 4+ (right column) states. The top
graph in each column is 180-MeV m+, the middle 180-MeV
m, and the bottom 120-MeV m+. The curves are DWPI cal-
culations.
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FIG. 8. Angular distributions for the 9.00-MeV 2+ (left col-
umn) and the 10.79-MeV 4+ (right column) states. The top
graph in each column is 180-MeV m+, the middle 180-MeV

, and the bottom 120-MeV m+. The curves are DWPI cal-
culations.

Grory (ZBM) to describe the structure of ~sO [ll]. The
I' interaction of McGrory and Wildenthal [12] was used
in the ZBM calculation. The third 0+ band is believed
to be either a 6p-2h or an Sp-4h excitation [10] so this
band and the 6rst two bands should be described by this
calculation. The fourth 0+ band is believed to be formed
by exciting either two or four particles into the fp shell
[19], and therefore should not be described by either of
these calculations. Transition strengths Rom these cal-
culations are included in Table I. Angular distributions
calculated with these transition densities are compared
with data in Figs. 9—15.

A. Ground-state band

The ground-state band contains three of the 6ve
strongest peaks in the spectra: the elastic, the 1.63-MeV
2+, and the 4.25-MeV 4+. The 8.78-MeV 6+ is also
present. The angular distributions for the 2+, 4+, and 6+
are given in Figs. 3 and 4. The curves are distorted-wave
impulse-approximation (DWIA) calculations with a col-
lective transition density using the computer code DwpI
[13]. The neutron and proton transition densities were
assumed to be equal, both in shape and magnitude, and
were taken to be a derivative of the ground-state charge
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FIG. 9. Angular distributions for the 1.63-MeV and the
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120-MeV m+. The curves are DWIA calculations using mi-
croscopic transition densities from the (sd) shell-model cal-
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shell-model calculations described above were performed
using the codes PIPIT [15] and HL [16]. Data for the 1.63-
MeV 2+ and 4.25-MeV 4+ states were used to extract the
isoscalar E2 and E4 effective charges for both the (sd)
and ZBM calculations. They are given in Table II. With
these effective charges, curves for the 1.63-MeV 2+ state
(Fig. 9) are indistinguishable for calculations with (sd)4
and ZBM densities. The same is true for the 4.25-MeV
4+ state (Fig. 11). An E6 transition is not possible in
either model space.

It is somewhat surprising to observe the 6+, since in
the sd shell the largest single-particle transition allowed
is d —+ d which gives l = 4, i.e., going to a 4 state.
For this reason and because the E2 transitions between
these states are known to be strong [1], coupled-channels
impulse-approximation (CCIA) calculations have been
done using the code NEwcHoP [17]. The couplings used
are shown in Fig. 13 and their strengths are given in
Table III. The results of these calculations are shown
in Fig. 14. The calculations are absolutely normalized,
but the strength of the 2+ —+6+ transition is not known
and was assumed to be equal to the 0+~4+ strength.
No E6 was used in the calculation, demonstrating that
the state can be entirely populated by coupled-channels
reaction routes.

Some of the details of the coupled-channels calcula-
tions are depicted in Fig. 15. The top graph in each
column displays the CCIA calculation (solid curve) and
the DWIA calculation (dashed curve). The main effect
of the two-step route on the 4+ calculation appears to be
a shift in the position of the minimum. Destructive in-
terference between the direct (0+~4+) and the two-step
(0+~2+~4+, labeled 2P1 after the intermediate state)
calculations is necessary to Gt the 4+ data, both in shape
and normalization. In the second graph in each column
the relative contribution of each route is given. The solid
curve is the sum of all routes used, i.e., the entire calcu-
lation. For the 4+, left column, the dashed curve is the
2P1 route and the dot-dashed curve is the direct route.
The strength of the direct route was varied until the en-
tire calculation reproduced the magnitude of the data.
Because of the importance of the two-step route the ef-
fective charge extracted with the microscopic calculations
may be up to 40%%uo low. The strengths of the E2 transi-
tions were Gxed at the known values in the compilation
[1]. The 6+ calculation is dominated by the 4P1 route
(0+~4+ —+6+), shown by the alternating long- and short-
dashed line in the middle graph. The dashed line is the

(sd)
2.0
2.2

ZBM
2.2

If the two-step contributions (destructive interference) to the
4.25-MeV cross section are taken into account these values
could be up to 40% larger.

TABLE II. Isoscalar efFective charges extracted for ZBM
and (sd) model spaces.

Shell-model space
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B. O~+ band

Three peaks seen in this experiment correspond to
states in the E = 02 band. They are the 6.73-MeV 0+,
the only 0+ excited state seen, the 7.42-MeV 2+, which
was observed in electron scattering to have an anomalous
form factor [2], and the 9.99-MeV 4+. Angular distribu-
tions and DWIA calculations for the 2+ and 4+ states are
compared in Fig. 6. The 7.42-MeV peak has an anoma-
lous angular distribution, as in electron scattering.

The l = 4 calculation does a reasonable job of re-
producing the 9.99-MeV data, but the 6rst maximum
and minimum appear to be at a smaller angle than the
DWIA calculation predicts. An l = 3 gives almost as
good a 6t to the data. The 9.99-MeV 4+ has a strong
E2 branch to the 1.63-MeV 2+, so two-step calculations
using the 1.63-MeV state as the intermediate state have
been done. The couplings used are shown in Fig. 13 and
their strengths given in Table III. The strength of the

TABLE III. Transition strengths used in CCIA calculations.

E, (MeV)

0.0
1.63
0.0
1.63
0.0
1.63
4.25
1.63
1.63
0.0
1.63
0.0

Ey (MeV)

1.63
4.25
4.25
6.73
6.73
7.42
8.78
8.78
9.03
9.03
9.99
9.99

B(E; m Ey, Zl)
(e' fm'")

323
129
7730
2.4

M=5.27'
5 5a

2.4
1550'
34
1830
49
1640

These matrix elements were fixed by other data. For tran-
sitions from the ground state, results from the DWIA calcu-
lations in Table I were used. All other transition strengths
were taken from [1].
M is defined in the text for l = 0 transitions.

'This matrix element was constrained to equal the 0.0—+4.25
matrix element.

2P1 route (0+-+2+-+6+). The strength of the 2+-+6+
transition was assumed to be the same as the strength
of the 0+~4+ transition. The 0+~2+—+4+—+6+ route is
very weak. For the 4+ calculation the choice of phase,
+1 or —1, between the routes was straightforward as is
obvious in the bottom graph. The dashed line gives the
calculation with the opposite phase and the strength of
the E4 transition varied to reproduce the overall magni-
tude of the data. Both the maximum and the minimum
are at too large an angle. For the 6+ calculation the
phases chosen were those that gave the largest overall
magnitude. With the addition of a direct 0+~6+ route
any choice of phase can be made to 6t the data if sufB-
cient E6 strength is included.

l = 4 transition was chosen to fit the data. These calcu-
lations significantly improve the 6t to the 9.99-MeV state
as shown in the left column of Fig. 16. The CCIA calcu-
lation does a very good job of 6tting the 9.99-MeV data.
The top graph of the right column of Fig. 16 contains a
comparison of the CCIA (solid line) and DWIA (dashed
line). The middle graph gives the contributions of the di-
rect (dot-dashed line) and 2P1 (dashed line) routes and
their sum (solid line). Again destructive interference was
necessary to 6t the angular distribution. The bottom
graph presents the results with constructive interference
(dashed line). Constructive interference pushes the max-
imum and minimum to larger angles.

The radial form of the collective transition density used
for E2, E4, and E6 transitions is incorrect for I = 0 tran-
sitions, because the integral of the EO transition den-
sity must be zero from orthogonality [18]. Figure 17
compares the standard collective transition density (solid
line) and the transition density of Auerbach [18] (dashed
line). While these transition densities look very different
they produce very similar results for the angular distri-
butions, as noted in Fig. 5. This is probably because
the pion sees only the surface of the nucleus and on the
surface these transition densities are very similar. In elec-
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FIG. 16. CCIA calculations to the 9.99-MeV 4+ state. The
solid curve is the complete CCIA calculation in all six graphs.
The top graph in left column is 180-MeV vr+, the middle
180-MeV vr, and the bottom 120-MeV m+. In the right col-
umn all of the graphs are 180-MeV sr+. The dashed curve in
the right top graph is a DvfPI calculation. In the right middle
graph the dashed curves show the contributions of the differ-
ent routes. In the right bottom graph the dashed curve shows
the effect of changing the relative phase.
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tron scattering a phenomenological transition density of
the form
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pt, = pp(1+ ar + br + cr )exp ~')

was used [2]. With the constraint that c=0, then knowing
M and Bt„where

~2 ( )
(')

fixes po, a, and b U. sing M=7.37+1.97 fm and
Rt, ——5.73+1.30 fm or M=5.85+1.5 fm~ &om electron
scattering, a DULIA calculation can reproduce the xnag-
nitude of the data. The 0+—+2+-+0+ (2P1) two-step
route is important near the minima of the data. Varying
these parameters, allowing terms up to r6, and includ-
ing the two-step route gives the curves shown in Fig. 18.
The best fit, shown in the left column of Fig. 18, finds
M=5.27+0.04 fm and Rt, ——5.95+0.07 fxn. The errors
are statistical errors only. The polynomial in r, together
with variations in Rt„produce curves somewhat chEer-
ent &om those in Fig. 5. The top graph in the right
column of Fig. 18 has the contribution of the direct and
the bottom the two-step for the 180-MeV m+ calculation.
If e is set equal to zero, the fit is not as good, although
still very good, and the extracted M and R&~, are changed
by an amount xnuch less than the statistical error of the
original fit.

The 7.42-MeV 2+ has a strong decay to the 1.63-MeV
2+. Using the 1.63-MeV 2+ as the intermediate state,
the two-step route, the solid curve in Fig. 19, is clearly
non-negligible, especially around the minima. Unfortu-
nately, it is not possible to fit the data including a direct
route using the standard collective-model transition den-
sity. The dashed curves in Fig. 19 show the two-step
and direct routes added and subtracted coherently, lim-
iting the strength of the direct route to the upper limit
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FIG. 18. CCIA calculations to the 6.73-MeV 0+ state. The
top graph in left column is 180-MeV m+, the middle 180-MeV

, and the bottom 120-MeV m+. In the right column all of
the graphs are 180-MeV m+. The curve in the right top graph
is the direct component of the CCIA calculation. In the right
bottom graph the curve is the 2P1 component of the CCIA
calculation.
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FIG. 19. CCIA calculations to the 7.42-MeV 2+ state for
180-MeV 7t+ incident beam. The solid curve is the 2P1 route.
The dashed curves are the 2P1+DIR routes, with the direct
strength at the upper limit in the compilation ([1]). The
dot-dashed curves are the 2P1+DIR routes, with the direct
strength increased to 6t the magnitude of the data.
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FIG. 20. CCIA calculations to the 9.03-MeV 4+ state. The
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umn all of the graphs are 180-MeV m'+. The dashed curve in
the right top graph is a DwpI calculation. In the right middle

graph the dashed curves show the contributions of the differ-

ent routes. In the right'bottom graph the dashed curve shows

the effect of changing the relative phase.

in the compilation [1]. If the strength of the direct route
is increased, the CCIA calculation can be made to repro-
duce the magnitude of the data, the dot-dashed curves
in Fig. 20, but not the shape of the angular distribu-.
tion. The 7.42-MeV state also has a weak decay to the
4.25-MeV 4+ state, but that route is at least an order
of magnitude smaller than the lowest 180-MeU sr+ data
point. No decay &om the 7.42-MeV state to the 6.73-
MeV 0+ state has been seen [1],but since both states are
in the same rotational band a two-step calculation using
the 6.73-MeV 0+ state as the intermediate state was also
done. The transition between the 7.42-MeV state and
the 6.73-MeV state has to be at least three times the
strength of the transition between the 1.63-MeV state
and the ground state to have any significant efFect.

Using a microscopic transition density in a DWIA cal-
culation does a better job of reproducing the angular dis-
tribution of the 7.42-MeV state, as shown in Fig. 9. The
efFective charges found for the 1.63-MeV 2+ state were
used to normalize the calculations. Both the ZBM and
(sd) calculations give transition densities which have
some of the anomalous characteristics of the data. The
peculiar angular distribution of the 7.42-MeV 2+ state
appears to arise from destructive interference between
the 1d5y2 ~ 1d5y2, 1dsy2 ~ 2szy2, and 2szy2 ~ ld5y2
amplitudes in the shell-model calculations. Shown in

Fig. 12 are microscopic calculations to the 9.99-MeV 4+
state. The (sd) calculation underpredicts the 9.99-MeV
4+ state by about an order of magnitude, but two-step
contributions were important for this state. The CCIA
calculations required a larger direct contribution, mak-
ing the underprediction worse. In the ZBM calculation
there is some difBculty deciding whether the second or
third model state corresponds to the 9.99-MeV state. A
discussion of this calculation will be included in the dis-
cussion on the 9.03-MeV 4+ state.

C. 03+ band

The 7.83-MeV 2+ and 9.03-MeV 4+ members of the
K = 03 band are shown in Fig. 7. DWIA calcula-
tions reproduce both angular distributions reasonably
well, and the extracted matrix elements are given in Ta-
ble I. The first maximum and minimum for both states
are at larger angles than in the calculation. Both states
have a strong E2 decay to the 1.63-MeV 2+ state, so
two-step calculations were done. The 0+—+2+~2+ cal-
culation is negligibly small and unable to improve the fit.
On the other hand, 0+ —+2+~4+ is important, as demon-
strated in Fig. 20. The contribution of this route (the
dashed line in the middle graph of the second column) is
comparable to the contribution of the direct route, the
dot-dashed line. The left column gives the results of the
coupled-channels calculation using both the 2P1 and di-
rect routes, varying the strength of the direct route to fit
the data.

The strengths used are given in Table III. Construc-
tive interference was necessary to push the maximum and
minimum to a larger angle and fit the data. The states
in this band are believed to involve excitation of parti-
cles out of the 0 core, so they are not included in the
(sd) calculation. Using the E2 effective charge from the
1.63-MeV 2+ state for the 7.83-MeV 2+ state the calcu-
lation slightly underpredicts the data, shown in Fig. 10.
There was some confusion in the ZBM calculation as to
whether the second model state corresponded to the sec-
ond or third physical state, and similarly for the third
model state. Figure 12 shows the results of each choice.
Ignoring two-step contributions the third model state is
able to fit either the second or the third 4+ angular dis-
tribution, but the second model state overpredicts both
by a factor of 5—10. However, the CCIA calculations
possessed constructive interference for the 9.03-MeV 4+
state and destructive interference for the 9.99-MeV 4+
state, so assuming the second model state goes with the
third 4+ and the third model state goes with the sec-
ond 4+, i.e., assuming the bands cross in the ZBM space
as they do in the physical space, gives better agreement
with the data, although both calculations are probably
still too large.

D. 04+ band

It is somewhat surprising that the 2+ and 4+ states in
the fourth K = 0+ band were excited in pion inelastic
scattering. This band is believed to result from the exci-
tation of two or four particles into the fp shell. Since the
pion interaction with the nucleus is a one-body operator,
this state should not be excited unless its wave function
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has some (sd) components or that of the ground state
has some (fp)z or (fp) components. Both of these states
have large o. widths and no p decays are known for ei-
ther of them. The compilation [1] lists E 8.8 MeV
and I' ) 800 keV for the 2+ and E = 10.80+0.075 MeV
and I' = 350 keV for the 4+. Values of E = 9.00 + 0.18
MeV and I = 800 keV for the 2+ and E = 10.79 MeV
and I' = 350 keV for the 4+ fit the current data. Be-
cause of their large widths these states have not been
extensively studied. Both the 2+ and 4+ states, along
with the 0+ state at 8.3 MeV which is not seen here, are
seen in O(n, n) and F( He, d), and the 4+ state has
also been seen in 0( Li,d) [1]. Mixing between the 8.3-
MeV 0+ and the 6.73-MeV 0+ states and between the
9.0-MeV 2+ and the 7.42-MeV 2+ states can explain the
( He, d) data [19,20], but that mixing is unable to explain
the present data. The structure of the 9.00-MeV state
is discussed in more detail in [7]. Angular distributions
for these states are compared with DWIA calculations in
Fig. 8. The matrix elements extracted from these fits are
listed in Table I. The maximum and minimum are at a
larger angle in the DWIA calculation than in the data
for the 2+. It has been demonstrated in previous sec-
tions that CCIA calculations can shift the maximum and
minimum, but since no couplings between this state and
other states are known it is not possible to do a useful
calculation.

IV. CDNCLU SIGNS

This work is a study of pion inelastic scattering on Ne
to states in the first four K = 0+ bands. Many of the

extracted angular distributions can be explained using
the distorted-wave impulse approximation (DWIA) and
a collective transition density. For some peaks DWIA was
inadequate, or gave results that contradicted information
previously known about those states. Coupled-channels
impulse-approximation (CCIA) calculations were done to
explain the transitions to many of those states.

For strong transitions, DWIA using a collective tran-
sition density fits the data very well and gives results
that agree with other probes. While DWIA does some-
times work for weaker transitions, this is not always the
case. Two-step routes, even when they are much weaker
than the direct route, can have a dramatic eKect on the
extracted transition matrix element, Mz „.Stronger two-
step routes can change the shape of the angular distri-
bution, moving maxima and minima enough that one
might deduce an incorrect l transfer. When one or more
two-step routes dominate, very anomalous and mislead-
ing angular distributions can result. Also important for
weaker peaks are microscopic eKects. Cancellations be-
tween shell-model amplitudes can give very anomalous
angular distributions which in regions where the density
of states is high might lead one to incorrectly deduce the
peak is a doublet.
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