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First Model Independent Separation of Multipole Form Factors in a Mixed Transition
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The magnitudes and relative phase of theE2 andM1 electron scattering form factors of the 6.32 MeV
( 3

2
2) state of15N have been measured at momentum transfers (q) of 0.63 and1.07 fm21. These two

transverse multipole form factors were separated using a combined analysis of single-arm�e, e0� and
coincident�e, e0g� data. This measurement is the first model independent separation of multipole form
factors that contribute to a mixed transition.

PACS numbers: 25.30.Dh, 23.20.Js, 27.20.+n
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The availability of high duty cycle electron beams ha
made coincident�e, e0g� electron scattering a valuable too
for the investigation of nuclear structure [1–3]. The ex
periment reported here measured the�e, e0g� cross sec-
tion for the excitation of the 6.32 MeV (3

2
2) state of15N.

It extends the use of the�e, e0g� reaction to the study
of excitations of nonzero spin nuclei. In such nuclei
model independent separation of the multipole form fa
tors contributing to the single-arm�e, e0� cross section and
subsequent reconstruction of transition charge and curr
densities is generally impossible. We demonstrate for t
first time that such a separation can be performed with t
measurement of an�e, e0g� cross section.

In cases where electron scattering yields individual mu
tipole form factors the reconstruction of nuclear transitio
charge and current densities is feasible [4]. These e
perimentally determined densities provide detailed micr
scopic guidance to nuclear theory [5]. The�e, e0� reaction
allows the separation of only the incoherent sum of th
longitudinal [jFLj

2 �
P

l Fl
L�q�2] and transverse [jFT j

2 �P
l Fl

T �q�2] form factors. Therefore the individual multi-
pole form factors,Fl

L,T �q�, cannot in general be isolated ex
cept for zero spin nuclei and certain transitions in nonze
spin nuclei where spin and parity selection rules allow on
one longitudinal and/or transverse multipole form facto
As a result, the reconstruction of transition charge and cu
rent densities has not been possible for important nonz
spin nuclei such as those adjacent to doubly closed she

The �e, e0g� reaction makes possible the separation
individual multipole form factors through the determina
tion of the angular distribution of the deexcitationg ray(s).
The method is of general applicability, provided that on
also considers theg ray(s) produced in deexcitation to
states other than the ground state, which will be the ca
in the study of higher (l $ 3) multipole form factors. In
such cases the simultaneous detection of more than on
theg rays of the resulting cascade will be highly advanta
geous. The form factor separation is achieved without t
introduction of additional uncertainties in reaction dynam
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ics since both the�e, e0� and�e, e0g� reactions are entirely
electromagnetic. A closely related and often compleme
tary method is that of scattering electrons from polarize
targets [6,7].

Because the coincident bremsstrahlung photon dist
bution is kinematically focused along the incident an
scattered electron directions, the elastic radiative tail is si
nificantly reduced for�e, e0g� cross section measurements
where the photon is detected away from these two dire
tions (typically in the backward scattering hemisphere
This is particularly important for the study of low lying
states near the elastic peak and also for continuum sta
such as giant resonances which have a small photon de
probability. The bremsstrahlung coincidence cross secti
is less important in lowZ nuclei such as15N [3], as is
Coulomb distortion of the incident and scattered electro
waves [8,9].

This first demonstration of multipole form factor sepa
ration was performed on an important transition in nuclea
structure physics. The 6.32 MeV (3

2
2) state of15N has

a simple shell model description as a proton hole excit
tion in the doubly closed16O core. As with other single
particle (hole) states in odd-even nuclei adjacent to doub
closed shells, the 6.32 MeV (3

2
2) level is in a region of

low excitation energy and low level density. The wide
level spacing makes experimental investigation of this sta
possible. This is in contrast to stretched states, whic
also have a single particle (hole) nature but which a
found in regions of high excitation energy and high leve
density [10].

This state has been extensively studied by single-ar
�e, e0� electron scattering [11–16]. Spin and parity se
lection rules allow the excitation of this state through
single longitudinal (C2) and two transverse multipoles (E2
andM1). As a result, measurements at different inciden
electron energies,Ee, and electron scattering angles,ue,
for the same momentum transferq (Rosenbluth method)
can separate the longitudinal form factor consisting of on
theFC2 multipole form factor (FC2 � 6

p
jFLj2 ) from the
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transverse form factor consisting of the incoherent sum of
the FE2 and FM1 multipole form factors. Single-arm �e, e0�
electron scattering measurements of the transverse form
factor are in disagreement with several theoretical calcula-
tions [11]. The �e, e0g� probe, by measuring the strength
of each multipole form factor in states such as this, can
help elucidate the significance of a number of effects that
have been invoked to explain the observed significant de-
parture from the shell model such as configuration mixing,
core polarization, meson exchange currents, and partial oc-
cupancy. Furthermore, the technique presented here opens
the way for the reconstruction of transition charge and cur-
rent densities, which provide the most stringent test of the
models that attempt to explain these effects.

A very accurate value of the photon point mixing ratio
has been measured by photon scattering (r � 0.137 6

0.005) [17]. This quantity determines the real photon
contribution to the angular variation of the �e, e0g� cross
section. It also provides a measurement of FE2 and FM1
at the photon point.

The 6.32 MeV ( 3
2

2) level decays by photon emission to
the ground state essentially 100% of the time [17]. Pho-
ton detector energy resolution requirements are relaxed
because there is no need to discriminate between compet-
ing decays on the basis of photon energy.

The experiment was performed with the MAMI A
electron accelerator at the Institut für Kernphysik, Jo-
hannes Gutenberg Universität, Mainz, Germany [18,19].
A 3 5 mA, 183.4 MeV continuous duty cycle electron
beam bombarded a 45 mg�cm2, 99.5% 15N enriched mela-
mine powder target pressed between two 8 mm CH2 films.
Scattered electrons were detected by a magnetic spec-
trometer and photons emitted from the target were detected
by three coplanar NaI(Tl) scintillation detectors: a central
500 3 500 NaI(Tl) detector subtending 46.8 msr and two pe-
ripheral 300 3 300 NaI(Tl) detectors subtending 21.6 msr
each and at 622.5± with respect to the central detector.
The experimental apparatus is shown in Fig. 1.

Previous �e, e0g� experiments at Illinois using a simi-
lar electron spectrometer and photon detector array [2,3]
showed that cross section measurements are prone to sys-
tematic error. By measuring ratios of �e, e0g� cross sec-
tions this systematic error can be substantially reduced
[3]. Simultaneous cross section measurements with two
(or more) photon detectors also eliminate the systematic
error due to luminosity uncertainties and fluctuations. The
additional systematic error introduced by different photon
detector efficiencies can be reduced considerably by pe-
riodically interchanging the photon detectors. In this ex-
periment, ratios of �e, e0g� cross sections were determined
both with sequential cross section measurements using the
single central photon detector and with simultaneous cross
section measurements using the two peripheral photon
detectors.

The energy resolution of this measurement is deter-
mined by the electron spectrometer. The detected pho-
ton is used only to tag the event. The electron excitation
50
FIG. 1. Top view of the experimental apparatus used at Mainz
for �e, e0g� measurements [23].

spectra were constructed by subtracting the electron mo-
mentum spectra of accidental coincidence events from the
corresponding spectra of all electron-photon coincidence
events. The �e, e0g� cross sections were extracted by fit-
ting a line shape to the resulting excitation spectra as shown
in Fig. 2. The line shape was a parametrization of the
electron spectrometer response folded with calculations of

FIG. 2. Single-arm �e, e0� (top) and coincident �e, e0g� (bot-
tom) excitation energy (v15 N ) spectra for Ee � 183.4 MeV,
ue � 72±. Photons were detected with a 300 3 300 NaI(Tl)
detector.



VOLUME 83, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 5 JULY 1999
the various processes involved in the scattering of an elec-
tron from a nucleus and the passage of an electron through
target material.

Because FC2 can be separated by the Rosenbluth method
we need only to further separate FE2 and FM1. The
relationship jFT j

2 � jFE2j
2 1 jFM1j

2 can be rewritten in
terms of form factor ratios:√

FE2

FC2

!2

1

√
FM1

FC2

!2

�
jFT j

2

jFLj2
.

It also allows a mixing angle, b, to be defined such that

FE2 � FT sinb and FM1 � FT cosb .

The essence of our experiment is that, in addition to deter-
mining the magnitude of FL and FT , it measures the mixing
angle b. The above equations imply that �e, e0� measure-
ments in the parameter space of FE2�FC2 and FM1�FC2
constrain the allowed solutions to a circle. Allowing for
experimental uncertainties this implies a circular band. For
q � 1.07 fm21 (Ee � 183.4 MeV, ue � 72±) our �e, e0�
measurements, along with previous �e, e0� measurements
[11], give the circular band shown in Fig. 3.

The ratio of two �e, e0g� cross sections for a 1
2

6 !
3
2

6

transition [7] measured at the same electron kinematics
�Ee, ue� but at different photon emission angles �ug , fg�
yields a quadratic equation in FE2�FC2 and FM1�FC2:

A

√
FE2

FC2

!2

1 B

√
FM1

FC2

!2

1 C

√
FE2

FC2

! √
FM1

FC2

!
1

D

√
FE2

FC2

!
1 E

√
FM1

FC2

!
1 F � 0 ,

where A, B, C, D, E, and F are linear combinations of
products of collimator-averaged photon angular functions,
electron kinematic functions, the photon point mixing
ratio r, and the measured cross section ratio. The con-

FIG. 3. Constraints imposed by the �e, e0� and the �e, e0g�
data. The nominal experimental values are depicted by
dashed curves while the shaded areas indicate a 1s statistical
uncertainty.
straint imposed by �e, e0g� as manifested in the preced-
ing equation also has a simple geometric interpretation. It
corresponds to a conic section in the parameter space of
FE2�FC2 and FM1�FC2. The experimentally determined
band for q � 1.07 fm21 is shown in Fig. 3 for a pair of
photon emission angles. The simultaneous solution (fit)
of these two equations gives FE2�FC2 and FM1�FC2 (or
equivalently it determines the value of the mixing angle
b). Multiple valued solutions are possible since two dif-
ferent quadratic curves (conic sections) can intersect at up
to four points.

The extracted b values along with the corresponding
photon point b value [17] are shown in Fig. 4. The nor-
malized multipole form factors, FE2 and FM1, are shown
in Fig. 5. Two solutions are possible, indicated by filled
and open symbols. The measurement at q � 1.07 fm21

(ue � 72±) is precise enough (the filled data circle is pre-
ferred) to eliminate this ambiguity by invoking Siegert’ s
theorem [18]. Unfortunately, the ambiguity remains in the
measurement at q � 0.63 fm21 (ue � 40±) due to large
statistical uncertainty.

Also shown in Figs. 4 and 5 are the calculations of
Suzuki [20]. These calculations, which are representative
of the current level of sophistication in shell model calcu-
lations, are in good agreement with the data. The three
curves exhibit the influence of core polarization (CP) and
meson exchange currents (MEC) on the single particle (SP)
result.

It is worth noting that the effects of fractional occu-
pancy, which were not taken into account in the calcula-
tions of Figs. 4 and 5, cancel in leading order in the ratio
of multipole form factors. In contrast, there is no cancela-
tion for the extracted values of the individual FE2 and FM1
form factors. They tend to be lower than those calculated
by Suzuki [20]. If the observed quenching from the full
calculation is attributed to the effects of fractional occu-
pancy our measurements at both values of q are consistent
with a 70% partial occupancy of the 1p orbitals. Such a
conclusion is in accord with a number of theoretical and

FIG. 4. The mixing angle b as a function of momentum
transfer. The theoretical calculations are those of Suzuki [20].
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FIG. 5. The experimentally separated FE2 and FM1 form
factors as a function of momentum transfer. The theoretical
calculations are those of Suzuki [20].

experimental investigations on this issue [10,21,22].
Clearly data of higher statistical precision spanning a
wider range of momentum transfer will be needed in order
to conclusively confirm such a claim.

This work demonstrates that model independent sepa-
ration of multipole form factors in mixed transitions can
be accurately performed. The availability of high energy,
high quality, high duty cycle electron beams at CEBAF,
MAMI B, and MIT-Bates will allow similar separations
to be efficiently performed over a wide range of momen-
tum transfer, subject to the availability of the appropriate
specialized detection equipment. Nuclear structure inves-
tigations using the accurate and interpretable results of
inelastic electron scattering measurements can now be ex-
tended from zero spin nuclei to nonzero spin nuclei.
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able insight obtained as a result of discussions with L. S.
Cardman, J. R. Deininger, T. W. Donnelly, E. A. J. M.
Offermann, G. Ravenhall, and J. Wambach. This re-
search was supported by the National Science Foundation
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