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Excitation of giant resonances in the Ca(e, e'n) 9Ca reaction
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Decay neutrons &om the Ca(e, e'n) Ca reaction were studied in the giant resonance region.
The cross sections and angular distributions, separated for no and n& decays, were obtained for
excitation energies between 19 and 27 MeV, at the eff'ective momentum transfer of 0.35 fm

Legendre polynomial coefficients obtained from Stting the data are compared with those from the

(e, e'p) reaction. In the energy range 19—21 MeV, the interference coeRcients bz and bs for the ground
state transition are in agreement, but the noninterference coefficient b2 is difFerent. The difFerent

behavior of the angular distribution for protons and neutrons may suggest the interference of the
decay &om a T = 0 quadrupole resonance and the T = 1 giant dipole resonance. A similar tendency
was also seen in comparing with the (e, e'pz) reaction. The Legendre polynomial coeKcients for the
no decay in the (e, e'n) reaction, transformed to the photon point, agree well with those of the (p, no)
reaction. The reduced total cross section is consistent between the (e, e'n) and (p, n) reactions, but
the cross section for (e, e'no) is larger than that of (p, no) near the peak of the resonance. The
values of the longitudinal-transverse interference term are close to zero in the present region, which
is rather small compared with the value near the resonance of the (e, e'p) reaction.

PACS number(s): 25.30.Dh, 24.30.Cz, 27.40.+z

I. INTRODUCTION

The giant resonances in 4oCa have been studied by
photoreactions, inclusive electron scattering, and inelas-
tic hadron scattering. However, inphotoreactions the low
resolution inherent in the use of bremsstrahlung sources
did not allow measurements of decays to specific residual
states. Recently, coincidence electron-scattering experi-
ments such as (e, e'p) and (e, e'n) have become possible
by using high duty factor electron beams. Such experi-
ments can provide new insights into decay mechanisms.
In these experiments it is possible to study with high res-
olution not only ground-state transitions, but also tran-
sitions to excited states.

The coincidence (e, e'z) cross section can be expressed
in terms of four structure functions: pure longitudinal
(W~), pure transverse (Wz), longitudinal-transverse in-
terference (W'z), and transverse-transverse interference
(Wz~) terms. For forward scattering, the longitudinal
structure function (W') would be the dominant contri-
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bution to the cross section. WL, can be compared with
the photonuclear cross section on the basis of Siegert the-
orem. The transverse contribution is evaluated from the
longitudinal-transverse interference term (W'z) since the
longitudinal term dominates at forward angles.

In this paper we report on a study of the giant
resonances in Ca by measurements of angular dis-
tributions and cross sections of decay neutrons in the
4oCa(e, e'n)ssCa reaction. There are no published ex-
perimental data which can be compared directly with
the present results. Previous papers on the (e, e'n) re-
action have been published on only three targets Pb
[1], ~~ Sn [2], and ~zC [3]. However, the 4oCa(p, no)ssCa
reaction has been measured by Kellie et al. [4]. By com-
parison with an RPA calculation based on a Skyrme force
[5], they showed evidence of isoscalar E2 strength below
27 MeV, and indicated that isovector E2 strength could
be present around 30 MeV. The photonuclear data trans-
formed &om the present (e, e'n) angular distributions are
compared with these data.

In hadron scattering the charged-particle decay of the
giant quadrupole resonance (GQR) and giant monopole
resonance (GMR) in 4oCa was studied by inelastic scat-
tering of sHe and n particles [6—12]. In recent measure-
ments the isoscalar GQR strength was found to be 50% or
less of the E2 energy weighted sum rule (EWSR) around
E = 18 MeV [11]. Also about 23%%up of the isoscalar EO
EWSR has been found between 10.5 and 15.7 MeV exci-
tation energy [12].

Recently the cross sections and the angular distribu-
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tions for the reaction 4 Ca(e, e'po)ssK have been ob-
tained in the energy range of 17.5 to 21 MeV by Tanaka
et aL [13].By deriving the longitudinal-transverse inter-
ference and the noninterference terms they show that the
reaction 4 Ca(e, e'po) is a sequential process, via excita-
tion of the giant dipole resonance (GDR), and that the
Tl/Cl interference term is consistent with a GDR excita-
tion with a dominant 1fq~21d~&2 configuration. The cal-

culated (e, e'po) and (e, e'no) angular distributions show
the characteristic feature corresponding to interference
between T = 0 and T = 1 resonant amplitudes as
demonstrated in isO [14]; i.e., the proton angular dis-
tribution is forward peaked, while the neutron angular
distribution is backward peaked. Measurements for the

Ca(e, e'n) Ca reaction are useful to obtain informa-
tion on the structure and reaction mechanism of giant
resonances in Ca from comparison with data for the

Ca(p, n) Ca and 4 Ca(e, e'p)ssK reactions, and RPA
calculations.

II. EXPERIMENTAL PROCEDURE
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The measurements were carried out using electrons
&om the 150 MeV Pulse-Stretcher Ring at Tohoku Uni-
versity [15]. A 95.2 mg/cm2 self-supporting target of
natural Ca was bombarded by the beam with an energy
of 129 MeV. The duty factor was 80% with an average
current of 40 nA. Scattered electrons from the tar-
get were momentum analyzed at 0, = 30' by a double-
focusing magnetic spectrometer [16], which has a solid
angle of 2.9 msr, a momentum acceptance of 5%, and a
momentum resolution of 0.05'%%. The detection system for
the scattered electrons consisted of a vertical drift cham-
ber and three layers of long plastic scintillation counters.

The neutron angular distributions were measured us-

ing seven neutron detectors consisting of NE213 liquid
scintillators, where six detectors had a diameter of 18 cm
by 10 cm depth and one detector had a 20 cm diame-
ter by 10 cm depth. These were placed in the electron
scattering plane at 0„=7, 34, 64', 93', 155', 184',
and 214', where O„was measured from the momentum
transfer direction (Fig. 1). The front of each detector
was placed 75 cm &om the center of the scattering cham-
ber. The neutron energy was determined by the time-of-
flight (TOF) method. As the target, spectrometer, and
neutron detectors were located in the same room as the
pulse-stretcher ring, the neutron detectors were shielded
with lead, parafFin, and concrete. Lead collirnators were
placed in &ont of bismuth plates 4 cm thick to absorb
scattered electrons and soft p rays from the target, as
shown in Fig. 2. Detail of the experimental apparatus
has been described elsewhere [3]. The photon energy cal-
ibration for the neutron detectors was performed with
2 Na x3 Cs, 6o Co, and Am-Be sources. The Compton
edge of the Cs p ray was set as the detection thresh-
old.

Great care was taken in obtaining the relative efIiciency
for the seven neutron detectors. The efFiciency of each
detector for neutrons up to 8 MeV was difI'erent. As the

FIG. 1. Experimental arrangement. Each detector was
placed 75 cm from the center of the scattering chamber. De-
tector angles are measured from the momentum transfer di-
rection. An arrow indicated by q shows the direction of the
momentum transfer.

relative detection eKciency for each detector was critical,
it was determined experimentally. The known spectrum
of neutrons from a Cf source was measured with the
same geometry as the experiment. It was measured by
the time of flight to a neutron detector relative to the
disintegration time, determined from a small scintillator

Concrete

Paraffin

Lead

Bismuth

FIG. 2. Schematic view of the shielding for the neutron
detectors.
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III. DATA ANALYSIS

A. Missing energy spectrum
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placed near the Cf source.
The effects of absorption by the bismuth, and rescat-

tering of neutrons by the lead collimator were measured
under similar experimental conditions. The counting rate
increases (0.8+0.15)% because of the rescattering of neu-
trons, but there is no change in the detection efficiency
as a function of neutron energies. The neutron attenua-
tion factor for the bismuth absorber was 24.3 6 1.2% for
neutrons of energies 3—10 MeV. The absolute efficiency
was obtained by normalizing the relative efBciency to the
value calculated in the energy range 6—8 MeV by a Monte
Carlo code [17]. The experimental detection efficiency
was used for neutrons up to 8 MeV and the efficiency
calculated by the Monte Carlo code was used for neu-
trons above 8 MeV.

NE213 scintillators respond to both p rays and neu-
tron events, but these events can be separated by pulse-
shape discrimination (PSD). Two methods were used; a
standard Canberra PSD unit and a charge comparison
method. Figures 3(a) and 3(b) show the two-dimensional
plots of PSD-ADC signals and n/p separation obtained
using the charge comparison method. It can be seen that
neutrons are clearly separated from p rays by both meth-
ods.

FIG. 3. (a) The two-dimensional plots of PSD-ADC signals
from the neutron detector. (b) The two-dimensional plots of
ADC-ADC signals from the neutron detector (charge compar-
ison method).

The TOF spectrum obtained in the Ca(e, e'n)ssCa
experiment after p/n separation is shown in Fig. 4. This
spectrum consists of true neutron and accidental neu-
tron events. The true neutron events are obtained by
subtracting the peak region from the corresponding back-
ground, estimated &om the flat region. A missing energy
E is calculated for each coincidence event using relation
E = w —E„—E~, where ~ is the excitation energy, E„
is the kinetic energy of the emitted neutron, and E~ is
the recoil energy of the residual nucleus. The missing
energy E corresponds to the excitation energy of the
residual nucleus plus the binding energy. The missing
energy spectrum for each detector is shown in Fig. 5;
two peaks are clearly visible. From the spectra, the neu-
tron energy resolution was found to be about 1.5 MeV at
FWHM.

The peak at 15.6 MeV corresponds to the neutrons
feeding the ground state in Ca, the no group. The peak
at 17.8 MeV must correspond to the neutrons emitted to
the first, second, and third excited states in Ca; nq,
A2 A3 In the residual nucleus Ca, the ground state
differs by 2.467 MeV &om the first excited state, but the
first, second, and third excited states are closely spaced;
so although we could separate the no group, we could
not separate n~, n2, and n3. Hereafter n~ stands for the
summed quantities of nq, n2, and n3.

B. Cross section
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FIG. 4. Typical neutron time-of-Sight spectrum. The peak
is due to true events and counts in other area are accidental
coincidence events.

The 4oCa(e, e'no) ssCa and 4oCa(e, e'nq) ssCa cross sec-
tions were obtained by summing the events within en-
ergy transfer (ur) intervals of 1.23 MeV for each peak in
the missing energy spectrum. The results are shown in
Figs. 6(a) and 6(b). The cross sections for (e, e'no) and
(e, e'nq) were not measured below excitation energies of
18.5 MeV and 21 MeV, respectively, because of the neu-
tron detection threshold.

The theoretical (e, e'x) cross sections can be expressed
as [18,19]
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FIG. 5. Missing energy spectra for the Ca(e, e'n) Ca reaction. The peak at 15.6 MeV corresponds to the neutrons feeding

the ground state in Ca and the peak at 17.8 MeV corresponds to the neutrons feeding the first, second, and third excited
states in Ca.
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FIG. 6. Differential cross sections for the reactions (a) Ca(e, e'nq) Ca and (b) Ca(e, e'nq) Ca.
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TABLE I. Differential cross sections (nb/sr MeV) for the Ca(e, e'ns) Ca reaction.

Angles
70

34'
64
93'

155
184
214'

19 MeV
235 + 28
176j23
281 + 25
290 + 28
109 + 19
96+ 15
82 +20

20 MeV
122 + 22
164 + 18
197j21
173 + 26
84+17
100 + 15
1016 18

21 MeV
138 6 19
127 + 16
142 + 17
100 + 18
77+ 14
98+14
66+15

22 MeV
72+18
75+13
91 + 15
50+ 16
17+ 11
31+12
53+ 11

23 MeV
49+15
57+ 12
87+ 13
50+13
26+11
36+ 10
12+11

24 MeV
51+ 14
67+ 12
54+13
22+12
5+10
35+ 10
23+9

25 MeV
48+16
36+ 12
46+ 12
20+11
4+9
17+9
20+ 9

26 MeV
51+16
6+ 10
38+ 16
8+14
14+9
24k 11
10+ 11

27 MeV
68+23
14+ 19
22+ 20
13+11
11 +11
15 + 12
8+7

d o /dO, du dO„=oM('VLWL + VTWT + VLTWLTcosp„+ VT TWTTcos2$„),

where 0'M is the Mott cross section for scattering on a
point nucleus. The structure functions TV; contain all the
nuclear structure information. They depend on the mo-
mentum transfer q, the energy transfer u, the momentum
k of the emitted nucleon, and the nucleon polar angle 8.
The interference terms depend on the azimuthal angle P.
The leptonic kinematic factors V; are expressed as Tl(q) = ~&(~/q)C1 (q) (4)

I

where M, (q) is the Coulomb multipole operators and
T1i(q) is the transverse electric dipole operator.

The transverse matrix element can be estimated &om
the Coulomb matrix elemeat [21] using the Goldhaber-
Teller model [22] as

V 4/4

VT = —q /(2q )+ tan2 2 2 i8e~
E2)

(8, i
VI,T = (k, + ky)tan

I

—'
I q„/qk2)

VTT = —q /(2q'),

(2)

This gives T1(q)/C1(q) = —0.43 under the present con-
ditions of ~ = 21 MeV aad q,n = 0.35 fm . The ratio
of transverse excitation cross section to the longitudinal
cross section is expressed as

h = (VT/VL) [T (q)/c, (q)]',

which gives 0.118 for the present conditions.

C1(q) = (1 II M1(q) II o+)
M (q) II

0+

T, (q) = (I-
II T1'(q) II

0+
(3)

where 8, is the scattering angle of electron, k; and kf
the momenta of incident and scattered electrons, respec-
tively, and q„the four-momentum transfer.

Under the present experimental conditioas of forward
scatteriag (8, = 30'), q,g = 0.35 fm 1, the giant dipole
resonance is mainly excited through longitudinal inter-
action (C1); the transverse compoaent (T1) and other
multipoles (C2) may be weakly excited [20]. In this case,
the longitudinal and transverse structure functions R'l.
and WT can be expressed by I C1 I,C1 C2, and

I T1
I

.
The interference terms R'L, T can be expressed by Cz Ti,
C2 1 an WTT y I

T
The transition matrix elements C1(q), C2(q) and T1(q)

are expressed as

C. Angular distribution

VLWL + VT WT = AQ[1 + b1P1 (z„)+ b2P2(zn)

+bsP2(z„)],
VLT WLT = C2 [clP, (z„)+ P2 (z„)+ ca Ps (z„)],
VTTWTT = D2P2 (z~),

x„=cos8„. (6)

Experimeatal angular distributions for the (e, e'no)
and (e, e'n1) reactions on 4oCa are summarized in Tables
I and II. These angular distributions were 6tted with the
following Legendre parameters. The present structure
functions are approximated by a series of Legendre poly-
nomials and associated Legendre polynomials up to third
order:

TABLE II. Differential cross sections (nb/sr MeV) for the Ca(e, e'n1) Ca reaction.

Angles
70

34'
64
93

155
184
214'

21 MeV
277+ 23
173 + 17
113+ 16
71+17
53+12
48+ 11
72 j15

22 MeV
304 + 24
212 + 18
159 + 17
87+ 19
37+ 13
66+13
89+17

23 MeV
186 + 21
151 + 16
75+15
53+17
19+ 14
65+ 13
46+ 14

24 MeV
180 + 20
131+ 15
76+13
21+13
10 + 10
34+ 11
7+ 10

25 MeV
109 + 19
76+14
57+ 13
14+ 12
11+10
12+ 11
26+11

26 MeV
143 + 22
76+16
36+ 13
7+ 13
18+11
20+11
13+11

27 MeV
118+ 29
100 + 23
42+19
0+17
34+ 17
37+ 18
19+ 14
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FIG. 7. Angular distributions of neutrons measured in the reactions (a) Ca(e, e'ns) Ca and (b) aoCa(e, e'rsi)ssca.
excitation energy range is indicated. Solid lines represent Legendre polynomial fits with Eq. (6).
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The VzT WTT term was neglected in this analysis,
since VTTWTT is less than VTWT in general [23,24].
The interference terms cqP&(z„) and csPs(x„) were
also neglected. These terms are assumed to be less
than the main longitudinal-transverse interference term
C2P2~(z„),because they involve interference between El
and E2, and the longitudinal and transverse excitation
modes. Five parameters, Ao, b~, b2, b3, and C2 were used
in the fitting. The experimental angular distributions for
each excitation energy region were y2 fitted with Eq. (6)
and the Legendre polynomial coefBcients were obtained.
Figures 7(a) and 7(b) show typical angular distributions
of the (e, e'no) and (e, e'nq) reactions on 4eCa with the
fitted curves.

IV. DISCUSSION

A. Comparing with (e, e'p) reaction

Figure 8 shows the bq, b2, b3 parameters in the energy
range of 19—25 MeV for the 4oCa(e, e'no)ssCa reaction
together with those in the energy range of 17.5 MeV to
21 MeV for the 4oCa(e, e'po)ssK reaction [13]. Compar-

ing these parameters for both reactions we note that the
values of b~ for the two reactions are very similar and vary
smoothly from —0.5 at 17.5 MeV to 0.5 at 20 MeV. The
parameter b2 which involves El and/or E2 amplitudes
is difFerent in the energy range of 19—21 MeV: the b2 pa-
rameter for (e, e'no) averages to —0.08 but for (e, e'po)
its value is about 0.8. This di8'erence in angular distri-
butions for protons and neutrons may indicate the inter-
ference between the T = 0 quadrupole resonance and the
T = 1 giant dipole resonance, as suggested by Cavinato
et al. [14].

The nonzero values of the b~ and b3 also indicate inter-
ference between dipole and quadrupole excitation, prob-
ably the GQR. The charged particle decay of the GQR
at 18 MeV was confirmed by inelastic hadron scatter-
ing [6—11]. The parameter bs for the two reactions, has
roughly opposite trend to bq, decreasing with excitation
energy. There is a significant difFerence around 21 MeV
in the value of b3 for the two reactions.

The corresponding parameters bq, b2, and b3 for the re-
actions 4oCa(e, e'nq)ssCa and 4oCa(e, e'pq)s~K are shown
in Fig. 9. In both cases the data are the coefficients for
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FIG. 9. The angular coefficients 6&, b2, b3 obtained by a fit
of the Legendre expansion for the Ca(e, e'nq) Ca reaction
(solid circles). The results of the present experiment are com-
pared with those for the Ca(e, e'pq) K reaction of Tanaka
et al. [13] (open circles).
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the sum of the cross sections for the first three excited
states, since they could not be experimentally resolved.
The measured regions for p~ and nq are diferent except
for the data at cu = 21 MeV.

The parameter bq for both (e, e'nz) and (e, e'pq) is
similar and tends to increase with the excitation energy.
The parameter bs is 0—0.5 for both (e, e'nq) and (e, e'pq).
But the parameter b2 behaves difFerently for (e, e'nq) and
(e, e'pq). At an excitation energy 21 MeV, the value of
b2 is 0.5 for (e, e'nq) but for (e, e'pq)b2 is much larger at
1.4. Comparing (e, e'no) with (e, e'nq) the differences in
the angular distribution are re6ected in each parameter.
A large forward-backward asymmetry for the (e, e'nq) re-
action suggests the presence of E1-E2 interference in the
(e, e'nq) reaction, where the parameters bq and bs are
about twice as large as those of (e, e'no).

The angular coefficients a, are related to the coeffi-
cients d; of the (e, e'no) reaction by the following equa-
tion [13]:

d, = —',(q/~)a»
d2 = —2G2 )

ds ———2(q/~)as .
(10)

In deriving these equations, the Siegert relation at the
photon point, and the jq(qR) and j2(qR) dependence [25]
of the longitudinal form factors of the GDR and GQR,
were assumed.

The Legendre polynomial coefBcients a; derived &om
the 4oCa(e, e'no)s Ca data, after transformation using
Eqs. (8) and (10), are compared with a, taken from
the (p, no) data [4] in Fig. 10. The coefficients aq which
value is different in the (e, e'no) and (e, e'po) reactions,

B. Comparing with (p, no)

The (e, e'no) cross section is closely related to that of
(p, no). The (e, e'no) cross section measured at q, ff
0.35 fm was reduced to provide a value at photon point
(q = u), and was compared with the (p, no) cross sec-
tion. According to Kleppinger and Walecka [23], on the
assumption of the static-limit resonance approximation,
the longitudinal, transverse, and longitudinal-transverse
structure functions are given by

W~ = D
I C~(q) I' [1+d~P. (x-)+d2P2(x )

+ dsPs(x„)],
WT = D

I
T.(q) I' [1 —(1/2)d. P.(*-)],

WIT = D. (d2/v 2)Re(C&(q)'T~(q))[c&P,'(x„)
+ P,'(x„)+ c,P,'(x„)],

D = BT/Z

where Br is the branching ratio for no and nz decays
from the resonance state. In this analysis, parameters
cq and c3 were neglected for the reason mentioned previ-
ously. Using Eqs. (6) and (7), the I egendre polynomial
coefficients are expressed by
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In the analysis of Ca(e, e'po) K, Tanaka et aL did a
fit to the data which included the parameters cq and c3.
They found that the coefficients were nearly zero above
18.5 MeV.

On the other hand, the photoreaction cross section is
expressed by
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FIG. 10. The angular coeKcients a&, a2, a& trans-
formed from the coefBcients b~, b2, bq for the reaction

Ca(e, e'ns) Ca (solid circles) are compared with those for
the reaction Ca(p, ns) Ca of Kellie et al. [4] (open circles)
and an RPA calculation of Cavinato et ol. [5] (solid lines).
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changes from 0.2 at ~ = 19 MeV to a small value as the
excitation energy increases, and becoxnes negative above
u = 24 MeV. The coefficient a2 of (e, e'np) is consis-
tent with that of (p, np). Both ax and as which express
El E2-interference terms are similar in the (e, e'np) and

(p, np) reactions. This result indicates El E2 -interfer-
ence efFects in the (e, e'np) and (p, np) reactions might
be similar.

Recently Cavinato et al. [5] calculated the angular
distribution for the 4PCa(p, np)sPCa reaction within the
&amework of a self-consistent continuum RPA theory
with a Skyrme force. Their calculation for photon en-
ergies ranging &om 17 to 30 MeV is shown by the solid
line in Fig. 10. There is agreement both in magnitude
and shape between the experimental and theoretical val-
ues for the aq and a3 coefBcients. For the a2 coeKcient
the general trend of the experimental points is similar to
the RPA calculation, but the RPA calculation shows con-
siderable structure. For Ca, most of the E1 strength is
located between 15 and 25 MeV. The RPA calculation,
with a 1p-1h configuration shows T = 1, E1 strength
at excitation energies of 17.6, 19.5, 20.3, and 22.3 MeV.
The interference effects associated with the presence of
these configurations are responsible for the structure in
the calculated a2. If the calculation were extended to
include spreading of the 1p-1h states into complex con-
figurations such as 2p-2h states, the Legendre polynomial
coefBcients are expected to average out and agree better
with the experimental values.

Tanaka et al. [13] compared the angular coefficients of
(e, e'pp) with that of (p, pp) which is the inverse reaction
of (p, pp) [26), and found that they were in good agree-
ment. Since we have observed the (e, e'np) and (p, np)
angular distributions to be similar also, it is reasonable
to conclude that there is no difference between the pho-
toreaction and the corresponding (e, e'z) reaction in the
present energy and momentum transfer region. Accord-
ing to Cavinato et al. [5], the angular distributions cal-
culated for (p, np) and (p, pp) reactions below excitation
energy 22 MeV, as specified by a2, are different. As
xnentioned in Sec. IV A, coefBcients b2 obtained &om the
experiments are also difFerent for (e, e'np) and (e, e'pp).
Since in both types of reactions the angular distribution
depends markedly on whether a proton or a neutron is
emitted, we conclude that the isospin involved in the re-
action plays an important role in the angular distribu-
tion.
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FIG. 11. Longitudinal-transverse interference term for the
Cs(e, e'nq) Cs reaction (solid circles) is compared with the
Cs(e, e'pq) K reaction of Tsnsks et aL [13] (open circles).

I ~ ~ I I I I I I I ~ I ~ I ~ I ~ I I j

0.5

t 2 for the (e, e'np) reaction, which is 0.7 at 19 MeV. If
Siegert theorem holds, the I-T terxn must be negative,
but in the case it shows positive. However, the data at 19
MeV is near detection threshold where the yield is critical
for fluctuations in the detection threshold and eKciency
correction for low-energy neutrons. The data may have
a larger systematic error than that of other experimental
points.

Figure 12 shows the coeffxcient C2 for the (e, e'nx) and
(e, e'px) reactions. In coxnparing them, the L Tterm of-
(e, e'nx) is almost zero for the 24 MeV region but that
of (e, e'px) is nearly —1 for the 19 MeV region. However,
both L-T terms seem to increase sxnoothly with excita-
tion energy between 18.5 and 24 MeV. The difference in
the L Tterm for (e-, e'nx) and (e, e'px) might be due to
the reaction mechanism, or to the difference in excitation
energy. This difference may as well be due to different
contributions between the neutron (n2, ns) and proton
(p2, ps) decay. It is therefore important to compare the
resolved (e, e'nx) and (e, e'px) reactions in the same ex-
citation energy region.

C. Longitudinal-transverse interference term -0.5

The longitudinal-transverse terxn Re(Cx(q)' . Tx(q) j
is a characteristic of coincidence experixnents and gives
the phase difFerence between longitudinal and transverse
transitions. Figure 11 shows the coeflicient C2 which
gives the phase difFerence between the L-T terms for
(e, e'np) and (e, e'pp). In analyzing the (e, e'n) reaction,
we considered the L-T terxn, but not the interference be-
tween L-T and El-E2 interference, but in analyzing the
(e, e'p) reaction Tanaka et aL did not make this sim-
plification. This difference may appear in the coefII.cient
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FIG. 12. Longitudinal-transverse interference term for the
Cs(e, e'nq) Cs reaction (solid circles) is compared with the
Cs(e, e'pq) K reaction of Tsnsks et aL [13] (open circles).
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FIG. 13. Cs(e, e'n) Cs longitudinal snd transverse cross
section measured in the present work (solid circles) in com-
parison with the values transformed from the photoabsorption
cross section of Bezic et al. [27] snd the branching ratio of the
neutron decay (open circles). The cross sections are presented
as ratios to the Mott cross section.

D. Cross section

The total longitudinal and transverse cross sections
obtained by Ao multiplied by 4m is shown in Fig. 13.
The cross section is presented as a ratio to the Mott
cross section. In the figure it is compared with the
data transformed &om the photoreaction by the follow-

ing method. Using the Siegert theorem, the transverse
transition matrix element

] Ti(u) ]
from the photoab-

sorption data [27] is transformed to the longitudinal tran-
sition matrix element

] Ci(u)
~

at the photon point.
Then assuming the Goldhaber Teller model, ] Ci(q) ]2

at q,p ——0.35 fm is estimated using the form factor
of the Uberall model [28]. The experimental branching
ratio RB, = o(p, n)/o (p, abs) was used.

I a a I a a I I a ~ I I I a a I ~ ~ a I a a ~

FIG. ].5. aoCs(e, e'na) Cs longitudinal snd transverse
cross section measured in the present work (solid circles)
in comparison with that for the reaction Cs(e, e'pa) K of
Tsnsks et al [13] (o.pen circles). Same units ss Fig. 13.

Prom Fig. 13 it can be seen that the cross sections
are in reasonable agreement. In the (e, e'n) reaction the
peak of the cross section is at about 21 MeV, but in the

(p, n) reaction the peak is at about 20 MeV. This may be
because the neutron-detector threshold was 3 MeV and
ni events might not be measured at cu = 20 MeV.

The longitudinal and transverse cross sections for the
(e, e'np) and (e, e'ni) reactions are shown in Figs. 14 and
15. In Fig. 14, the (e, e'np) cross section is in agree-
ment with that of (p, np) above an excitation energy of 22
MeV, but below 22 MeV it is larger than that of (p, np).
The large value at 19 MeV may be due to the simplifica-
tion in fitting. According to Wu et al. [29], the ratio of
o(p, pp)/o(p, np) is about 2.2. For the (e, e'z) reaction,
the ratio of o (e, e'pp)/o (e, e'np) is about 2 except near 19
MeV as shown in Fig. 14. For the (e, e'na) cross section
there is only one overlapping point with the (e, e'pi) data
and there are no (p, ni) data to compare with. However,
both cross sections are consistent in that they decrease
smoothly with excitation energy.

5
V. CONCLUSION

3

2

0 a a a I a a ~ I a a

16 18 20

Excitation

a I a a a I ~ a a I a ~ a
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28

FIG. 14. Cs(e, e'no) Cs longitudinal snd transverse
cross section measured in the present work (solid circles)
in comparison with that for the reaction Cs(e, e'po) K of
Tsnsks et aL [13] (open circles) snd the values transformed
from the reaction Cs(p, no) Cs of Kellie et aL [4] (solid
line). Same units as Fig. 13.

The giant resonances in Ca have been studied by
measurements of the angular distributions and cross sec-
tions of decay neutrons &om the 4PCa(e, e'n) Ca reac-
tion. The cross sections and angular distributions for
no and n~ decays were obtained for the excitation ener-
gies between 19 and 27 MeV, at an effective momentum
transfer of 0.35 fm . The Legendre polynomial coeffi-
cients obtained from the data are compared with those
from the (e, e'p) and photoreaction data.

In comparing with the (e, e'pp) reaction, the interfer-
ence coefficients bq and b3 are in agreement with each
other, but the noninterference coefficient b2 is different
in the energy range 19—21 MeV. The different behavior
of the angular distributions for protons and neutrons may
suggest the interference between a T = 0 quadrupole res-
onance and the T = 1 giant dipole resonance. A similar
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tendency was seen in the comparing with the (e, e'pq) re-
action. The existence of the quadrupole resonance was
also indicated in the nonzero values of the bq and b3 co-
eKcients.

The angular coeKcients a; transformed &om the data
agree well with those of the (p, n) reaction. This supports
the evidence of isoscalar E2 strength below 27 MeV as
pointed out by Kellie et al. . The reduced total cross
section is consistent for the (e, e'n) and (p, n) reactions,
but the cross section for (e, e'no) is larger than that of
(p, no) near the peak of the resonance. The longitudinal-
transverse interference term was measured in the energy
region of 19—25 MeV. The values for this term tend to
zero, which is small compared with data near the peak
of resonance, obtained &om the (e, e'p) reaction.

In comparing with hadron scattering, the isoscalar
T = 0 quadrupole resonance in the energy range 19—

21 MeV predicted in this experiment is consistent with
the T = 0, GQR around E = 18 MeV observed in
hadron scattering. Indication of weak E2 strength be-
low 27 MeV does not contradict with an unexhausted
energy-weighted-sum rule value for the region E & 20
MeV observed in hadron scattering.
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