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Inelastic scattering of 180 Me¥* and«~ from 52Cr shows an angular distribution for thg Ztate at 2.96
MeV that differs greatly from the usudél = 2 shapes for 2 states. This state is perhaps the only case from
pion-inelastic scattering in which standard distorted-wave impulse approximation nfioélsling multistep
and single-step responsdail to reproduce the measured angular distribution. Furthermore, this unique exci-
tation has been shown to have the features expected of a seniority-four proton excitation yet the pion data show
charge symmetry. While coupled-channel calculations are not able to reproduce the pion data, they do agree
with the shape observed for 42 MeY particle scattering to this state, but the magnitude ofdtezattering
data is not consistent with a collective model and knowray deexcitations. Scattering to the first and third
2" states of%?Cr with pions anda particles is also considered, and found to match the usual result'for 2
states in general, accentuating the anomaly of thigransition.

PACS numbgs): 27.40+2z, 24.10.Eq, 25.80.Ek

I. INTRODUCTION both involve strongly absorbed spin-zero projectiles. We ap-
ply the reaction models and the parameters found from
Inelastic pion scattering at beam energies correspondingnalysis of the pion data to olderparticle data to the same
to the delta resonance has been shown to give diffractivé” states for comparison. The particle data ensure the
angular distributions characteristic of the orbital-angular mo<orrect choice of the relative phase for neutron and proton
mentum transfer to natural-parity states, and to give transiexcitations byr " and 7.
tion matrix elements for protons, neutrons, and their isosca-

lar sums and isovector diffe_rences in gpod accordance with Il. PION SCATTERING
other measuremenig]. A striking exception was found for
180 MeV pion scattering to the second 2tate of °’Cr, at The new pion-scattering experiment was carried out with

2.96 MeV[2]. This has previously been shown to be of athe EPICS system at LAMPF in order to improve upon the
very simple shell-model structure, based on the assumptioexperiment described {i2], using a natural Cr targé83.8%
of four valencef,, protons excited from the ground state of >°Cr) and a beam energy of 180 MeV. The resolution at-
seniority,v =0, to a state of =4 [3,4]. Here, seniority is the tained was improved to 135 ke¥ll width at half maximum
number of unpaired nucleons outside doubly clodé@a. (FWHM)], counting statistics were increased, and back-
More recent electromagnetic data confirm that only a verygrounds due to secondary elastic scattering were eliminated
weak electric quadrupole transition connects this state to th® obtain cleaner spectra in the region near 3 MeV of exci-
ground state, as expected if a change of four units of seniotation[8]. The cross section scale was normalized, d2]n
ity is required[5,6]. A high-resolution electron scattering ex- to known 7= proton and=™ carbon elastic cross sections.
periment also failed to excite this 2.96 MeV stafd. Peak areas were extracted from the pion energy-loss spectra,
Pion scattering to such a seniority-4 state would be veryith a peak shape derived from the elastic scattering peak,
similar in its tensorial rank to pion double charge exchangevhere the energy separations of the various states were con-
(DCX), requiring explicit double excitation. The proton se- strained by knowrP°Cr excitation energiefs,6].
niority 4, with inert neutrons, would lead to the expectation A potential source of background is from other Cr iso-
of a strong asymmetry between scatterin and7~. We  topes. In the even Cr isotopes, electron scattdriiginds an
here test this assumption against new scattering data, usirig=2 transition to a state of°Cr at 2.92 MeV, which can not
first-order and second-order distorted-wave impulse approxibe resolved from the 2.96 MeV state. This should, however,
mation (DWIA) methods. The general expectations from theproducel =2 cross sections from pion scattering equivalent
scattering of strongly absorbed spin-zero projectiles also peto no more than 1lub/sr at forward angles, which is less
mit a simple parametrization in terms of a diffraction model.than 10% of the 2.96 MeV strength observed in the present
Inelastic scattering of particles parallels that of pions as work. Several states 0FCr could be in the 2.96 MeV peak
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2.3 3.5 FIG. 2. Differential cross sections for the first, second, and third
Ex (MeV) 2" states of5’Cr are compared to first- and second-order DWIA

calculations. The first-order curves for the 1.43 M@iamond data
FIG. 1. Sample spectra for 180 Me¥~ scattered from natural points and 3.16 MeV(square pointstransitions use the proton and

chromium. The top spectrum is at 30°, where standardransi-  neutron matrix elements listed in Table I. The solid curves for the
tions have a maximum, while the lower spectrum is at 40°, where2.96 MeV data(crossesuse the first- and second-order paths, with
2" states should have a minimum. The 2.96 MelVQate is clearly ~ matrix elements listed in Table I. The dotted curves use only the
out of phase with these expectatiduslike the Z state which isin  sequential two-step path through the firdtgtate, while the dashed
phase. curves show the result of taking the opposite relative sign for the

first- and second-order amplitudes.
ag‘::z@egxg?é;{% Ew_;?]gg; rsrot?[g: Ig?at?;?ilgg)?l?glgpi?g d for the elastic _and first order transitions in co_ncordance with

: ; lghe usage of first-order codes. An energy shift-a28 MeV

present work do not have the shapes expected for high mul¥as used, as |[12J. The, gepmetrlcal parameters for the two-
tipolarity. We can conclude from these results on the other cParameter Fermi distributions of neutrons and protons were
isotopes in the natural target used here that the 2.96 Me{€Pt the same, witlt=3.98 fm anda=0.48 fm. Inelastic
data presented here do indeed result from the population Gic@ltering was computed through the vibrational collective
the 2 state ofS%Cr. model, with a transition density proportional to the derivative

Sample spectra are presented in Fig. 1. The top Spectrum the ground-state distribution. Our model for the shell-
represents an angle corresponding to a diffractive 2 model excitation is that of;;, nucleons recoupled to states
maximum while the bottom is at ah=2 minimum. The of seniority other than zero as found in the ground state. A

2.96 MeV peak, although weak, clearly does not show théransition density for this model is taken from calculations of
) . . ! ! . H W _ . I .

same diffraction pattern found for the other” Ztates in f;lchroton_boFl;nfd 1'2 aF' oods3Saxon poter;]tla alﬁ)pro_prlate dto
52Cr [2]. r, as in Ref[14]. Figure 3 compares the collective an

Differential cross sections for the first, second, and thirgMicroscopic proton model transition densities, both normal-

2" states of°Cr are presented in Fig. 2, with an overall |ze_d to giveB(CZ)T=672e? fm*. Thgse_are simila_r enough
normalization uncertainly of- 8%. The 2 cross sections to justify our use of the_ simple denvatwg collective model
agree with those of Ref2]. The solid curves represent the ?;Z?&;ﬁ:ﬁgﬁlﬁg#ﬁgr}blrntrt]r;et?;rl::iiitg;ec?;ﬁcsjﬁ:/oc?retﬁzes
E:é\gmélésr cEég;c:;Iz r’rﬁ%tﬂtgleisliﬁg t?;sis%‘[?hg/lgzvfffélcgllae- transition potential. We relate this to fche matrix elements
) 4 : M ,, for u = proton ), neutron {) or isoscalar sumA)
tions with 7-nucleon amplitudes taken frofi3]. Coupled- b “[1]

channels calculations were also performed to include im=Y
pulse approximation scattering beyond first orfigt]. In M = uBR(r) = (1
first order, this is just the DWIA familiar from the many .

results summarized irl]. No back coupling of the transition for a final state of natural parity and multipolarity = 2,
strength was included in our calculations to keep the resultasingR as the midpoint radius of the ground-state density
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data [5] while the proton matrix element gives a proton
(charge transition rate  for the 2 state,
B(C2)1=(18+6)e? fm*, which also compares well with
the value of 122 fm* from an average of electromagnetic
transitions [6]. We wuse for the 2 states
B(u,)1=€°M2%/(2J;+1) from a state of spid; .

The data for the second’2state, shown in Fig. 2, are
clearly not like the diffractive shape for thg 2and 2% tran-
sitions of °2Cr. This result is not a function of strength alone
as there are other weakly excited 8tates with cross sec-
tions no stronger than those for this 2.96 MeV peak that do
show standard. =2 diffraction patterng1].

In an attempt to reproduce this angular distribution we use
a two-step sequential scattering model through dhe 2
first 2% state to excite the second” Xtate ofv=4. The
proton quadrupole transition strength from the 1.43 MeV
state to that at 2.96 MeV is taken from the photon decay data
e for the higher statg6], with B(C2)1 = 146e? fm*. The neu-

8 10 tron matrix element is scaled By/Z. This purely second-
order calculation yields the dotted curve compared to the
2, data in Fig. 2.

FIG. 3. Transition densities for the vibration@olid) and mi- There is a small direct photon transition from the 2.96
croscopic(dashedl models for the first 2 state in°Cr are com- My state to the ground state, corresponding to
pared, as described in the text, weighted ByThe integral of these B(C2)1= 1.32 fm*? [6]. The weakest 2 state seen in elec-
curves gives matrix elements which square to gBéC2)7 tron scattering from®2Cr haSB(CZ)T=16e2 fm? [7]. We
=672 fm*. The close similarity of these shapes authorizes OUlyse a direct matrix elemeM ,= 1.1 fm2, and scale the neu-
use of the collective model even for a shell-model excitation. tron amplitude by the total %umber of neutrons and protons

in %2Cr to obtainM,=1.3 fm?. The dotted curve in the
[or optical potential for the distorted-wave Born approxima-bottom panel of Fig. 2 is a pure two-step calculation while
tion (DWBA) used below and(r) computed from Woods- the solid and dashed curves show the influence inclusion of
Saxon matter distributions to be 3.385 fm. interfering direct amplitudes has on the calculation for the

The transition matrix elements for protonl f) and neu- 2.96 MeV cross section. The solid curve shows the predic-
trons (M,) were taken from a previous pion-scattering ex-tion with t_he same relative sign for the first- and sec_:ond-
periment for the 2 transition[2] but were varied to fit the ~order matrix elements for neutrons and protons, and with the
magnitudes of the 2 inelastic cross sections from this ex- positive sign between amplitudes for neutrons and protons.

periment, as previous data were not as reliable. The values (Tih's maintains the. isoscalar symmetry e_xpecte_d from pion
Scattering to low-lying statelsl]. An opposite choice of the

2ﬁ+andl resflt”;\'/lg matrix elemfents abrle “S_tt?]d Iln 'Eable . -l;_herelative sign between the two-step and one-step amplitudes
1 value forvl, compares favorably with electomagnetic yields the dashed curve for the Zross section. The small

) ) _ one-step amplitudes lead to only small differences in the

TABLE |. Matrix elements in fnf and amplitudess for the  ghapes of the two predictions, but we find that the opposite

transitions considered in this work are listed. The results for thesign causes a destructive interference of about a factor of 3 in

pion-induced transitions to the first and third 2tates were ob- the magnitudes. It must be emphasized that this calculation

tained through comparison with pion dathis work and Ref. 2 o the 24 state includes no free parameters aside from this

with statistical errors as given. The pion values used for the 2 o ‘The form factor shapes were determined by the elastic
excitations were only those extracted from electromagn(éitd) scattering, the first 2 cross section was taken to fit those

measurementgs] where neutron parameters were scaled\iy. . . .
These are bracketed because no acceptable fit to pion data wi gta, and the transitions to thé State itself were obtained

obtained for this transition. The scatteringM, was obtained di- ''0M electromagnetic data. The mixed and purely two-step
rectly from the pion results for the 2state; hence, no errors are Computeg cross sections give roughly the correct magnitude
reported. Otherwise, the values were from fits to thdata again ~ for the 2 transition, but fail to account for the shape ob-
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with statistical errors given. served.(If we allow all of the g, parameters to be free,
— — — ———  reproduction of the shape can still not be made

07 —2, 0" -2 2122 0" -2 The seniority shell model fails dramatically to account for
M,(EM) 25.9+0.6 1.1+0.2 27+ 3 35+0.3 the equal cross sections found far" and 7. A purelly
M () 249+ 0.5 [1.1] [27] 43+07 proton excitation at the delta resonance yields the naive ex-
M, () 21.8+0.5 [1.3] [32] 9.5+ 0.7 pectation of ar* cross section 9 times greater than that for
Mo(a) 46.1 0.0 335 12.9+13 T . Rather, the symmetry fqund indicates the proportionate

contribution of neutron amplitudes.

Bp(m) 0.23 0.01 0.12 0.04 lll. @ PARTICLE SCATTERING
Bn() 0.18 0.01 0.12 0.08
Bo 0.16 0.00 0.11 0.04 The only a-particle-scattering data we were able to find

for the weak 2.96 MeV peak irP’Cr were at 42 MeV,
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tering angular distribution is adequately fit.
PP I T The « scattering cross sections to the secofidstate of
~Cr(o,a')”*Cr, T,=42 MeV ] 52Cr are, however, far from the simple diffractive shape. Use
of the sum of the proton and neutron matrix elements from
the first to the second 2state gave cross sections far in
excess of what was seen far scattering, as seen by the
values off listed in Table I. The solid curve compared to the

107

10l 2%, 1.43 MeV |

25, 3.16 MeV |

100 = 2.96 MeV data in Fig. 4 uses the same matrix elements as for
b ] the pions to the 1.43 MeV state, as in comparison to the data
i 2% P above in Fig. 4, but uses an isoscalar matrix element of only
1071 / 3 Mo = 32.5 fm? for the second step to the 2.96 MeV state,

\ ] with B, = 0.156. This is a smaller isoscalar matrix element
l hi ] than the value of 59 frAfound from the pion analysis. In-

= clusion of a direct matrix elememl, = 2.4 fm? from the
] ground state to the 2.96 MeV state made changes in the
shape and magnitude of this curve only at the largest angles,
using either relative sign.

The pure two-step calculation accounts very well for the
shape of the 2 a scattering data, as expected fow & 4
excitation. If only the proton matrix element, not the isosca-
lar sum, from the pion fit were used to form,, the two-
step prediction would be nearly in agreement with the
particle data. That would be consistent with the seniority
shell model for the second transition, fromvas 2 proton
state to one of =4.

do/dQ (mb/sr)

IV. DIFFRACTION MODEL
FIG. 4. Inelastic scattering of 42 Me¥ particles to the first

three 2 states of*’Cr yields data compared here to first-order and
purely second-order DWBA calculations, using the deformations o
matrix elements listed in Table I. These are shown by solid lines.
The dashed curve for thef2state gives the Fraunhofer calculation, C |ASaasnaass saass an
described in the text, which is is also successful in reproducing the [ *®Cr(mm)*Cr, T,=180 MeV
shape and magnitude of these data. For tHe teansition, the *
dashed curve is proportional tﬂﬁ(x) and matches the observed
shape only at the large angles.

The sharply diffractive angular distributions for the first
2+ state using spin-zero pions and particles invite use

™

1 L 7T
10% & 2*,, 1.43 MeV

using silicon particle detectofd5]. The resolution of 105 109 +
keV was sufficient to resolve the state cleanly, and a com- ‘
panion spectrum taken with the same target using a magnetic
spectrograph with 60 keV resolution observed the 2.96 MeV

state with the same relative strength. The target was isotopi-
cally enriched to 99.9%. The general method used for these =5 i
data has been reported for other nuclear tare6. The } 10—° L 2*,, 2.96 MeV
cross sections for the first and second tates of°>°Cr are o '

shown in Fig. 4.

First- and second-order distorted-wave Born approxima-
tion (DWBA) calculations were carried out with the coupled-
channels codecHuckz [17]. The optical-model parameters
were taken from fits to elastic scattering froPACr at 42
MeV [18]. The transition potential was taken to be the first
derivative of this optical potential, with deformation param- : H W : |
eters listed in Table I. For the first Xtate of>2Cr, the solid 3 b s A3

10~1 E

Q (mb/sr)

curve in Fig. 4 shows the cross section predicted using an T W T re————
isoscalar matrix elemeril, as the sum of the values used 6., (deg)

for the pion scatteringthe dashed curve represents a Fraun-

hofer calculation to be discussed lateFhis is clearly suc- FIG. 5. The 180 MeV pion data are compared to Fraunhofer
cessful, accounting for the shape and the magnitude ok the 5\c\ations, using the parameters listed in the text and(Eq.
scattering data with no new parameters. Only a first-order A=1) curve is used for the 2 transition. The

The same model applied to the 3.16 MeY Zransition  solid curve for the 2.96 MeV data uses the best fit using ().
gives the fit shown in Fig. 4 witlB = 0.04, which yields with A=—0.11. The dashed curve us&s-0 for a purely two-step
Mo = 12.9 fm?. This is near the sum af1,+M, = 13.8  mechanism. Neither of these matches the data as well as the dotted
fm?2 from the pion work. The diffractive shape of thescat-  curve which is undamped and proportional onlyJigx)2.
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of the Fraunhofer model, diffracting the beam around a blackions of the given order. The overall magnitudes of the cross
disk. This model can be extended to second ofdé&r2Q. sections are given by an amplitugg as also used in the
The radius of the black disig, is taken from the minima of ~coupled-channels calculations. If we take the €ate to be
the 2] angular distributions, and the beam center-of-masshe two-phonon vibrational state, the two-step path to it is
wave number i%, using the argument= 2kRsind/2. Thisis  determined by the magnitude of thg Zross sections for
the most accurate approximation for the shadow cast by theoth beams. We also allow an amplituidor the 2 state to
disk at a center-of-mass scattering angleA trapezoidal mix with an amplitudey1— A? for a direct excitation A =
transition from absorption to transmission occurs over a disi for pure one stepwith the same value g8 as for the first
tanceA, damping the prediction at larger angles by the fac-2* state.

tor D=abs2,(y)/y for each single scattering amplitude, = The expression that results for the secofidsate Fraun-
with y=2kAsind/2. Here thelg, , represent Bessel func- hofer cross section is then

2

d kRy)?(BRy)?| AD kBR 5
dﬂjm_:( R°47T'8 ° {730(X)+ vl—A2D2$\/E[Jo(X)—le(X)]

2

kBRg . @

2(kRy)*(BRT*[ /3 1
1 [20R0) 7(713 0] { \[g ADJ(0-+ VT AT O[22 1 3,00 - x3,0)

Curves for the 2 state from pion scattering are shown in found for *4Ca. Pion scattering to the;2state of *‘Ca at
Fig. 5, using the parameters obtained from thegedata 2.66 MeV shows a clear single-excitation diffraction pattern,
(R=5.33 fm,A = 2.0 fm, andBR = 0.80 fm and the in contrast to the case ofCr [21]. The “‘Ca data are also
expression above with=1. The isoscalar matrix element charge symmetric. The structure of the twd &tates is evi-
obtained from this value oBR is 44.8 fi?, very near that  dently greatly different, as shown by the direct electromag-
obtained by distorted wave methods, 46.0°fiso in Fig.  netic excitations from the ground states, stronger by a factor
5 are the Fraunhofer predictions for thg 3tate, using the of 80 in the case of“Ca [22]. This allows the greater one-
full expression, with a fit resulting from a search on thestep strength seen fdfCa by the pion scattering.
parametelA over the data sets for both pion signs. We find  another appropriate comparison of tA&Cr 25 data is to

some improvement f“’”? this search u_siAgt —0.11(solid the “reversal” states seen in pion scatterif&]. These are
curve but the dashed lines shown with a purely two-stephigher 2" states, often the second, that show clear2 an-

calculation A=0) differ little from the optimum, and both S .
fail to give a good fit. Also shown is the shafmotted using gg(ljarl dlstnlzjuu_lqﬂs but W|t|ho;1t htheéczharge symmeftry S0
an undamped form proportional ﬂi(x) alone, which does wiaely ngte - 'ne reversal these tates arises from

' there being two dominant shell-model amplitudes, mixing

aciohuen;{f?:;(;ieozhs]gizlfvaijthdq': 6.63 fm andA = 1.25 fm with a constructive sign for the lowest Ztate and destruc-

found to fit the elastic data c[f15]. is used to als.o fit tr’le tivel)_/ for the other. For ﬁnstance, WShe". excitation could

2] data fora particle scattering in Fig. 4. The fit shown by provide a sepond amlpl|tude to give thls effect fi?pr_ A

the dashed line yielde = 0.16, exactly as found by the proton stripping experiment, however, finds no excitation of

DWBA. The fit is excellent in shape and magnitude. t5hle 2.96 MeV state of“Cr from thev=1 ground state of
V, for either f-shell or p-shell strengti 24].

Since it was found to be successful for t ion data,
&P Although our study of the=4 state could be enhanced

a simple undamped?(x) shape is also shown against the . .

. A . by comparisons to pion double charge exchange, there are no
scattering data for the,2state in Fig. 4, but with not much data with similar b . for final<a
agreement, data with similar beam energies or targets for fin: tes

in DCX. Ground-staténon-DIAS) DCX cross sections near

our target mass give cross sections of about 50 nb/sr. Inelas-
tic scattering to a =4 state will be stronger than for DCX
because the scattering can proceed by the stronger isoscalar

The first striking thing we note from the pion data is the couplings not available to DCX.
isospin symmetry, with nearly equali™ and 7=~ cross sec- We also note that the simple ratios o} 20 2, cross
tions or proton and neutron matrix elements for all threesections are much greater for pion scattering thamfpar-
2" states of*’Cr considered. Other states t{Cr reported in  ticle scattering. Our calculations reproduced this effect by
[2] also exhibit this symmetry. The general systematics leadlecreasing the second step amplitude doscattering from
one to expect this for the;2state, but the shell model for a the 2] state. A greater pion cross section could be a sign of
seniority-4 description of the 2 state is so compelling that some two-step path not available to th@articles. Since the
the new experiment was carried out to examine the anticipion experiment was carried out at the 3-3 resonance, several
pated protonlike excitation. such channels could be postulated.

A similar case of four neutrons from a closed shell is  Furthermore, the pion data for thg Ztate can be fitted to

V. DISCUSSION AND CONCLUSIONS
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a simpIle squared shape, not anticipated for a transition®2Cr [24], and so the higher shell nucleons must remain in
from a 0" to a 2" state. A similar case was found for charge some configuration much more complex than the other low-
exchange of strongly absorbed particles in thidgt) reac-  lying states. This 2 state, examined here by pion aad
tion from 0" ground states to 0 final states, the so-called particle scattering, is in several ways a counterexample to the
anti-analog statel25]. An explanation in terms of two inter- usual successes with models. Our simple structure and reac-
fering L=0 amplitudes to form aih.=1 pattern has been tion models were not able to give a fully consistent set of
presented26]. results to agree with the data, and the explanation of this
The simple €,5)" seniority shell model clearly failed to puzzling case remains open.
account for the pion data, in either shape or magnitude. This
model did successfully give the purely two-stegparticle-
scattering angular pattern, but the magnitude was not that
expected from electromagnetic results and an isoscalar col- This work was in part supported by the U.S. Department
lective symmetry{27]. The seniority shell model is broken of Energy, under Grant No. DE-FG02-86ER40269, and the
by the inclusion ofp-shell nucleons, and this extension doesNational Science Foundation. We would like to thank G. Liu,
account better for the observables™Cr [28]. There is evi-  A. Petit, A. Williams, and R. Winter for their assistance in
dently no p-shell stripping to the 2.96 Mev ;2 state of data collecting and analysis.
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