
PHYSICAL REVIEW C VOLUME 41, NUMBER 3 MARCH 1990

Direct measurement of the branching ratio I „/I of U
in inelastic alpha scattering in the giant resonance region
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We have directly measured, for the first time, the neutron-fission branching ratio, I „/I f, of an
actinide nucleus ( "U) excited in inelastic scattering as a function of excitation energy. This was ac-
complished using a =4m. array of fission counters to separate fission neutrons from decay neutrons
in the simultaneous coincidence experiments (a,a'P and (a, a'nf) The m. easured branching ratio
agrees well with previous photoneutron data. In a separate experiment, we have measured the an-

gular distribution of alpha particles scattered from "'U in coincidence with fission decay ia, a'f).
This provides us with an estimate of the cross section (in the fission channel) for exciting the isosca-
lar giant monopole and giant quadrupole resonances. This estimate, combined with the r„/r,
measurement, allows us to place bounds on the neutron-fission branching ratio for the isoscalar gi-

ant monopole and giant quadrupole resonances themselves.

I. INTRODUCTION

Although many' have studied the decay of the iso-
scalar giant quadrupole (GQR) and monopole (GMR)
resonances in U, few have been able to agree on the
strengths and branching ratios involved. Early (a,a'f)
measurements' seemed to indicate that the fission proba-
bility of the GQR is much less than that of the giant di-
pole resonance (GDR) in the same region of excitation
energy [Pf(E1)=0.22]. ' By measuring both cross sec-
tions cr(a, a'f) and cr(a, a'), one can directly obtain the
fission probability Pf =I f/I „,. The presence of con-
taminant peaks in the (a,a') cross section, as well as a
large continuum background, complicates the analysis of
these data. Inclusive electron scattering measurements
(e,e') of the giant resonances, on the other hand, are
very difficult because of the presence of the radiative tail
from elastic scattering. This tail disappears from the
coincidence (e,e'f) data, leaving virtually no back-
ground; however, the large uncertainties in the (e,e')
cross sections make the extraction of fission probabilities
nearly impossible. Thus, conclusions about resonant
fission probabilities from (e, e'f) measurements must be
made with reference to sum rules or strengths calculated
for collective states, e.g., the quasiparticle random-phase
approximation (QRPA). ' The three existing sets of
(e, e'f) cross sections agree in shape and magnitude,
but the extracted E2/EO strength functions differ
significantly depending on whether one uses Tassie-
model ' form factors in the analysis [resulting in
Pf(E2)= ,'Pf(E1) if the res—onance exhausts the sum

rule] or whether one attempts to deduce the form factors
from the data [yielding Pf(E2)=PI(El )]. The latter
analysis, however, yields an E1 transition radius much
greater than that predicted by the QRPA (Ref. 10) or the

Deal-Fallieros-Noble sum rule. "
Given that exclusive experiments eliminate many

sources of background from the spectra, perhaps the
cleanest way to measure a fission probability is by observ-
ing all possible decay channels. In the case of the ac-
tinides, fission and neutron emission overwhelmingly
dominate all other open channels. Hence, by measuring
the ratio of decay widths r„Zrf we can effectively deter-
mine Pf. Such a simultaneous measurement eliminates
many systematic errors involved in the comparisons with
inclusive data. Moreover, the neutron energy spectra
may reveal nonstatistical components of the decay. The
challenge of such an experiment, however, lies in the sep-
aration of post-fission neutrons (having multiplicities
v=2. 5 —4) from primary neutrons. We have overcome
this problem by developing an efficient veto for fission
events. Our measurement is the first of its kind and
demonstrates the feasibility of measuring primary neu-
tron spectra in fissionable nuclei. The expression
(a, a'nf ) denotes the primary neutron measurements by
indicating the fission veto.

II. EXPERIMENTAL SETUP

The setup for this experiment is shown in Fig. 1. Six
parallel-plate avalanche counters (PPAC's) surround the
target, three in the front hemisphere and three in the
back. Three solid-state detector telescopes view the tar-
get through the interstices of the PPAC array, at an angle
of 17.0 with respect to the beam direction. Eight neu-
tron time-of-Aight counters were placed in the back hemi-
sphere. A beam of 120 MeV alpha particles was supplied
by the 88-Inch Cyclotron. Coincidences between any
solid-state telescope and any neutron or fission counter
were recorded.
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TABLE I. Parallel-plate avalanche counter solid angles. Sta-
tistical error in solid angle is +15 msr in each counter. Angular
position of center of each PPAC is also given.

3 u Telesc
(Si, 1500 pm AE, 5 m

PPAC

33
33
38

141
129
129

180
—60

60
180

—60
60

AA/2m

0.128
0.125
0.159
0.127
0.229
0.223

b, O (msr)

807
783
998
797

1437
1403

FIG. 1. Diagram of experimental setup. 120 MeV a-particle
beam is incident from bottom of figure. Arrows indicate angles
of neutron counters. Beam passes through two carbon collima-
tors before striking target.

A. The beam and target

The beam current was always kept below 10 nA, and
normally was about 5 nA. To keep the neutron back-
ground low, the beam was stopped 4.3 m from the target
in a Faraday cup, which was surrounded by borated
paraffin and concrete blocks. The current in the Faraday
cup was integrated for each data-taking run. Scalers
counted the number of valid coincidence events, and also
the number of events accepted by the computer. The ra-
tio of these numbers allowed us to correct for computer
dead time.

The target was self-supporting depleted uranium (565
pg/cm ). The target was stored in a vacuum, and the
scattering chamber was filled with argon before the target
was mounted in the chamber. This was done in order to
reduce oxidation of the target.

B. Parallel plate avalanche counters

Parallel-plate avalanche counters are known to be
highly efficient at detecting fission fragments, and provide
good separation of the fission signals from noise. ' The
PPAC's were in the shape of equilateral triangles measur-
ing 23.5 cm on the outer edge of the frame, whose width
represented a dead strip around the perimeter of 0.95 cm.
The total active area of each counter was 177 cm . The
PPAC's formed the faces of a hexahedron, centered on

the target position. A space of =4 cm between the edges
of the PPAC's permitted the beam to enter and exit the
detector array. It also left sufficient space for the three
solid-state detector telescopes to view the target. The
solid angle subtended by each PPAC is given in Table I.
A Monte Carlo calculation showed that, for binary fission
fragments emitted isotropically, there was a 77% proba-
bility that at least one fragment would strike the active
area of a PPAC. The missing solid angle was largely
around 8=90', i.e., in the plane of the target.

The actual probability to detect a fragment was slightly
smaller; 67+5%. This was primarily due to degradation
of the pulse height of fission signals during the course of
the experiment, which caused as many as 10% of the
fission fragments to fall below the hardware threshold.
[The probability to detect a fragment was determined by
requiring that the measured cross section o (a, a'nf ) van-
ish when the neutron energy exceeds the kinematic limit,
E„)E E' —S„,w—here S„(=6.15 MeV) is the neutron
separation energy of U.] A typical pulse-height spec-
trum from one of the PPAC's is shown in Fig. 2.

t . h,E-E telescopes

I 1 1 1 I I
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80,
40-

250
Channet
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FIG. 2. Representative pulse-height spectrum from parallel-
plate avalanche counter.

Three solid-state hE-E telescopes viewed the target
through the space between the forward PPAC's. These
made an angle of 17' with the beam, a local maximum in
the L=O and 1.=2 angular distributions. The distance
from the target to the collimators was 24.5 cm. The tan-
talum collimators on each telescope had an area of 0.39
cm each, and the solid angle subtended by each telescope
was 0.65 msr.
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Each telescope consisted of two solid-state detectors, a
thin (1.5 mm) hE and a thick (5 mm) Si(Li) E detector.
Each had a resolution of 100—200 keV for 120 MeV al-

pha particles. We could easily identify alpha particles
that entered the E detector (E' ~ 60 MeV).

D. Neutron counters

Eight neutron time-of-Aight arms were placed in the
backward hemisphere, 56.5 cm from the target position.
The active volume of each counter (5.1 cmX11.4 cm
diam) was filled with NE-213 liquid scintillator. The
scintillator wells were coupled via clear plastic light
guides to photomultiplier tubes (PMT's). Four of the
counters used 2-inch PMT's (RCA 8575) and four used
5-inch tubes (RCA 4522).

The time spectrum between the alpha telescopes and
the neutron detectors is shown in Fig. 3. The large sharp
peak is due to the true alpha-gamma coincidences, and
the broad peak immediately to the right is due to the true
alpha-neutron coincidences. The smaller peaks are the
random gamma coincidences, spaced by the cyclotron
beam period of 83 ns.

A two-dimensional plot of E~ vs r (time of Right) is
shown in Fig. 4. Note that the band of true neutrons lies
above the kinematic limit (solid line) at E„S„.(Since

dQf &4~, there are fission neutrons that must still be
subtracted from the kinematically forbidden region. )
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FIG. 4. Energy of scattered a particle (E ) vs neutron time

of flight (~). Curve indicates kinematic limit for neutrons from
the (a, a'nf) channel. Horizontal line at =178 ns is due to
prompt gammas. Vertical line at 120 MeV is due to (random)
elastics. Neutron threshold occurs at E =114MeV.

1. Digital pulse-shape discrimination

Since n and y counting rates for our unshielded neu-
tron detectors were nearly equal, it was important to
have as high a rejection factor for gamrnas as possible.
Gamma rejection was performed off line using digital
pulse-shape discrimination. The signal from the anode of
the photomultiplier tube is integrated in two charge-
sensitive analog-to-digital converters (ADC's). One ADC
integrates over the entire anode signal ( = 100 ns) and the

N eutron time-of-flight

other over the rising edge of the signal ( = 5 ns). A
scatter plot of the digitized signal shows two bands, one
for neutrons and one for gamma rays (Fig. 5). Appropri-
ate software cuts can then be made to exclude the gam-
mas. By applying cuts on time of Aight and pulse shape,
we were able to reject 98%o of the gammas.

2. Neutron eQciency measurement

The neutron e%ciency was measured by placing a Cf
source at the target position. The source was sealed in a
proportional counter that took the place of the solid-state
telescopes in the logic electronics. Neutron-fission coin-
cidences were recorded, with time-of-flight (and thus neu-

1024

n
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t {nsec)
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0

C)

0
ADC(long gate)

1024

FIG. 3. Time difterence spectrum between a telescope and
neutron counters, before pulse-shape discrimination cut is ap-
plied. Cyclotron beam burst period is 83 ns.

FIG. 5. Scatter plot showing digital pulse-shape discrimina-

tion. Horizontal axis is area of entire pulse, vertical axis is area
in leading edge. Upper diagonal line identified as gammas,
lower diagonal line as neutrons.
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TABLE II. a-telescope angles and solid angles for the (a,a'f }experiments. Uncertainty in solid an-

gles is +4%, uncertainty in angles is +0.2'. Right-hand side column shows the integrated charge in the
Faraday cup (uncertain by +5%) for the two sets of angles.

Telescope No.

EQ (msr)
0' (1)
0' (2)

0.26
7.3

0.31
11.1'

13.2'

0.39
14.8'

17.2'

0.48
18.9'
21.2'

Charge (pC)

2528
586

tron energy) and pulse-shape discrimination information
included. The spectrum of neutrons from the spontane-
ous fission of Cf is well known, ' and may be approxi-
mated as a Maxwellian energy spectrum:

N(E„)dE„=const X&E/T exp( E/T—),
with T=1.42 MeV and multiplicity v=3.76 per fission.
Dividing the measured spectrum by the theoretical spec-
trum gave us the solid angle efficiency product of the neu-
tron counters as a function of neutron energy from 0.5 to
6 MeV. We also calculated the efFiciency using the for-
malism of Drosg. ' The calculation matched the mea-
sured efficiency well, and was used to extrapolate the
solid angle efficiency function to energies above 6 MeU.

E. Logic

We defined a coincidence event by a signal in one of
the solid-state counters and a simultaneous signal in ei-
ther a PPAC (af) or a neutron counter (an). For each
coincidence event we recorded the energy deposited in
the AE and E counters, the energy signals in the PPAC's
and neutron counters, the time difference between the
firing of the b,E counter and the PPAC's and neutron
counters, and a bit pattern that recorded which counters
fired. This was enough information to permit us to
separate detected neutrons as primary or post-fission de-
cays, up to a small correction because of the PPAC's
solid angle efficiency product being less than 4m. .
Identification of a particles and neutron-gamma discrim-
ination was done off line.

F. (a,a'f) experiment

In a separate experiment, we measured the angular dis-
tribution of alpha particles in coincidence with fission
fragments, this time using four 4E-E telescopes on a
movable arm, and the backward hemisphere of the
PPAC's array. The beam energy was 120 MeV, as in the
neutron experiment. Because we did not have to worry
about high rates in the neutron counters, we ran at a
beam current of 25 nA. The solid angles of the alpha
telescopes are listed in Table II. The time spectrum for
coincidences between the alpha telescopes and the
PPAC's is shown in Fig. 6.

III. DATA REDUCTION

On the first pass through the data, events were rejected
for which two solid-state telescopes fired simultaneously

N~ (a, a'nf ) =No(a, a'nf ) No(a, a'n—f), (2a)

120

~ 80

40
2R

83 ns

, I. JL
100 200 300 400

Time difference (ns)
500

FIG. 6. Time difference spectrum between a telescopes and
PPAC*s. The large peak contains the true coincidences, the
smaller peaks are randoms.

(-0.1%) and events that did not satisfy the alpha-
particle identification. For each event, it was determined
how many PPAC's fired above threshold and which neu-
tron counters passed the pulse-shape discrimination cut.
The time-of-Aight information was corrected for the
different time delays of each neutron counter so that the
time spectrum could be summed over all the neutron
counters. Each fission event was classified according to
the time peak in which it occurred (true, first random,
second random, etc. )

On the second pass through the data, the energy of the
scattered alpha particles was calculated from the hE and
E signals. One-dimensional spectra of scattered alpha-
particle energy for the (a,a'f) events were formed, gated
according to the fission time peak (true or random}.
After subtracting the randorns from the trues, the data
from the three telescopes were summed. The (a,a'f)
spectrum was normalized to an absolute cross section, us-

ing the nominal target thickness, integrated charge (from
the Faraday cup), the solid angles of the alpha telescopes,
and the measured efficiency of the PPAC array. This
quantity is plotted in Fig. 7(a).

The neutron-coincident events (a, a' n) were sorted into
four two-dimensional spectra of alpha-particle energy
versus time of Right, gated according to the timing of the
fission signal (true, first random, second randotn, or no
fission}. The two-dimensional spectra were split accord-
ing to the timing of the neutron signal (random or true),
and the appropriate random corrections were made to
produce spectra of (a,a'nf) and (a,a'nf ). These spectra
were then corrected for the overall efficiency, c, of the
PPAC array, c.:
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IV. CROSS SECTIONS

A. (a, a'f), (a,a'nf ) at 17

Figure 7 presents an overview of the data. The (a,a'f)
spectrum of Fig. 7(a) (which, by the nature of our PPAC
array, is automatically integrated over fission-fragment
solid angle), displays a sharp rise at fission threshold (5.9
MeV) followed by a steep drop when the neutron channel
begins to compete (S„=6.15 MeV). The isoscalar giant
quadrupole resonance sits near E =10 MeV and appears
to have a bimodal structure. Second- and third-chance
fission cause the increase in cross section at 12 and 18
MeV, respectively. The isoscalar giant monopole reso-
nance at E„=13 MeV is hard to see because of the rapid-
ly changing fission probability in this region. The neu-
tron spectrum (a,a'nf ) of Fig. 7(b) shows a structureless,
slow increase above threshold, and a gradual fallo6' after
the onset of second-chance fission. The statistics here are
quite poor since the efficiency for neutron detection is
very low. Figure 7(c) shows the ratio of Figs. 7(a) and (b),
R =(a,a'n—f )/(a, a'f) (crosses) and the equivalent quan-
tity Rr for the Saclay real-photon data (solid points).
The agreement in shape and magnitude is excellent. Our
cross sections cr(a, a'nf ) are actually a weighted sum
over the neutron decay channels,

0.0
4 I 12 16 20

E„{"-V}
cr(a, a'nf )=cr(n)+2cr(2n)+3cr(3n)+ (4)

In order to make the comparison with the photon data,
we have formed the ratio

N, (cr, cr'nf) = No(a, a'nf—) .
1

F
(2b)

FIG. 7. The spectra (cr, cr'f) (a), and (a, a'nf ) (b), at 8, = 17'.
Open symbols in (a) are the background derived from the fitting
procedure described in the text. (c) The ratios R (this work)
and R~ (Ref. 7). (d) The ratio R~/R ~.

Rr =[cr(y, n)+2cr(y, 2n)+ . ]/cr(y, f)
(Ref. 15). Figure 7(d) gives the ratio R /R, which is
unity within statistical errors. This indicates that the
summed contribution of resonance and continuum back-
ground in a scattering has the same branching ratio as
the giant dipole resonance (GDR) to within our 15% ex-
perimental accuracy.

(No refers to the coincidence sPectra corrected for ac-
cidental coincidences, but not corrected for the less-
than-perfect efficiency of the fission counters. X, refers
to the fully corrected coincidence spectra. ) Note that this
expression manifestly conserves the total number of true
neutron coincidences:

N, (a, cr'nf )+N, (a,u'nf)

=No(cr, u'nf )+No(a, a'nf) . (3)

We divided the two-dimensional spectrum of (a,a' nf )

events by the neutron efficiency and solid angle. Assum-
ing the neutron energy spectra were Maxwellian, we es-
timated the number of events cut o8' by the energy
threshold of 0.5 MeV for each value of the scattered al-
pha energy. Finally, we summed over the neutron energy
to obtain the cross section

d o (a, a'n f )/dE' d 0'

as a function of excitation energy. This cross section is
plotted in Fig. 7(b).

B. (a,a'f ) angular distribution

Figure 8 shows typical spectra from the high-statistics
U(a, cr'f) experiment. The spectra shown were mea-

sured at 8 =13.2' [Fig. 8(a)], 14.8' [Fig. 8(b)], and 17.2'

[Fig. 8(c)]. Since we did not take neutron data in this ex-
periment, we were unable to use the kinematic limit for
neutron emission to check the efficiency of the PPAC ar-
ray. We therefore matched the cross section at 17.2 to
the cross section measured in the (cc,a' nf ) experiment at
17 . This implied a PPAC efficiency of 56% for this run,
compared to the Monte Carlo result of 63%. This is
roughly consistent with the ratio of measured efficiency
to geometric efficiency (67%/77%) from the (cr, a'nf ) ex-
periment.

C. Estimate of resonant cross section

Assuming that the branching ratio for the background
alone equals that of the dipole resonance, we can place
limits on I"„/I f for the GQR and the GMR. To do so
we need to know the resonant and background contribu-
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FIG. 8. Measured cross sections d'a(a, a'f) Id0 dE„ from a

dedicated (a,a'f) experiment. Shown here are data taken at
0 = 13.2' (a), 14.8' (b), and 17.2' (c).

tions to (a,a'f). We have fit these angular distributions
to the form

a(a, a'nf )= A (E„)e '+ P&F(E„,8),d8

in which Oo=aE„+b, E is the excitation energy, and 0
is the a scattering angle. The first term describes the
featureless background beneath the resonance, which has
an exponential distribution that depends on E„and the
fitting parameters a and b. The second term is the reso-
nant cross section expressed as a differential strength
(dBldE„)P& in the fission channel multiplied by the
cross section per unit strength F(E„O) taken from a
distorted-wave calculation.

We have calculated F(E,O) for EO and E2 with the
computer codes DWUCK (Ref. 16) and ECIS (Ref. 17), re-
spectively, following Brandenburg et al. (see Table III)

FIG. 9. The E2/EO strength found in (a,a'f), assuming the
strength is (a) entirely E2; (b) entirely EO. In both panels, the
solid line is the corresponding strength function from the
(e, e'f) work of Ref. 6.

by scaling up the optical-model radii measured for Pb
to those appropriate for 'U. At the angles greater than
7', the E2 and EO angular distributions are in phase and
differ from each other only in the relative depth of the
minima. As a consequence, we cannot separate these two
strengths. Rather, we have analyzed the full range of ex-
citation energy using either the E2 or EO calculated angu-
lar distributions. The (a, a'f) data of Fig. 8 are well de-
scribed by the fit. Figures 9(a) and (b) display the extract-
ed multipole strength assuming EO and E2 angular distri-
butions, respectively. The differences in the resonant
cross section in these two cases are slight. (The extracted
strength, measured in units of e fm, differs by a factor of
2 depending upon whether one assumes the strength to be
EO or E2.) Superimposed on both is the E2/EO strength
distribution derived from the most recent (e,e'f) data.

TABLE III. Optical-model parameters used in DWBA and EcIs calculations. These parameters are
the same as those used in the DWBA calculation of Ref. 3. U(r) = V(r)+i8 (r), Vand 8'are Woods-
Saxon potentials with radius parameters r& I and thickness parameters a& I. A Coulomb potential for a
uniform spherical charge distribution of radius rc 3 ' was added to U(r).

—155 MeV —23.26 MeV

a
1.282 fm
0.677 fm

ry

a
1.478 fm
0.733 fm

1.4 fm
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TABLE IV. Comparison of the E2!EO strength (percentage of one isoscalar energy-weighted sum
rule) found in {a,a'f) (this work) and (e, e'f) in Refs. 4—6. Numbers in parentheses result from assum-

ing (I „/I f )q =(I „/I f )E&. For this work, only statistical errors are shown.

Reference

(e,e'f) (Ref. 4}

(e,e'f) (Ref. 5)

(e,e'f) (Ref. 6)

This work

E„(MeV)

5.7-7.0
7.0-11.7(6.5

&11
& 17.5
& 6.5

8 -12
&12

12-16.4
& 17.5
8 -12
12-16

E1

(80+4)

24+1 (81+4)

EO

32+5 (102+16)

32+3 (100+9)

50+7 (156+22)

E2

3.7 (8)
10 (45)

1.0+0.4 (1.5+0.6)
7.9+1.2 (33+5.0)

2.0+0.2 (3.8+0.7)
15+1 (69+5)
19%2 (80+6)

13.3+1 (56+5)
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~ ~ ~ One working hypothesis is to identify the broad bumps at

10 and 13 MeV with the GQR and GMR, respectively, as
has been done in two recent coincident electron scatter-
ing experiments (Refs. 5 and 6). Under this assumption,
one expects good agreement with the (e, e'f) data around
10 MeV for the case in which the L=2 angular distribu-
tion was used to fit the (a,a'f) data [Fig. 9(a)]. Similarly,
the agreement with the (e,e'f) data is expected to be
better near 13 MeV when the L =0 angular distribution is
used to fit the (a,a'f) data [Fig. 9(b)]. In this case, the
agreement with other experiments is quite good (see
Table IV). Figure 10 shows the isoscalar E2/EO strength
found in two (e,e'f) experiments, ' the EO strength from
Ref. 3, and the E2/EO strength from this experiment.

With the resonant (a, a'f) cross section in hand, we
can now estimate the background contribution at 17' for
both fission and neutron channels,
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and

o ao(a, a'f) =cr(a, a'f) —cr„,(a, a'f)

aao(a, a' nf ) =o (a, a' nf ) R„,cr„,(a, a'n—f ),
in which R „„is the ratio

cr„,(a,a'nf }/cr„,(a,a'f) .

We can solve for R„,assuming that

&ao=crso(a, a'nf)/crBo(a, a'f)=~y .

(6)

-SOD
5 10

~ a I I a a a ~ I I s

15
E„(vevj

FIG. 10. Isoscalar giant quadrupole and giant monopole res-
onance strength in Refs. 5, 6, and 3 and the present work. (a)
dB(E2/EO)/dE, from 23'U(e, e'f), Ref. 5. (b) Same as Ref. 6.
{c} dB (EO) /dE„ from "U(a,a'f), Ref. 3. (d) dB (E2/
EO)/dE„ from this work [same as Fig. 9(b)]. Except for (c},all
are normalized assuming the strength is entirely E2.

We have done this twice, once taking R z from the data of
Ref. 7, and once from Ref. 8. In this way we can see the
sensitivity of R„, to uncertainty in RBz.

The results averaged over each resonance are listed in
Table V. Clearly, within the errors of the experiment the
resonant contributions agree with the photon data. Un-
fortunately, the error bars are quite large. Systematic er-
rors result from uncertainties in the PPAC*s solid angle
efficiency product (+5%), relative normalizations of
(a, a'f) data taken in separate runs (+5%}, and the
di8'erences in Rz taken from the two photoneutron ex-
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TABLE V. Comparison of the neutron-fission yield ratio R for the isoscalar giant quadrupole and gi-
ant monopole resonances measured in this work, and the same quantities inferred from Refs. 1 —6, aver-

aged over the excitation energy of the isoscalar giant quadrupole resonance ( = 8—12 MeV) and the iso-
scalar giant monopole resonance ( = 12—16 MeV). For this work, two sets of values are shown, one for
R &G taken from the data of Ref. 7, and one R &~ from Ref. 8. The first error value shown is statistical,
and the second is systematic. For the experiments that did not measure the neutron decay branch, the
ratio R was formed by averaging the quantity v(F)X(1—

P& )!Pf over the indicated energy ranges,
where v(E)= g, , vcr(y, vn)lg, , o(y, vn), is taken from the data of Ref. 7, and Pf is the fraction and

the energy-weighted sum rule observed in the fission decay channel. Also shown is R for the GDR ob-
tained from Refs. 7 and 8.

Reference

(y, n) (Ref. 7)

(y, n) (Ref. 8)

E„(MeV)

8—12
12-16
8 —12

12-16

FO

3.5
{F.l only)

3.8

3.6
(El only)

3.6

(a, a'f) (Ref. 1)

(a, a'f ) (Ref. 2)

(a, a'f) (Ref. 3)

(e, e'f) (Ref. 4)
(e, e'f) (Ref. 5)

(e, e'f) (Ref. 6)

—8 —13
-9—12

8—16
7—11.7
7—11

11-17.5
8—12

12-16.4

6~18

3.4+1

3.4+0.5

)7
3 1

-9
12+2

4.4+0.6

This work
(Ref. 7)

(Ref. 8)

8—12
12-16
8 —12

12-16

5.7+ l.5+5

3 ~ 1+1.5+5

3.4+ 1.1+3

3.1+1.1+3

periments ( =8%). Because the GQR sits below the
threshold for two-neutron emission, R „„. is simply
I „/I f, and is consistent with a normal (i.e., El) fission

probability. Adding all errors in quadrature gives a
lower limit to the fission probability of one-half normal.
That is consistent with the upper limit on the fission
probability given in Ref. 1. Because the GMR sits be-
tween first- and second-chance fission plateaus, both R &z
and R„, are changing rapidly over the energy range of
the monopole. Therefore, the average R„, for the mono-
pole is quite sensitive to the competition between single
and double neutron emission. The average neutron decay
yield, (o-„+20.,„)/O.„„from Refs. 7 and 8 differ by 8%
between 12 and 16 MeV, leading to very different values
of R„,. If the cross section 0„„(a,a'f) in this region is
really due entirely to L=O strength, it is doubtful that
R„, could really be as large as is found by taking R
from Ref. 7. Taking R~~=Rz from Ref. 8, we find that

R„,=Rz within our statistical errors. Table V compares
the ratios I „/rf for various experiments, assuming
r=r. +rf.

5

I I

T = 0.43 INeV

E„=8-12 INeV

LLI
0-

La)

Fig. 11.) We formed the neutron energy spectra for all
excitation energies from 6 to 23 MeV in 1 MeV steps, and
fit each spectrum to a Maxwellian energy distribution,
folded with the response function for the detectors. In all
cases, the temperature parameter is consistent with a Fer-
mi gas with level-density parameter a = 3/10. (Similar
fits to the fission-coincident neutron energy spectra yield-
ed a temperature parameter of 1.0+0.1 MeV, indepen-

D. Neutron energy spectrum

If the quadrupole fission probability were smaller than
normal, it might be possible that the GQR would have a
strong nonequilibrium decay component. If this is so, it
could show up in the neutron energy spectra. (One such
spectrum, integrated over E =8—12 MeV, is shown in

—10
0

1

2 4

E„(MeV)

FIG. 11. Neutron energy spectrum from 3 U(a, a'nf ),
summed over F. =8—12 MeV. Straight line indicates best-fit
Maxwellian, with temperature parameter T=0.43 MeV.
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dent of excitation energy. ) No significant peak in the
spectrum occurs at large neutron energies, indicating that
nonequilibriurn decay is not significant. The low nonsta-
tistical contribution is consistent with measurements of
10—15 % on 2osPb &8 Although the neutron counting
statistics were rather poor, our experiment demonstrates
the feasibility of measuring primary neutron spectra from
fissionable nuclei.
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V. CONCLUSIONS APPENDIX A: SUM RULES

We first reiterate the aforementioned (plausible) as-
sumption (and made elsewhere ' ) that the E2/EO
strength function should be divided at 12 MeV, with
E (12 MeV being assigned almost entirely to E2 and

E, ) 12 MeV to EO (see Fig. 10). Then our results
(I „/I f =3—3.5) are consistent with a normal fission

probability for the GQR and exclude Pf(E2) ( ,'Pf(E1—),
the upper limit found in Ref. 1. The apparent lack of
nonstatistical neutron decay is consistent with the con-
clusion of a normal fission probability. From the above
value of I'„/I f and our (a, a'f) measurements, we con-
clude that the state at 10 MeV exhausts a large fraction
of the isoscalar E2 sum rule (our data prefer a value of
70%).

But an alternative point of view is possible. Theory
predicts mixing of the isoscalar giant quadrupole and gi-
ant monopole resonances in deformed nuclei. Indeed, the
data of Brandenburg et al. [see Fig. 10(c)] show the
presence of monopole strength in U in two bumps: a
large one at 13 MeV and a smaller bump at 10 MeV. If
we subtract the EO strength from Brandenburg's data
from the E2/EO strength from our (a, a'f) angular dis-
tribution, and divide the resulting spectrum by the E1
fission probability, we can account for 50% of the isoscal-
ar E2 energy weighted sum rule between 6 and 12 MeV,
and another 50% between 12 and 16 MeV. While such a
large shift in the location of the E2 strength is not pre-
dicted by theory, it would account for the apparent
deficiency in E2 strength reported in Ref. 5. However,
the ad hoc way in which we have extracted the multipole
strength from our (a,a'f) data makes it very uncertain
that this analysis is quantitatively correct. We mainly
wish to point out that the mixing of the isoscalar giant
monopole and giant quadrupole resonance may be larger
than is generally assumed.

In light of the uncertainties in making multipole as-
signments and deriving strength functions based on in-
elastic hadron scattering, our extracted branching ratios
have large error bars. However, in view of the demon-
strated quality of strength extractions from coincidence
electron scattering, we venture that (e, e'nf ) measure-
ments' would provide more rigorous and direct bounds
on I „/I f.

The isoscalar transition operators for transitions of
multipolarity k are usually written as

0)„„=—g r„Y~„(Q„},=z (Al)

=
—,'(Ol[F, (H, F)]lO) . (A2)

When I' is the multipole operator, the energy-weighted
sum can be expressed in terms of radial moments of the
ground-state nucleon density:

S(F)= g (Ef E; )B—(ISA, , J,~Jf )

f
Z2

A, (2A, + 1) ( r ) (A, ~ 2) (A3)
8M@ A

where

Jf }=—
l & f llo~ lit & l'

This quantity is proportional to the cross section
dof, /dQ. The cross section per unit strength and the
angular distribution of scattered particles are not very
sensitive to the specific nuclear model used. Having mea-
sured a cross section for a transition of multipolarity A, ,
one uses a distorted-wave Born approximation (DWBA)
or coupled-channels calculation to convert the cross sec-
tion to multipole strength. The fraction of the energy-
weighted sum rule exhausted by a transition is then a
measure of its collectivity.

Table VI shows the isoscalar transition operators and

TABLE VI. Isoscalar operators and sum-rule values. X=0,1

from Ref. 21.

where the index k runs over all of the nucleons in the nu-
cleus. This expression holds for I, & 2. [The cases of A, =O
and 1 (GMR and GDR) require special treatment. ] If F
is a Hermitian operator, and the nuclear Hamiltonian
contains no velocity-dependent potential energy terms,
then certain sum rules can be shown to hold, which limit
the size of the matrix elements of the operator I':

~(F)—= y„(E.—Eo) I & nlFIO& I'
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(Z/A) g r„'
k

{Z/2A}g r„'Y,„(Q~)
k

(Z/A) g rk Y,„(Q„)
k

S(ISA, )

1.007X10' MeV fm

3.213X 10 MeV fm

1.002 X 10' MeV fm
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In our calculations of the angular distribution, we used
a vibrational-model transition density ' for the isoscalar
quadrupole transition

pfi (")= po(r) (A, &2),() &~Ro a

2/+I dr

and for the isoscalar monopole, we used

(8 la)

a
p&, '(r) = Po 3+» po(r) (A, =O),

Br
(Blb)

where po(r) is the nucleon density of the ground state,
and P& is the deformation parameter. The matrix ele-
ments of the isoscalar transition operators are then given
by

M(ISA)= fpf; (r)r + dr (it, ~2),

M(ISO)= fpf, '(r)r dr (A, =O) .

(82a)

(82b)

We assume that the optical potential is generated by fold-
ing a scalar potential U ( ~r —r'~ ) with the ground-state nu-
cleon density, and that the transition potential can be
found by folding the same scalar potential with the tran-
sition density. Since the densities are real, it can be
shown (using a theorem due to Satchler) that

fReUf, (r)r +2dr f ImUf, (r)r +2dr
M(ISA, ) = f ReU, , (r)r dr f ImU, , (r)r dr

(83)

(For the monopole, one sets A, = 2 in the exponents. )

Since the geometry of the optical potential is different for

sum-rule values for the cases of A, =O, 1, and 2. The cases
X=O and X= 1 are worked out by Harakeh and Dieper-
ink and are quoted in Table VI.

APPENDIX B: D%'BA AND Ec~s CALCULATIONS

Uf;(r) ~ —Ro U, , (r) (A, ~ 2), (84a)

for the quadrupole, and for the monopole, the Satchler
version I form factor:

(84b)

These were also the potentials which were used in the
distorted-wave calculations.

The monopole angular distribution was calculated us-

ing DWUCK4, and the A, =2 distribution with the program
ECIS79. The transition potential used by DWUCK was ca1-
culated for /3z =1, with the imaginary part scaled by the
ratio Pl/Pz. To obtain the cross section for full exhaus-
tion of the sum rule, the output was multiplied by Pi|.
The program ECIS accepts the values of pz, pi, and pc
(the Coulomb deformation parameter) directly, so no re-
normalization of the cross section is necessary. Only the
ground state (0+ ) and the quadrupole state (2+ ) were in-
cluded in the ECIS calculation. ECIS was used because it
handles the Coulomb excitation to the 2+ state correctly.
This makes a difference at forward scattering angles
(e' & 10'). For 8' ) 10', ECIS and DWUCK cross sections
for the quadrupole were in close agreement.

the real and imaginary parts, different values of the cou-
pling parameter P& must be used if (83) is to be satisfied.

The program BEL (Ref. 23) was used to calculate pa
and pi. BEL calculates the deformation parameters corre-
sponding to full exhaustion of the energy-weighted sum
rule, using (83). It requires the optical and transition po-
tentials as input. We used a Woods-Saxon form for the
optical potential, with the parameters shown in Table III.
(These parameters have been shown to give a good
description of a scattering on Pb and Th. ) The
transition potentials used were
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