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An isochromat of the E1 virtual photon spectrum has been measured by counting the number of
ground-state protons emitted by the 16.28 MeV isobaric analog state in Zr as a function of incident
electron energy in the range 17—105 MeV. The experimental results reproduce well the distorted
wave Born approximation spectra for a point Zr nucleus for electron energies up to 30 MeV. A radi-
ator was used for electron energies of 60—100 MeV to measure the photodisintegration plus electro-
disintegration cross section. These results showed that the Davies-Bethe-Maximon bremsstrahlung
cross section magnitude yields the same result as the electrodisintegration results below 30 MeV
where size corrections for the finite extent of the nucleus are minimal. As Ep increases to 105 MeV
the need for such corrections becomes manifest. Several such corrections are discussed. As by-
products of this study the quantity I ~I P /I was determined to be 63.8+1.9 eV or 66. 1+2.0 eV de-r Pp

pending on the virtual photon spectrum used in analysis. The I P /I P ratio was also determined toP2 Pp

be 0.58+0.02. Combining these results yields for I ~ 100.8+5.0 eV or 104.4+5.2 eV.

NUCLEAR REACTIONS Zr(e, pp), E =16.28 MeV, measured o.(e,pp) vs Ep,
deduced I P I ~/I", compared with virtual photon theory. Measured

I p /I p, deduced I ~.P2 Pp'

I. INTRODUCTION

During the last decade the study of the giant rnultipole
resonances together with the emergence of the distorted
wave Born approximation (DWBA) virtual photon calcu-
lations of Onley, Wright, and collaborators' have jointly
stimulated a renaissance of interest in electrodisintegration
experiments. Early calculations of the M1, E2, and E3
virtual photon spectra in plane wave Born approximations
showed that these higher multipole spectra were greatly
enhanced relative to the E1 spectrum. The enhancement
was understood as resulting from the momentum depen-
dence of the higher multipole cross sections and the fact
that in the electron scattering event the momentum
transfer to the nucleus can greatly exceed the energy
transfer. None of these early calculations included a full
treatment of Coulomb distortions because the existing
computers were so limited. Consequently, the early virtu-
al photon spectra were grossly underestimated for all but
the lightest nuclei.

Gargaro and Onley' were the first to calculate the virtu-
al photon spectra taking into account the distortion of the
incoming and outgoing electron waves in the Coulomb
field of a point nucleus. These calculations showed that
the enhancement of the higher multipole virtual photon
spectra, already seen in PWBA calculations, was greatly
increased as the atomic number of the nucleus increased.

The enhancement of the E2 relative to the E 1 DWBA
virtual photon spectra has recently been exploited in
several electrodisintegration experiments. In these ex-
periments the connection betweeen the electrodisintegra-
tion cross section o., (Eo) and the photonuclear cross sec-
tion crz „(E)was utilized:

o, „(Eo)=J

+or�

„(E)JV '(Eo,E,Z)

Here X (EO,E,Z)/E stands for the number of virtual
photons of multipolarity l exchanged with a nucleus of
atomic number Z when an electron of energy Eo produces
an excitation of energy E. Equation (1) is based on the as-
sumption that the reduced transition probabilities for pho-
todisintegration and electrodisintegration, B(El,E), and
8(El,q), are equal. Here q is the momentum transferred
to the nucleus in electrodisintegration. This assumption is
exact as q~ E but surely fails for q &&E.

Few experimental checks of the virtual photon spectra
have been made and these have certainly not been exten-
sive, nor the conclusions definite. All have integrated
over the E 1 giant resonance and hence inciuded a broad
range of virtual photon energies and perhaps multipolari-
ties. Only E 1 excitations have been explored and none ex-
tended beyond 30 MeV so that there has been no real op-
portunity to demonstrate the failure of the long wave-
length approximation on which Eq. (1) is based.

We have measured the cross section for excitation of the
16.28 MeV, 1 analog state in Zr with real and virtual
photons in the energy range 17 to 105 MeV. This mea-
surement serves as a check on the shape of the E1 virtual
photon spectrum at the 2—3% level. The failure of the
long wavelength approximation has been observed for
electron energies above —30 MeV and several "nuclear
size effect" corrections postulated. In addition, we have
used a radiator for electron energies above 60 MeV as a
check on our experiment for an interaction in which there
are no nuclear size effects and to compare the magnitude
of the bremsstrahlung cross section with the virtual pho-

28 150 Work of the U. S. Government
Not subject to U. S. copyright
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II. THE EXPERIMENT

The apparatus used was the same as in earlier reported
experiments ' with the following exceptions: (1) the data
logging computer and all related interface and input
modules were replaced with a new minicomputer and
CAMAC modules, and (2) three of five previously used
2.3-cm circular semiconductor focal plane counters were
replaced with 1.5&4-cm rectangular counters. The use of
rectangular counters in the focal plane insures that all
areas of the target illuminated by the beam are viewed
with equal efficiency.

Figure 1 shows a plot of the spectrum of protons emit-
ted at 90' by a 2 mg/cm target of Zr bombarded by 60
MeV electrons. It is very similar to spectra already pub-
lished by Shoda et al. ' which helped us to identify peak 2
as the 7.9 MeV group populating the ground state of Y
from the 16.28 MeV state in Zr. Peak 8 results from the
protons from this same state populating the second excited
state of Y at 1.51 MeV.

The prominent peak 3 was then studied in detail as a
function of incident electron energy. Seven magnetic
fields were chosen so as to delineate points 50 keV apart
on this peak in the proton spectra. Figure 2 shows the
spectrum obtained using 24 MeV incident electrons. The
observed width has roughly equal contributions from the
natural proton width, the spectrometer focal plane
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FIG. 1. The spectrum of protons emitted when a 2.03
mg/cm Zr target is bombarded by 60 MeV electrons.

ton spectrum.
We have used the 1 isobaric analog state in Zr for

this work. It has already been thoroughly studied using
the (e,p) (Ref. 10) and Y (p, yp) (Refs. 11 and 12) reac-
tions. This level has a proton width of about 75 keV, a
ground-state radiation width of about 100 eV, and decays
by proton emission to the ground and 1.51 MeV second-
excited state of Y. The ground-state and excited state'
protons have a typical dipole angular distribution, '

QpPp(cosoz ) +a2Pz(cos8~ )
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FIG. 2. The data used to determine the differential cross sec-
tion do, ~ /de for 24 MeV incident electrons. A Gaussian plus

quadratic function was fitted to the data. The curve in (a) is the
quadratic function which fits the continuum. The curve in (b) is
the Gaussian function after subtraction of the quadratic func-
tion. These data have not been corrected for energy loss (-40
keV) in the target.

momentum bite, and the energy straggling in the target.
A Gaussian plus quadratic function was least-squares fit-
ted to the data. The slight asymmetry exhibited by the
peak has been attributed by Hasinoff et aI. ' to interfer-
ence between this state and the giant dipole resonance.
The lower part of the figure shows the peak after subtract-
ing the continuum, the area of which was obtained by a
numerical integration of the actual experimental data.
These integrations yielded the differential cross section
der, & /d 0 that results in the emission of 7.9 MeV protons

at 90'. These differential cross sections were measured for
electron energies in the range 17—105 MeV and are plot-
ted as a function of incident electron energy Eo in Fig. 3.
The statistical errors are smaller than the size of the
points.

At electron energies of 60, 70, 80, 90, and 100 MeV the
same proton spectra were measured using a tantalum radi-
ator, 0.1356 mg/cm in thickness, located 7.6 cm ahead of
the target. In addition, at 60 and 100 MeV, a 0.2172
g/cm tantalum radiator was used as a check on the ef-
fects of electron energy loss and multiple scattering in the
radiator. The measured cross section consists of the elec-
trodisintegration cross section plus the contribution pro-
duced by the real photons generated in the radiator. The
difference between the areas measured with and without
the radiator divided by the number of 16.28 MeV brems-
strahlung photons generated in the radiator is the differen-
tial photoproton cross section do.

&&
/dQ. A slight adjust-
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FIG. 3. do.,~/dQ as a function of electron energy Eo.

ment has been made for the energy loss of the electrons in
the radiator.

The largest experimental uncertainty is associated with
the target thickness. We have used the thickness obtained
by weighing, 2.03 mg/cm, to calculate the cross sections.
During the course of the experiment we observed slow
variations in the counts per beam charge which we were
able to identify as arising from changes in the effective
target thickness produced by beam heating induced "puck-
ering" of the target foil. We found that consistent and
reproducible results could be obtained by averaging values
of the cross section measured with the plane of the target
at +45 with respect to the spectrometer (+45' and + 135'
with respect to the electron beam). This procedure aver-
aged to zero the small changes in the target thickness due
to electron beam heating. The two values obtained at
+45' were often the same but sometimes differed by as
much as three or four percent. The points plotted in Fig.
3 at 17.2, 18.2, 19.2, and 21.2 MeV were measured using a
different target a year before this procedure was establish-
ed and have been adjusted upward by a factor of 1.017 to
match those at 21.2 and 22.2 MeV.

Measurements made at electron energies near the
threshold for the excitation of this state indicated that the

Since we are studying the electric dipole excitation of a
discrete level, Eq. (1) simplifies to

'(E,E,Z)
o, p (Eo)= I oy~ (E)dE, (2)

where the integral is now over the photonuclear absorption
cross section into the level at 16.28 MeV that results in
protons populating the ground state of Y, or

f o y q (E)dE =

(ark�)

2Ip+ 1 I (3)

where I and Ip are the spins of the excited and ground
states.

Dodge and Barber' have already shown in the PWBA
that if the photonuclear cross section differential in angle

d 0'y ~ /d Q =a 0Po ( cos Op ) +a 2P2 ( cosOp ),
then the corresponding electrodisintegration cross section

energy calibration of our electron beam line was in error
by roughly 0 8 MeV at 17 5 MeV. Because of this
discrepancy, we repeated the energy calibration of our
beam line. The field in the magnet that defines the elec-
tron energy was compared with the field in the spectrome-
ter by elastic electron scattering at 16, 18, 20, 22, 24, 26,
30, 40, 60, 80, and 100 MeV, the ultimate calibration of
the spectrometer being referred to a National Bureau of
Standards standard 'Am a-particle source. The present
energy scale is known to about +60 keV.

During the course of the measurements it became ap-
parent that with very little extra effort the relative intensi-
ties of the peaks A and B of Fig. 1 could be measured.
Accordingly, very detailed spectra in the proton kinetic
energy range 5—8.8 MeV were measured for incident elec-
tron energies of 22 and 28 MeV. The spectrum obtained
using 22 MeV electrons is shown in Fig. 4. The average
value for I ~ /I ~ obtained from these two experiments is

0.58+0.02 where the error is based only on counting
statistics. This result is to be compared with 0.70 obtained
by Shoda. '

III. RESULTS

do, ~/dQ=[aoPO{cosO~)+p(EO, E)a2Pq(cosO~) j~ '(EO, E)IE,
where

P(E0,E)= 1 —3(u/vr)
2%a&(Eo E)

Ep and Ef being the energies of the initial and final electron. Here A' '(Ep, E) stands for the plane wave virtual photon
spectrum. %'e replace it by the distorted wave spectrum N '(Ep, E,Z) to take into account Coulomb distortion effects.
(See the Appendix. ) Then, in terms of the measured quantity do.,z/dB,

I ~I ~o 4aoE' 2io+1 "~'~o 1

I ~(Ac) 2&+1 d& ao —0.5P(EO, E)a2X '(EO, E,Z)
If we use the value, given in Ref. 12, of a2 ———0.61 for the 1 state at 16.28 MeV, then

I yIq do~ a/dA=4.72
1+0.305P(EO,E)X '(Eo, 16.28, 40) eV

(6)

(7)
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level. In other words, this product has been evaluated
from the differential cross section, measured at each elec-
tron energy Ep.

The values of I &I z /I obtained from electro-
disintegration and photodisintegration are shown in Fig.
5(a) as a function of incident electron energy Eo. They
should be independent of Ep since they are the measure of
a nuclear property. The closed circles represent electrodi-
sintegration data (virtual photons), whereas the open cir-
cles represent photodisintegration results (real photons). It
is apparent that the values of I &I & /I derived in this wayr po
from the electrodisintegration experiment fall off with in-
creasing electron energy, whereas the photodisintegration
results are close to the average of the electrodisintegration
results obtained at the electron energies below 30 MeV.

FIG. 4. The proton spectrum measured at Eo ——22 MeV to
determine I ~ /I ~ . These data have not been corrected for en-~2 ~O

ergy loss ( -40 keV) in the target.

For the data taken using the radiator,

r,r, do, +yp /dQ —do., p /dQ

I B(Ep —AE/2, 16.28, 73) eV
=3.61

where B(Eo—bE/2, 16.28, 73) represents the number of
bremsstrahlung photons produced in the radiator and hE
is the total electron energy loss in the radiator. Both
N(Eo, 16.28, 40) and B(Eo—bE/2, 16.28, 73) in Eqs. (7)
and (8) have undergone a small correction, (1'Fo, to take
into account the real photons generated in the target.

In order to compare these data with the isochromat of
the E 1 virtual photon spectrum, we have expressed our re-
sults in terms of the product I &I z /I for the 16.28 MeV

IV. NUCLEAR SIZE EFFECTS

The discrepancy pointed out above results from the
failure of the virtual photon spectra to take into account
the nuclear extent. The DWBA virtual photon spectra
used to produce Fig. 5(a) take into account the distortion
of the incoming and outgoing electron waves in the
Coulomb field of a point nucleus. This distortion in-
creases the number of 16.28 MeV virtual photons by 10'Po
for SO MeV electrons and 7% for 100 MeV electrons. As
a result of the finite size of the nucleus the number of vir-
tual photons is decreased with respect to the point-nucleus
result. This effect increases with increasing electron ener-
gy, atomic number, and multipolarity.

Several procedures ' have recently been suggested for
making nuclear size corrections. These all use the plane
wave virtual photon spectra to obtain a correction which
is then applied to the DWBA spectra.

In the plane wave Born approximation the virtual pho-
ton spectra are'

E [ o+ I q 1 l.q o f —
1 2q-—

XT {Ep,E)= 2 2 2 2 24m.Pp ( po —pf )' q (q
2 E2)2 q2 E2

21

q B(El,q) d 2)
E B(El,E)

(~,+~f)
~«(E E)

4m.I'p (~p —~f)' l +1
(Eo+Ef )

q

2l
B(Cl,q )

B(EI,E) (10)

where the subscripts T and L refer to components of the
nuclear current perpendicular and parallel to the direction
of the momentum transfer q. Here (po, Eo) and (pf Ef)
are the (momentum, energy), respectively, of the incident
and scattered electron. These integrals can be performed
analytically if the approximation qR &&1 is made. Then
the transition probabilities in Eqs. (10) and (11) cancel,
and we have the plane wave virtual photon spectra.

To obtain a more realistic representation of the virtual
photon spectra, the ratios of the transition probabilities
can be obtained from some nuclear model. We have used
the generalized Helm model' for which

2l+2
B(EI q) E Jl (q~ ) g2(q2 E2)

B{E/,E) q Jl (Eg)

B(Cl,q) E Jl (q ) g2(q2 E2)

B(El q) q J (EZ)
(12)

21+2
B(E/ q) E
B(El E) q

2

J j&(qr)r dr

R 2I j)(Er)r 2dr
(13)

with the surface thickness parameter g set equal to zero.
We have also used a uniform charge distribution assuming
Siegert's theorem. Then
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%'e have used a procedure, developed by Dodge, ' in
which the transition probabilities B(EI,q) and 8 ( CI,q)
have been expanded in powers of q and then the integrals
in Eqs. (9) and (10) evaluated explicitly term by term. A
finite size correction is then obtained by dividing this re-
sult by the corresponding point nucleus result. For the
electric dipole transition at 16.28 MeV in the Zr nucleus
this correction for 100 MeV electrons is 0.89 for the Helm
model and 0.92 for the uniform charge distribution. Note
that had we constrained both models to reproduce the
same nuclear charge radius, the corrections would have
been somewhat closer. We have applied this correction to
the D%'BA virtual photon spectrum. This is illustrated in
Fig. 6 where we show the 16.28 MeV isochromat of the Zr
E I DWBA virtual photon spectrum. The lower curve has
applied to it the finite size correction obtained using the
Helm model.

In Fig. 5(b) we plot I ~I~, /I as a function of Eo, hav-

ing first multiplied the virtual photon spectrum of Eq. (7)
by the finite size correction obtained using the Helm
model. %'e see that the size correction has, indeed, re-

moved the downward trend with increasing electron ener-

gy seen in Fig. 5(a).
Very recently Durgapal and Onley' have evaluated the

virtual photon spectra in the second order Born approxi-
mation (SOBA) using a model for the nuclear charge and
current distribution. Their model reproduces values of the
charge and transition radii obtained from inelastic electron
scattering experiments. Comparison of the DWBA spec-
tra of Soto Vargas et al. calculated with a point nucleus
with the calculation of Durgapal and Onley shows that the
latter are decreased by =4% for Z=40 and E=16.28
MeV in the energy range of 20 to 100 MeV due to the ef-
fects of an extended charge distribution. The remaining
differences between the DWBA virtual photon spectra and
Durgapal and Onley's virtual photon spectra arise from
the finite nuclear size effects which become important as q
becomes manifestly larger than E. Their spectra have
been used in Eq. (7) to produce the points plotted in Fig.
5(c).

V. CONCLUSIONS

The E1 DWBA virtual photon spectra for zirconium
coincide with our experimental results for incident elec-
tron energies up to 30 MeV. Certainly, above 50 MeV a
correction is needed to take into account the finite extent
of the nucleus. A summary of the results is given in Table
I, where we show the weighted averaged values of
I &I z /I obtained in various ways. The Helm model size

correction applied to all of the dectrodisintegration data
agrees very well with the low energy electrodisintegration
results where the size correction is &2%. The uniform
charge distribution result does almost as well. The SOBA
virtual photon spectra take into account not only what we
have called nuclear size effects but also deviations from a
point nuclear Coulomb field. Thus, in principle, results
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TABLE I. Summary of experimental results. The errors quoted for the present experiment are only statistical. The overall nor-
malization error is +2 eV.

Reaction Electron energy range

I"yl p

(eV)

Electrodisinteg ration

Photodisintegration
Photodisintegration
Electrodisintegration with size

correction based on the Helm model
Electrodisintegration with size

correction based on the uniform
charge distribution

Electrodisintegration using
second order
Born approximation spectra

Result from {e,p) (Ref. 10)
Result from Y(p, yp) (Ref. 12)

19.77—30.15 MeV {DWBA)
19.77—30.15 MeV (SOBA)
59.64—99.33 MeV (DBM)
59.64—99.33 MeV (Schiff)
19.77—104.40 MeV

19.77—104.40 MeV

19.77—104.40 MeV

64.7+0.5

67.1+0.5
65.4+0.6
59.9+0.6
63.8+0.3

62.6+0.3

66.1+0.3

74+ 10
78+28

obtained from SOBA virtual photon spectra should be the
most reliable. Mean values of I &I& /I obtained fromr Sp

SOBA virtual photon spectra agree best with mean values
of I &I & /I obtained from photodisintegration using ther Sp
Davies-Bethe-Maximon (DBM) bremsstrahlung cross sec-
tion 19,20

The quantity I &I& /I has been determined from the

photodisintegration data using both the Davies-Bethe-
Maximon formula with Fermi-Thomas model screening
functions' and the Schiff bremsstrahlung cross section
[formula 3BS(e) of Ref. 20]. The result should be the
same as that obtained by electrodisintegration, and that
obtained using the DBM formula yields a number that is
in satisfactory agreement with the electrodisintegration re-
sult. The magnitude of the Schiff cross section is exclud-
ed by these results.

The errors quoted in Table I are statistical and have
meaning relative to each other. There are, however, large
errors in the overall normalization which we estimate to
be +3% stemming from the charge measurement, the tar-
get nonuniformity, and the determination of AQ(bP/P)
using National Bureau of Standards standard cz-particle
sources. Our value for the product, I &I & /I, would then

Pp

be 63.8+1.9 eV using the Helm model or 66. 1+2.0 eV us-
ing the second order Born approximation spectra. The
data from Refs. 10 and 12 are also included in Table I for
comparison. These experimental results do not take into
account the interference ' of the analog state with the gi-
ant resonance on which it is superimposed. Hasinoff
et a/. ' have studied this feature of their (p, yo) data and
have determined that the inclusion of interference de-
creases the product I z/I z /I by only about 3%. Finally,

using our value of 0.58+0.02 for I z /I ~ and assuming
&p

that the 16.3 MeV state decays only through the ground

and second excited states of Y, the ground-state radia-
tion width is

I =1+(I,/I )(I I /I ) =1.58I I /I" .

This result translates into 100.8+5.0 eV if we use the
Helm model or 104.4+5.2 eV using the second order Born
approximation spectra. Hasinoff et al. ' determined both
I

&
I z and I from fits to their data. Using

I I =6+1.5 keV leads to I =60+15 keV while us-

ing I =77+5 keV leads to I"z,——49+5 keV.
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APPENDIX

Dodge and Barber' were the first to compute E1 elec-
trodisintegration angular distributions. Using the formal-
ism of Bosco and Fubini they showed that if the photo-
disintegration angular distribution were given by

do
dQ

=a OPp (cos0& ) +a 2Pz ( cosO& ) (A1)

then the electrodisintegration angular distribution would
be given by
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(A2)

d'o a2 Pf 1
~3pERBw(E, co)

dQ, dQ&dEf ~2 Pp q„4

= [QOPO(cosO&)+[1 3—(a/m)(E. f/Eo) /2X ']azP~(cosO~) I(X E),

where X '=AT'+Ac (Ref. 15). The dependence of the photodisintegration cross section on E is contained implicitly
in the angular distribution coefficients ap and a2. However, the nuclear current was not decomposed into transverse and
longitudinal components in the formalism of Bosco and Fubini, which makes the incorporation of nuclear size effects
difficult, and the multipole expansion was not made in an irreducible representation, which mixes higher multipole com-
ponents into the dipole. In order to estimate the differences which arise from these deficiencies, we have used as a start-
ing point the coincidence cross section of Drechsel and Uberall. For an isolated Breit-Wigner E1 resonance in a nu-
cleus of ground state spin J=0,

(M&) VL [S Po(cosO~ ) —(2S )'i Pz(cosO~ )]+(N(') Vz. S Po(cosO& )+ Pq(cosO~ )
2

—N, 'MAVIS Pz'(cosO ) — (N(') (Vs —Vz. )S Pq (cosO ) . ,2V2 P

where

2 2

Vc=
q

2K
, +Tqp

q
2

Kqp
VI —— (Ep+Ef )cos4p,

2

Vz ——2 cos 4~+ —,q&
q

(EpEf +PpPfcosOee'+me ),

(A3)

is obtained by integrating Eq. (A3) over the directions of
the scattered electron after the transverse and Coulomb
form factors are replaced by model dependent expressions
or, in the long wavelength approximation (LWA), by their
first order expansion terms in q R, where R is the nu-
clear charge radius.

The electrodisintegration cross section is given by

d a.T d oc d acT d o.TT
2 2 2 2

d Ap dEf d Ap dEf d Qp dEf d Qp dEf d Qp dEf
+ + +

(A4)

1
R~~(E,m }=

(E—~)'+ —,
' (r)'

In this equation 0& is the angle between q and p, and N&
is the angle between the ( q, Po) and the ( q, Pf ) planes,
where p is the momentum of the emitted nucleon and Pp
and Pf are the momenta of the incident and scattered elec-
trons. The transverse electric inelastic E1 form factor is
u &'——FT(q, E), the longitudinal or Coulomb form factor
is M& ——Fc(q,E), and K=Pp Pf. S and S are the nuclear
decay parameters for the decay channels under considera-
tion. The electrodisintegration differential cross section

I

1/2

FT(q,E)Fc(q E) q I

E l+1
as q~ E. Explicitly, the four terms in d cr/d QzdEf are

in the LWA. Note that an electrodisintegration differen-
tial cross section contains contributions from all terms in
the coincidence cross section and not just from transverse
and Coulomb terms as do inelastic electron scattering
cross sections. Also note that the electrodisintegration
cross section is sensitive to the relative signs of the trans-
verse and Coulomb form factors unlike inelastic electron
scattering, and that the relative signs are fixed by current
conservation, i.e.,

CT z.

O'ApdEf
=D .XT '(EO, E )S Po(cosO~ )

2 2

,— X, (E„E)——,X, (E„E)—3me E] 3 e E&

2Pp P 2

3a
2w Po

EQEf +me

P 2

S2
P2(cosO )&2

2d ~c =D +c (Eo E)S Po(cos|9~)dQ

(A5)

3Ef —2E,Ef —m,+ ' —+—
4 4, P, '

3EpEf +me~c (&o E) P2(cosep )2~ Po2 v'2 (A6)
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d20.CT

d ApdEf

EE +m, X,"(E,,E)
0

Pf EpEf +m,+2—~, po pp'
m, l Ep(EO+Ef )

ink, . P2(cosO~ ),
p 2 p 2 v2 (A7)

d o.TT, Ef' —2EpEf 3m2 2 2

= 4D. 1+ &c '(Eo,E)
d QpdEf p 2

Pf EoEf +3me—2—
Pp p 2

m, EOEf—4 '
ink . Pp(cosO~ ),P 2 P 2 (AS)

where

D =~&&pE&Bw(E ~)
l
PT(E E)

l
/E ~=(EOEf+POPf'+~ )/~ E'

and 8& is the angle between Po and p. A factor of a/[nPO FT(E,E)] has been absorbed by the virtual photon spec-
tral functions XT (Eo E) and Nc (EO,E) in Eqs. (A5)—(AS). Drechsel and Uberall define 5 to be nI~/(v .3pE); how-
ever, to be consistent with the implicit dependence of ao and a2 on E in Eqs. (Al) and (A2), a factor of RBw(E, co)/21
has been included in the definition of S . The square of the transverse form factor evaluated at q =E and the photon ab-
sorption cross section are related by

3 n Pf EoEf
2 ~ Pp pp2

l
P,(E,E)

l

'=E~(E)/(2~'~) =(2E/~~)(l /I;)ao .

Combining these factors and using S /5 =a2/~2ao, we obtain

2 2
d CT 3 m~ E1appp(cos6& )+ 1+ a2P2(cosO& ) + (Ep E)

d QpdEf p 2

m, Eo(2EO+Ef ) Pf+2 lnk-
p 2 p 2 Pp

.aqP2(cos0~ ) .

(A9)

(A 10)

For Pp»m, this is the result of Dodge and Barber. '

Terms in the cross section proportional to the Coulomb
form factor are strongly dependent on nuclear size effects
while terms proportional to the transverse form factor are
slightly dependent on these effects.

DWBA and SOBA virtual photon spectra have only
been calculated for application to total cross section mea-
surements [see Eq. (1)]; hence the DWBA or SQBA
equivalent of Eq. (A10) does not exist. Since the first term
of Eq. (A10) only involves X '(EO, E) to first order in
( m& /Po ) &

a rigorously correct prescription to correct for
Coulomb distortion is to rePlace KpwBA(Ep, E) by
NDwBA(E0, E). The second term of Eq. (A10) receives
equal and opposite contributions from the Coulomb and
transverse terms of the coincidence cross section and a

smaller contribution from the Coulomb-transverse in-
terference term. In general, Coulomb distortion effects are
largest for the Coulomb terms and smallest for the trans-
verse terms in the coincidence cross section; therefore,
Coulomb distortion effects should be larger for the second
term than for the first term in Eq. (A10). In order to
compensate for the larger Coulomb distortion of the
second term we multiplied Eq. (A10) by

DWBA«o E)
+PwBA (EO~E )

The ultimate justification for this procedure is that the
second term in our kinematic situation is always less than
2% of the first term.
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