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Hadron scattering is shown to be sensitive to the relative sign of neutron and proton
transition matrix elements. The relative signs for the 2&+ states are determined to be
positive for Mg, 3OSi, and Ca, and negative for 34S on the basis of proton differential
cross-section measurements at 650 and 800 MeV. Suppression of the one-step ampli-
tude in the 4S 22+ state causes the interference of one-step and multistep reactions to be
experimentally appar ent.

PACS numbers: 23.20.Js, 25.40.Ep, 27.30.+t, 27.40.+z

The sensitivity of inelastic hadron scattering
(Iz, h') to both neutrons and protons offers the pos-
sibility of increasing our understanding of the
neutron structure of nuclei by determining the
relative signs of neutron and proton transition
multipole matrix elements, M„and~~. In this
Letter we present, for the first time, an example
of hadronic measurements of these relative signs
under conditions where the magnitudes (but not
the signs) are previously known by electromag-
netic (EM) methods. ' This enables us to compare
the experimental (h, ,zz') results with predictions
which sensitively depend on the relative sign of

M„and M, .
A purely EM technique for obtaining the magni-

tudes of M„and Mz, using &(EA) values from mir-
or transition rates has been previously developed. '
For a given analog transition one obtains M~(T,)
from B(EX,T„~;-~f) = IMz, (T,) I'/(2J;+ l). To ob-
tain M„(T,) one uses the equivalent isospin repre-
sentation for the matrix elements,

M „~(T,) =[MD(T,) aM, (T,) t/2,

where M, (T,) and M, (T,) are the isoscalar and iso-
vector transition multipole matrix elements.
From charge independence iI/I, is independent of
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v„„.(e) = v D&A'(e) ~ M, + (b„"/b&")M„i (2}

where O'D~A'(0) contains the usual reaction dynam-
ics; the second factor contains the nuclear-struc-
ture matrix elements, and b„"/b~" is the ratio of

T, while M, (T.=0) =0. From charge symmetry
M, (T, = —1) = —M, (T, =+1) so that M„(T,) =M~(—T,);
e.g. , M~("Ti) =M„("Ca). Note that for a pure iso-
scalar (isovector) transition M„=+M~.

In general, isoscalar nuclear interactions are
attractive, and therefore the lowest states of nu-
clei have the lowest isospin and tend to have large
values of Mo. The isovector interaction is repul-
sive, and the M, values tend to be small for tran-
sitions between low-lying states. Because of this
i'„(T,) and ill~('I', ) are generally expected to have
the same sign for transitions between low-lying
states. This general expectation is supported by
shell and collective-model calculations" and ex-
perimental data. '

From an experimental point of view it is of in-
terest both to verify that IM, ~

( ~M, ~ in general
and also to identify those rare cases where the
opposite is true. From &(Ea) one measures the
magnitudes of i'„~(T,) but not their relative sign.
Thus there are two possible solutions to Eq. (1):
IM, I&

I M, I and (M, I) IM, I. For T =z doublets
there is no separate EM measurement which can
be used to determine the relative signs of M„and
Mp. For T - 1 isobaric systems one can make
three or more measurements and resolve this
ambiguity by measurements of the lifetime of the
analogous transition in the T, =0 nucleus. Life-
time measurements in the ~, =0, odd-odd nuclei
are generally more difficult since there are more
y branches; nevertheless there have been four
cases for the lowest 2' - 0 transition in T =1 nu-
clei for which all three transitions have been
measured (A =26, 30, 34, and 42).' The results
show that in all cases for the lowest 2' transition
M, /M, «1, i.e. , the transitions are predominant-
ly isoscalar in character as one expects and
therefore M„and Mp have the same sign. For the
second 2'- 0' transition all three lifetime meas-
urements have been performed only for A =26 and
30.' ' The relative sign is positive for ' Si but be-
cause of large experimental errors is undeter-
mined for "Mg.

Inelastic hadron scattering offers a direct and
experimentally convenient method to determine
the relative signs of M„and Mp. Assuming that
the reaction mechanism is one step and can be
described by the distorted-wave Born or impulse
approximation (DWA) one can write'

hadron-neutron to hadron-proton interaction
strengths. ' In general these b values are com-
plex. For high-energy protons the volume inte-
grals of the interactions' give ratios which are
almost real. The empirical justification for the
use of Eq. (2) with real values of b„"/b~ has been
given previously'; a small imaginary part will
not appreciably affect our conclusions.

It is clear from Eq. (2) that the relative sign of
M„and Mp will make a large difference in the
magnitude of the predicted cross section. This
has been utilized for a long time to ascertain that
transitions to the lowest 2' and 3 states are pre-
dominantly isoscalar by comparing (h, i's') reac-
tions to EM transition rates." This sensitivity
has also been recently exploited in (&,~') and
char ge-exchange reactions. "'"

For the second 2 state (2,') the relative sign
of M„and Mp is not as certain, and shell-model
calculations' predict a negative sign for the 0
—2, transition in "Si and "S. We form the ratio
R =do(0'-2, ')/dv(0'-2, ) which has the advan-
tage of being independent of DWA calculations.
To reduce nuclear structure uncertainties we
have chosen nuclei for which the magnitudes of
M and M p for the 0' —2,' transitions are known
from EM transition rates ("Mg, "Si, "S, and
"Ca). Using experimental" ' matrix elements
for M„p we can obtain the ratio

M, (2,")+ (b„"/b,")M„(2,') '
M, (2, ') + (b„"/b,")M„(2,')

where the + sign refers to the relative signs of
M „,p for the 0' - 2,' transition. For the 0' - 2,

'
transition M„~(2,') have the same sign.

Inelastic proton scattering to the first and sec-
ond 2' states of "Si, "S, and "Ca was performed
with the high resolution spectrometer at the Clin-
ton P. Anderson Meson Physics Facility. Proton
scattering on "Mg was performed previously. "
Details of the experimental apparatus have been
described elsewhere. "'" 650-MeV polarized pro-
tons were used on "Si, "S, and "Ca, and 800-
MeV polarized protons were used on "Mg and
"Si. Enriched targets were used. The energy
resolution was approximately 100 keV full width
at half maximum.

The observed relative cross sections to the
first and second 2 states are presented in Fig.
1. To compare cross sections more easily the
nuclear size has been factored out by plotting the
data relative to AD where ~D is the diffraction
radius determined by fitting the positions of the
first minimum in the elastic cross sections,
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which are at approximately 9' c.m. , by the first
zero of J, (qRD).' It can be seen that the 2, angu-
lar distributions for the four nuclei form an al-
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FIG. 1. Proton scattering relative differential cross
sections to the 2&+ and 2~+ states of 6Mg, Si, 4S, and

Ca. The proton energy is 800 MeV for 6Mg and 650
MeV for 3 Si, 3 S, and Ca. The maximum of each 2&+

distribution in the upper set of curves has been normal-
ized to 1 and the 22+ distribution in the lower set of
curves is shown with the proper strength relative to the
2)+. q is momentum transfer and P~ is the diffraction
radius. The values of RD used for Mg, Si, S, and

Ca are 3.37, 3.45, 3.62, and 3.98 fm, respectively.
Smooth lines were drawn through the data.

most universal curve. By contrast there are
large variations in the shape of the four 2, angu-
lar distributions. The relative 2, ' cross sections
at the first maximum for "Mg, ' Si, and Ca
are clustered around 0.1, and for "S is approxi-
mately 0.03. This suggests that the relative signs
of M„and M ~ are positive for "Mg, "Si, and
"Ca, and negative for "S.

The observed ratios of do(0'-2, ')/do(0'- 2, ')
at the first maximum along with the R, 's of the
EM method and the shell-model predictions are
presented in Table I. The parameter b„"/b~" was
calculated for 650- and 800-MeV protons by using
nucleon- nucleon f, matrix parametrizations. ' For
low-energy protons and o.'particles b„"/b~" is
taken from Ref. 5. Table I shows that the experi-
mental ratios, excluding "S, are systematically
larger than R, with 800- and 650-MeV protons
showing the smallest deviation. This qualitatively
agrees with the belief that at lower energies
multistep amplitudes, which are not included in
Eq. (3), become important and increase the mag-
nitude of the 0'- 2,' transition. Comparing ratios
for 800- and 650-MeV protons, the relative sign
of "Mg is positive, resolving the ambiguity in
the EM measurements and confirming the shell-
model prediction. The relative sign of "Si is
positive, confirming the EM prediction and con-
tradicting the shell-model result. The relative
sign of 'Ca is also positive. Experimental ratios
from n particles and low-energy protons on Mg
and 'Ca are larger than R, and support the in-
ference of positive relative sign for both cases.

In "S the experimental ratio is less than R, ,

TABLE I. Predicted and measured ratios of 22+ to 2&+ cross sections. The experimental ratios are evaluated at
the peak of the first maximum and the numbers in parentheses are errors. p, uses matrix elements from the
shell-model calculation of Ref. 3. B~ use the following M„'s and M&'s in units of e-fm obtained from EM transition
rates (Refs. 1, 6-8): Mg 0+—2&+ M„=18.76(0.91) and Af =17.73(0.40); Mg 0+—22+ 6.00(0.79) and 3.02(0.17);

Si 0+—2, + 20.5(1.9) and 14.30(0.40); Si 0+-22+ 3.65(0.49) and 6.47(0.30); S 0 —2&+ 21.1(0.32) and 13.97(0.29);
S 0+ 2~+ 2.75(0.52) and 4.88(0.18); Ca 0 2&+ 27.9(2.6) and 20.41(0.34); Ca 0 —2~+ 5.0(1.2) and 8.6(1.3). Un-

referenced experimental ratios are from this paper.

Nucleus Probe &sm Expt. ratio Ref.

Mg
Mg

"Mg
"si
"si
'4S

"Ca
42Ca
4'Ca

(0 p')
(p.p')
(e, e')
(p,p')
(p,'p )

(p p')
(p.p')
(p,p')
(e, e')

0.8 GeV
20 MeV
120 MeV
0.8 GeV
0.65 GeV
0.65 GeV
0.65 GeV
50 MeV
31 MeV

0.81
3
I

0.81
0.81
0.81
0.81

3
1

o.o5v(o. o1o)
o.o81(o.o19)
0.061(0.011)
0.093(0.014)
0.093(0.014)
0.052 (0.011)
o.o8v(o.o24)
0.052 (0.018)
0.07 9(0.022)

0.003(0.002)
o.o41(o.o13)
o.oo v(o.oo4)
o.o13(o.oo4)
0.013(0.004)
o.oo v(o.oo3)
0.011(0.008)
o.oo5(o.oo5)
o.oo6(0.006)

0.188
0.346
0.211
0.015
0.015
0.0006

0.085 (0.002)
0.26 (0.02)
0.14(0.02)
o.128(o.oo6)
0.137(0.00 7)
o.o32(o.oo3)
0.0 98 (0.006)
0.14(0.04)
o.14(o.o1)

12
15, 16, 17

18

19
20
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and is approximately 4 times greater than ~
If one assumes a minus relative sign for "S and
ascribes the extra strength in the 0'- 2,' transi-
tion to multistep processes not included in Eq.
(3), the multistep amplitude would be approximate-
ly equal to the one-step amplitude (assuming that
they are coherent) to account for the factor of 4

difference over R . Multistep amplitudes of ap-
proximately the same magnitude and sign as that
in ' S also explain the enhancements found over
R+ for 800- and 650-MeV protons on "Mg, 'Si,
and "Ca. The shape of the "S2,' angular dis-
tribution when compared with the other 2, and

2, ' states shows the strong signature of a multi-
step reaction, ' as described below. Relative to
the minima of the 2, ' states at @AD= 5.1, the min-
ima of the 2, states vary, with that of "S oc-
curring at the smallest value of qRD = 4.2. For
the 2, ' states the ratio of the second to first maxi-
mum varies between 0.05 and 0.07; for the 2,'
states in Mgy Sip and Ca thjs ratio is be-
tween 0.06 and o.09, and for "S is 0.23. These
numbers indicate the large difference between
the slope of the "S2,' angular distribution and
all of the others. The conclusion is that the rela-
tive sign of M„and M~ in the "Si 2, is negative,
thereby suppressing the one-step direct reaction
and making multistep effects more apparent.

In summary, the ' S 0 -2,' transition appears
to be a valuable case in which to study the inter-
ference of one-step and multistep amplitudes.
Data-to-data relations derived by Amado, Mc-
Neil, and Sparrow" have qualitatively reproduced
the "S 2,' shape when admixtures of one step and
two step were used' and the work on this analysis
is continuing. Knowledge of ~„and M~ from the
mirror method can constrain calculations by re-
ducing the uncertainty of the one-step strength
and we plan to do a coupled-channels calculation
with this constraint. Because branching ratios
from higher excited states to the ground state are
small and matrix elements difficult to measure,
this method of determining relative signs is gen-
erally limited to 2, + and 2, states.
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