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Cross sections for (n,2n) and (n, 3n} reactions have been measured between 14.7 and 24.0 MeV using a

large liquid scintillator to detect neutrons. Measurements were made for "Sc, "Co, "Y, "Nb, ' 'Rh,

Tm, '"Lu, "'Ta, '"Au, and ' Bi samples. The excitation functions are compared with calculations based

on a statistical, preequilibrium model using global sets of optical model and level density parameters.

NUCLEAR REACTIONS 5Sc{n,2n); ~"Co(n, 2n), (n, 3n) ~Y(n, 2n), (n, 3n);
3Nb(n, 2n), (n, 3n); 38h(n, 2n), (n, 3n); 6 Tm(n, 2n), (n, 3n); ~ Lu(n, 2n),

(n, 3n); 1 1Ta(n, 2n), (n, 3n); ~ Au(n, 2n), (n, 3n); 2o~Bi(n, 2n), (n, 3n); p
=14.7-24.0 MeV, measured a{E), calculated o (8). Natural targets.

I. INTRODUCTION

Cross sections for (n, 2n) and (n, 3n) reactions
have usually been measured by radiochemical
techniques; a sample is activated in a known,
monoenergetic neutron flux and cross sections are
determined from the induced activity of the resi-
dual nuclei. To measure (n, 2n) cross sections for
samples without radioactive reaction products,
Ashby eI; al' used a large tank filled with liquid
scintillator to detect the emitted neutrons. Recent-
ly, scintillator-tank methods have been improved
and extended to many nuclei for energies from
threshold up to 15 MeV."%e xeport scintillator-
tank measurements of (n,, 3n) and (n, 3n) cross sec-
tions from 14.7 to 24.0 MeV for 10 elements,
several of which have recently been investigated
radiochemically in this energy region. 4

duce the intensity of background neutrons in the
room. Neutrons emerging at 0' were collimated
by a 75-cm-long brass cylinder with a tapered
hole subtending a half-angle of 1.0'. The tritium,
at pressures of up to 2.2 atn~, was contained in the
cell by a 5.3-mg/cm2 molybdenum entrance foil
sealed with indium gaskets. For the 14.7-MeV
neutron case, the deuterons emerging from the
foil and entering the tritium had an energy of 130
keV and stopped in the gas. Although the 0' neu-
trons ranged from 14.1 to 14.85 MeV, nearly all
of them had energies above 14.55 MeV. For higher
energy measurements, the deuterons stopped in

a gold beam stop that formed the end of the cell,
and the neutron energy was calculated at the cell
center. Most of the neutron energy spread re-
sulted from the variation in deuteron energy in
the cell.

II. EXPERIMENT

The method used to make the measurements is
very similar to that used by Fr0haut and Mosinski'
and described in detail io Ref. 5. Figure 1 shows
a schematic of the experiment. A sample was
placed at the center of a large, gadolinium-loaded
liquid scintillator where it was irradiated by a
pulsed beam of monoenergetic neutrons. If an

(e, 2n) or (n, 3n) event occurred during the pulse,
it was identified by two or three separate pulses
from the scintillator.

A. Neutron source

A beam of deuterons from the Los Alamos
Scientific Laboratory vertical Van de Graaff ac-
celerator struck the tritium gas in a 3-cm-long
cell to produce the high-energy neutrons. A large
iron shield partially surrounded the gas cell to re-

B. Beam monitor

The neutron beam intensity was measured by a
5.1-cm-long by 5.1-cm-diam cylinder of liquid
scintillator (Nuclear Enterprises type NE-213) used
as a monitor detector. The monitor was placed
in the beam behind the sample and the tank about
4.2 m from the neutron source. The pulse height
spectrum was recorded for each run, and the neu-
tron Qux was found by relating the height and the
end point of the plateau from the recoil protons
to the absolute differential efficiency measurements
of Verbinski. y-ray pulse shape discrimination
proved unnecessary. The method provided an ab-
solute flux determination with an estimated accu-
racy of better than 5%.

Since our accelerator does not have the capabili-
ty of time-of-Qight pulsing to determine the inci-
dent neutron spectra, we avoided counting low-en-
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FIG. 1. The experimental arrangement: (A) accelera-
tor beam tube, collimator, and tritium cell; (8) iron
shield; (C) brass neutron collimator; {D) boron shielding;
(E) scintillator tank; (F) sample; {0)magnetite con-
crete shielding; {H) gypsum shielding; (I) borax and lead
shielding layers; (J) neutron monitor detector.
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ergy neutrons from deuteron breakup and d-'H
reactions from deuterium contaminants in the beam
line and target by using only the upper part of the
monitor spectrum. The low-energy neutrons could
produce pulse heights up to about 30% of the maxi-
mum from d-'H neutrons, and the monitor thresh-
old was set at about 60Vo.

The low-energy neutrons mere usually below the
threshold for the $, 2n) reaction. For measure-
ments at 23 and 24 MeV, some samples had $, 2n}
thresholds exceeded by the d-'H energy, but the
contribution to the cross section mas disregarded
because of large (n, 2n) uncertainties for these
samples relative to the maximum possible d-'H

effect. Thus the only major effect of the low-en-

ergy neutrons was scattering in the sample, there-
by increasing the multiple events correction (see
Sec. III).

C. Neutron detector

The neutron detector is a 75-cm-diam spherical
tank with a 15-cm-diam hole through the center
for the neutron beam. A thick shield wall sur-
rounding the tank has holes for the neutron beam
to enter and exit. The tank is filled with 200 liters
of liquid scintillator (Nuclear Enterprises type
NE-323 loaded with 0.5-wt% gadolinium}. Eight
photomultiplier tubes (type RCA-4522) are mounted

on mindows in the tank walls. Anode signals from
the tubes were added together in tmo banks of four
tubes each, and a light pulse in the tank was identi-
fied by a signal coincidence between the two banks.
The sample was placed at the center of the tank,
2.6 rn from the source.

Neutrons emitted by the sample entered the tank,
therrnalized in the liquid, and either escaped or

rime (ys)
FIG. 2. Measured probability of neutron capture in the

liquid scintillator tank versus the time after entering the

tank.

were captured. By observing the capture y rays
and knowing the detector efficiency, we could de-
termine the number of neutrons that entered the
tank. The amount of gadolinium in the liquid is
large enough to capture most of the neutrons, but

small enough so that the captures occurred over
a range of times and couM be counted individually.
Figure 2 shows the relative capture probability
for the detector as a function of time. After a tank

pulse the deadtime of the electronics mas 100 ns,
much smaller than the width of the capture prob-
ability peak.

In addition to capture y-ray pulses from the neu-
trons of interest, the photomultipliers could detect
pulses from recoil protons produced by neutrons
slowing down in the tank, from y rays emitted
from the sample, from neutrons produced in
events other than the one of interest, and from
background events such as decay of K or radium
in the shielding. Background subtraction will be
described later. Pulses from delayed y activity in
the sample mere not subtracted because they were
difficult to identify, and their effect was assumed
to be negligible. The other unwanted signals,
mainly from prompt y rays and recoil protons,
were largely excluded by chopping the neutron
beam and turning the detector off during the beam
pulse. The beam was on for 1.0 p. s with a pulse
repetition rate of 25 kHz. The neutron counting
gate started 0.5 p, s after the end of the beam pulse
and lasted 23 p, s. The remaining 15.5 p, s between
beam pulses mas used to process the data signals.
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FIG. 4. Calculated detector efficiency versus the en-
ergJJ of the detected neutron. Calculations were made
with the Monte Carlo code SEMIS (see Ref. 9).

of the calculated spectra is shown in Fig. 3. The
efficiency of the scintillator tank (see Fig. 4) was
calculated as a function of the energy of the de-
tected neutrons using a Monte Carlo code, ' DEMS,
which had been checked against measurements
made by Boldeman using a tank similar in size
to ours. The corrected efficiency was determined
by multiplying the measured efficiency by the
ratio of the calculated efficiency for the re-
action to that for ' Cf neutrons. Usually the cor-
rection changed the measured efficiency by less
than 5% of its value. However, for energies far
above the (n, 3n) threshold, a large fraction of the

(n, 2n) events produce high-energy neutrons, and
the resulting corrections sometimes reduced the
efficiency by as much as 25 to 30%% at 24 MeV.
The (n, 3n) spectra are softer, and in general the

(n, 3n) efficiencies were slightly greater than the
average efficiency for 3~Cf neutrons.

l5

sample the isotopic composition, the total weight,
and the number of disks used. No correctidns
were made to the data for multiple scattering in
the samples, but a correction of about 1k was
made for neutron beam attenuation. The '"Lu and
the '~Ta results were not corrected for any con-
tribution from other isotopes in the unenriched
samples.

F. Measurements

The measurements for a given incident neutron
energy involved a series of runs including at least
one run for each sample, four or five background
runs of similar length taken with the sample out,
numerous short background runs made with the
accelerator beam off, and a run with the ~~Cf
source in the tank to check the efficiency. Beam
intensities and focus conditions were kept rela-
tively constant during the day so that the back-
ground subtraction and other corrections would be
accurate. Interspersing the sample-out runs
among the others provided a sensitive check on
changes in the background conditions. Background
rates with the beam off averaged 0.08 counts per
opening of the counting gate, and the backgrounds
with the beam on and the sample removed from
inside the tank were 2 to 4 times larger. After
subtraction of the beam-off background and appli-
cation of the other corrections described in Sec.
III, the number of beam-on, sample-out events
with more than one pulse was small compared with
the number of multiple-neutron events for a sam-
ple-in run. Thus it appears that almost none of the
beam-induced background pulses were correlated.

An XDS-930 computer recorded the pulse height
spectrum from the monitor detector, as well as
the output from a sealer measuring the, integrated
current of deuterons striking the tritium cell.
(The current integration was used to check that the

TABLE I. Target characteristics.

E. Samples Target
Isotopic

composition (&o)

Weight
(g)

Number
of disks

The samples were thin disks about 6 cm in diam-
eter suspended in the neutron beam at the center of
the tank. (The beam diameter there was 9 cm. )
The scandium sample was a self-supporting oxide;
all other samples were metallic. No correction
was made for the oxygen in the scandium sample
because the ~'O(n, 2n) cross section is small.
%hen a sample consisted of more than one disk,
the disks were syaced about 1 cm apart. The total
thickness of each sample was chosen so that the
total cross section times the number of atoms per
unit area was about 0.02. Table I lists for each

Scandium
C obit
Yttrium
Niobium
Rhodium
Thulium
Lutetium

Tantalum

Gold
Bismuth

4'Sc,o,
"Co
8&Y

3Rh

Tm
175Lu

176Lu
181Ta
180Ta
'"Au
2O'Si

100
100
100
100
100
100
97.41
2.59

99.99
0.0123

100
100

15.05
10.93
14.61
17.50
33.04
30.85

34.97

43.91

35.18
42.53
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beam focus, tritium pressure, etc., remained con-
stant from one run to the next. ) A fast sealer
counted the number of tank pulses during each
counting gate, and the computer sorted the events
according to the number of neutrons detected. An
on-line analysis program subtracted the back-
grounds and did the other calculations to determine
the cross sections.

III. DATA ANALYSIS

A small correction was applied to each run, in-
cluding backgrounds, to account for any loss of
tank pulses because of coincidences during the
100-ns deadtime associated with each neutron
pulse. Then the sample-out background runs from
a series of runs at one energy were combined and
subtracted from each of the cross-section runs.
Equations describing the deadtime correction and
the background subtraction are given in Ref. 11.

For some of the runs the number of scattered
neutrons was large enough that the probability of
two single-neutron events occurring during the
same pulse was not negligible compared with the
number of (n, 2n) events. An appropriate multiple-
events correction' was applied to all of the sam-
ple-in runs. For (e, 3n) measurements the correc-
tion was negligible and for $, 2n) it was up to 10%
(~40%%uo for scandium which had more scattering be-
cause of oxygen in the sample). To check the ac-
curacy of the multiple-events correction, we made
several runs with a carbon sample for which the
$,2n) cross section is very small and observed
that the corrected number of multiple events was
always negligible. We also repeated runs for
many energies and samples using a lower beam
intensity to check for reproducibility of the mea-

surements�'.

The final correction to the results removed the
effects of detector efficiency to give the multipli-
cities of neutrons emitted from the sample. Be-
cause (n, 2n) reactions snd (n, 3n) reactions pro-
duce different spectrum shapes and therefore dif-
ferent detector efficiencies, it is necessary to in-
clude both efficiency values in the equations. We
assume that C, is the probability of detecting z

neutrons per event, P„is the probability of emis-
sion of n neutrons per event, and c„is the average
efficiency for detecting the neutrons from an event
in which n neutrons are emitted. Then

00 t

z l yc —zi1

Because the measurements were made below the
(s, 4n) threshold, P„=Ofor n «4. Therefore

C3= ~3'Ps

and

C2=42'P~+ 3e, (1-e,}PS.

Inverting gives

P~= Cgt,
and

P, = [C, —3C,(1 —a,)/(e, ]/e, ' .
The largest uncertainty in the measurements

was the statistical uncertainty in the measured
numbers of events producing zero, one, two, or
three neutrons or similar numbers of background
counts. The statistical uncertainty in the multiple-
events correction was relatively small. The dead-
time correction was also small for this experi-
ment, where multiplicities higher than three were
not used, and its uncertainty was assumed to be
10%%up of the correction. The uncertainty in e„was
assumed to be 0.01 for all measurements. The
uncertainty in P for the "Cf standard caused an
uncertainty in g„of0.0013, and the statistical un-
certainty in measuring c„for a series of runs was
generally around 0.004. The uncertainty in the
correction for the difference in spectra for '~Cf
fission neutrons and those for (n, 2n) and (n, 3n)
reactions is difficult to estimate accurately.
Since the correction was usually 0.03 or less
(see Sec. II), a value of 0.01 for the total uncer-
tainty in a„seems reasonable for most of the mea-
surements. Where the (n, 2n) cross section was
small and the (n, 3n) cross section large, the cor-
rection to z2 was often larger than 0.03, but for
simplicity we assumed M =0.01 because the large
(20-40%) statistical uncertainties for these points
made 6&2 relatively insignificant.

lV. MODEL CALCULATIONS

Cross-section calculations, based on a statisti-
cal model, were made to investigate the inclusion
of preequilibrium effects in the model as well as
the use of comprehensive parameter sets to de-
scribe the level densities in the nucleus and the
optical models from which transmission coeffi-
cients are derived. The calculations also gave the
complex neutron spectra (see Fig. 3} used to esti-
mate the detector efficiency corrections described
in Sec. II.

The statistical portion of the calculations in-
cluded angular momentum and parity effects ex-
plicitly and followed the formalism described by
Uhl." Decay chains involving up to 10 compound
nuclei could be followed, and each compound sys-
tem was allowed to emit y rays and a neutron, a
proton, or an e particle. The y-ray cascades were
followed in detail.
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In the calculation of ()),xn) reactions, where
several emitted particles and compound nuclei are
involved, it was assumed that the reaction pro-
ceeds in stages with only one particle emitted at
each step and that each newly formed intermediate
nucleus, produced by particle decay of the previ-
ous compound system, disintegrates with prob-
abilities determined from Hauser-Feshbach theory
for binary reactions. " At lom excitation energies,
each nucleus in the calculation was composed of
discrete levels having energy E, total angular mo-
mentum J, and parity w; me used experimentally
determined values for E, J, and m. The higher
excitation energy region, where information con-
cerning discrete levels was not known, was repre-
sented by a continuum level density expression.

The population of continuum bins P "(" ()UZ ))(in
the (n+ 1)th compound nucleus, formed by particle
disintegration of the nth compound nucleus, is
given by

P&n) (UlJI& I
p(na))(Og&) dUi p(n)(Usgs&I) a

)(p
(n+1 ) (UJv }

Ih

where P'")(O'J')(') is the population of continuum
energy bins in the nth compound nucleus after p-
ray cascades have been considered. The popula-
tion of the first compound nucleus is determined
from its formation cross section, which can be
found from the appropriate sum over transmission
coefficients taken at the center-of-mass energy,
8, of the incident particles,

(2)

Here k is the relative motion wave number, I and
i are the spins of the target nucleus and projectile,
and J is the total angular momentum of the com-
pound system. Other quantities appearing in Eqs.
(1) and (2) are the level density p, transmission co-
efficients T„the binding energy 8, of the emitted
particle a, and the excitation energies U and U' in
the (n+ 1)th and nth compound nuclei, respectively.
The partial decay widths used in Eq. (1}for reac-
tion channel a have the general form

I (n'(O'J')(', UZw) = . . . , Q Q T)(O' —U- B.)2vp(U'J'v'

for widths involving transitions from continuum
bins in the compound nucleus to continuum bins in
the residual nucleus.

Similar expressions hold for the population of
discrete levels:

P (n+1 ) (E g & )

r~ &&U'J'~' E J ~dUI () P(n) (OIgl I) a ( I 1 P1} (4)

mhere the partial midth for continuum to discrete
level transition has the form

r, (OV'v', E„Zp„)=g P T, (O' E, -E,). (5)
s 1

Here the sums are taken over channel spin s and
orbital angular momentum 1. The total width ap-
pearing in the denominator of Eqs. (1) and (4) is
then the sum over continuum bins (UZ~) or discrete
levels (E„J1))„)of the appropriate partial width
I', (O'Z'w', Utv) or 'I', (O'J'v', E„Zp1}for each reac
tion channel a.

In these calculations we used transmission co-
efficients T, calculated with "global" sets of opti-
cal model parameters; that is, sets that fit mea-
surements for a variety of nuclei over a range of
incident energies. For neutrons these were the
%ilmore-Hodgson parameters, ' for protons the
parameters of Percy, "and for n particles the
McFadden-Satchler parameter s or other values
comyiled in Ref. 17 for the particular nucleus of
interest.

For y-ray reduced widths me used the Brink-
Axel giant dipole resonance form. " TPie reduced
widths were normalized to the ratio of the y-ray
width to the observed level spacing obtained from
s-mave neutron capture. %e also allowed y-ray
emission by M1 and E2 transitions; the ratios of
these strengths to the E1 strength mere obtained
from the %eisskopf single-particle estimate. "

The continuum energy region of each nucleus
mas represented by the Gilbert-Cameron level den-
sity expression with the pairing and shell pa-
rameters of Cook." In this expression a Fermi
gas form was used at higher excitation energies,
but at lower energies a constant temperature ex-
pression, adjusted to fit level parameters for each
individual nucleus, mas used.

Previous studies of (n, 2)1) and (n, 3n) reactions
have shown preequilibrium effects to be impor-
tant, 4 "particularly at high incident energies. In
the preequilibrium formalism the initial interac-
tion produces a simple two-particle, one-hole con-
figuration that then proceeds through a series of
increasingly more complicated states until the
compound nuclear state (equilibrium) is reached.
Each intermediate system has some probability
for emitting a particle. Thus, the secondary neu-
tron spectrum for (n, xn) reactions includes pre-
equilibrium neutrons in addition to the neutrons
produced by compound nuclear decays. Because
the preequilibrium neutrons usually have more en-
ergy, the chance of further neutron emissions is



L. R. E. D. ARTHUR, AND P. G. YOUNG

a

00

M

lQ

a
cO

lQ

C4

lQ

IXI

00

Cb

a
O
+I

00
00a

Cb

lQ
lQa

Cb

lQ
00

a
Ha

00
a

O4a
H

O

o
00

Cg

CO
00

a
C4
00
00

lQ

H

C4

lQ
C

a
+I

00
00

00
CO

CQ

H

a
O

LQ
00

LQ
lQ

O
H

00

00
O

lQ

a
O

CO

a

+I
00

C4
Cb

+I

04

COa
+I

CO
lQ

lQ
00

o
+I

00

+I

CO

o

t
CO

a
04
O4

CO

lQ

a

a

+Ia
04
CO

00

04
Cb
CO

00

a
04

00
00a
a

00
Cba

04
lQ

CO
'l(fl

t
Ch

CO

lQ

O

04

00

lQ
CO

CA
00

o
CO

a

04

lQ
tQa
o
C4
04

CO

a
lQa
Cb

CO

lQ

a

CO

a
00a

cO
CO

00
lQ

lQ

H

lQ
CO
04

CO

Cb

04

a
Cg
CO
00

Cg

a
H

lQ

LQ

a
H

+I

a
Cb

a

Cb

a
00
lQ

O

O

a
a
00
Cb

Cb

CO
CO

O

04

lQ
00a

z

CO
CO

a
CO

lQ

Cb

a

CQ
C4
lQ

a

00

00
o

lQ

00a
a
CO

CO

00
COO
O
+I

t

Cg

O4

a
H

CD
Cb

o

H

a
CO
COa

Cb

H

a
Cg

a

lQ

Cb
04

Cg

CO

a

Ch
00

O

a

Cg

a
00

CO

o

00

a

lQ

+I
CO

o
CO

C0

CO

O

O

CO

a
CO

CQ

a
+I

00

a
lQ

a
H

lQ

a
00

CO

aa

x

LQ

lQ
Cb

O

00a

lQ
O

00
CO

00

Cg

O

lQ

Cb
00

Cb

a
+I

a
lQ

COa

CO
CO

o
+I
CO

a
O

LQ
Cb

CO
00

lQa
a
C4

00
Cb

H

QO

lQ

CO

Ct

~~
R
CI

Q
0)
N
R
8
Q

O
O O
O O

t t
lQ

O O

CO O
O

lQ a
cg)

O O

04o
O O
+I tl

04 CO

O O

a cI
O O

t lQ

O O

o a
a a

H H

O Cg

O O

00

I
a

CO

a
a
04

00
lQa
H

CC

00
a

lQ
O

Cb
Cb

a

CO

+I

LQ

O

00

a
a
+I
00

a

C4a
O

a
a

CD
CO

o
O4

o
O

00
O

a
o
00
00

Cg0o
O
+I
Cb

a

CO
lQ

o
Ch
00
O

o

a
a
CO

a
a
04
CQ

O

a
a

H

t
O

00

a

CO
QOo

lQ
CO

lQ
00a
a
00

00

tl
CD
04
04

t
O
a
LQ
Cb

ta
a
+I

lQa
+I

Cg

a
O

O

o

LQ

a

00

O
a
t

a

LQ

a

o
a

00
O
o a

o
O

CO

00a
O

04

lQ

a
O

lQ
lQ

a

lQ

00

O

lQ

a
O

00

lQ

a

C0
O
a
C3

LQ

Cbaa
a
00
Ma
O

lQ

o
o
Ch

O

O
a
H

Cb
CD
lQ

Oa
a
lQ

lQ

Cho
O

Cg
lQ

CO

a
O

o
"H

Cb
00

o
O

Z

CO

Cg

Ho
CO
O

O
a
(XIo
a

C)

o
H

Oa
00

O

a
00
lQ

a
a

H

CO

Oa
a

lQ

a
lQ
lQ

lQ

O

COa

CQ
lQ

a

a
O

a
00a

a
o
+I
Cg

O

lQ
M

CO

lQ

00

lQ

Cb

O
H

o
O4

Ha

a
a

+I

CO

o
04

04
O

a o

lQ

O

00

LQ

a
+Ia o

a

a
a

a

Cg
Cg

a

a
CO

CO

a
+I
O

Cg



16 CROSS SECTIONS FOR (e, 2n) AND (n, 3n) REACTIONS. . . 1799

06-

O. S-

oo

ib&05-

Sc (n, 2n)

l4

l.2 .

cl l0-
C0
v 08.
tn

89y

o02

0 l- 0.2-

I I I I0
S !2 l6 20

E„(MeV)
24

FIG. 5. Cross sections for 4 Sc(n, 2e)448c. The large
closed circles are from Ref. 3, the small closed circles
are from Bef. 4, the open circles are our measurements
and the lines are calculated values.
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En (Mev)

FIG. 7. Cross sections for 8~Y{n,xn). The large
closed circles are from Ref. 3, the small closed circles
are from Ref. 4, the open circles are our (&, 2n) results,
the open triangles are our (n, 3n) results, and the lines
are calculated values.

decreased compared with the case where the first
emitted neutron is from the compound system.
Consequently, for the highest energies of our mea-
surements, the (n, 2n) cross section tends to be
increased and the Is, 3n) cross section decreased
relative to the predictions of the statistical model.

%e included preequilibrium neutron emission
using an expression based on the exciton model of
Qriff inc' and Blann2~

(U/E)" '( + 1)'Q 1)

In this expression, E and U are the excitation en-
ergies of the compound and residual nuclei, re-
spectively; o„is the neutron reaction cross sec-
tion; m, e, and a„,(c) are the mass, kinetic en-
ergy, and inverse cross section for the outgoing
particle; g is the average single particle level

spacing from the Fermi gas model. ; and n is the
number of particles and holes (n =p+ h) in the com-
pound nucleus. The sum extends from the initial
exciton number (here assumed to be 3) to n, the
limiting value obtained when equilibrium is
reached.

The absolute square of the average matrix ele-
ment of residual two-body interactions, ~M ~', was
assumed to have the form ~M ~' =ffA 'E ' as de-
termined by Kalbach-Cline. ' The normalization
constant K was obtained from fits to various sets
of experimental data for neutron-induced reac-
tions 6 including both spectra and integrated
cross sections. A value of 150 MeV' was obtained
for K, in agreement with values determined in
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FIG. 6. Cross sections for ~Co(n, xn). The closed

circles are from Ref. 3, the open circles are our (+, 2n)
results, the open triangles are our (n, 3) results, and
the lines are calculated values.
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FIG. 8. Cross sections for ~ Nb(n, xn). The closed
circles are from Ref. 3, the open circles are our (&, 2&)
results, the open triangles are our (&, 3) results, and
the lines are calculated values.
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FIG. 11. Cross sections for ~ Lu(n, xn). The large
closed circles are from Ref. 3, the small closed circles
and the closed triangles are from Ref. 4, the open cir-
cles are our (&, 2n) results, the open triangles are our
(&, 3&) results, and the lines are calculated values.

FIG. 9. Cross sections for ~ Rh(~, xn). The closed
circles are from Ref. 3, the open circles are our (n, 2~)
results, the open triangles are our (&, 3&) results, and
the lines are calculated values.

Refs. 25 and 26. The preequilibrium component
calculated with Eg. (6) was used to renormalize
the statistical-model populations of Egs. (1) and

(4). Because the preequilibrium model does not
include effects of spin and parity, we assumed that
the preequilibrium component would have the same
spin and parity distribution as the statistical pop-
ulation component.

V. EXPERIMENTAL RESULTS

The results of the $,2n) measurements are
listed in Table II and the (n, 3n) results are in

Table HI. The uncertainty given for each measure-
ment includes the statistical uncertainty (standard
deviation}, the uncertainty in the corrections, an

uncertainty of Aa =0.01 in the detector efficiency,
and an estimated uncertainty of +3/p in the neutron
Qux determination. The results are also plotted
in Figs. 5-14, along with some results of previous
measurements and curves showing the model cal-
culations. Round symbols are the ln, 2n) measure-
ments and triangles show the Q, 3n} cross sections.
The open symbols are values from this experi-
ment, the larger closed round symbols show the
measurements of Frehaut and Mosinski' made with
a scintillator tank and neutrons from the 'H(d, n)-
'He reaction, and the other points are radiochemi-
cal r esults. 4

The (s, 2n} measurements tend to agree quite
well with other experimental results, but we find
some systematic differences of up to 15% between
our (n, 3n) results and those of Bayhurst. ' An ex-
ception occurs for the lutetium cross sections
where there is a larger disagreement of radio-

2..5 I I I I I I I I I
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FIG. 10. Cross sections for ~Tm(&, x&). The large
closed circles are from Ref. 3, the small closed circles
and the closed triangles are from Ref. 4, the open cir-
cles are our (~, 2&) results, the open triangles are our
(+, 3) results, and the lines are calculated values.
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FIG. 12. Cross sections for Ta(n, x&). The closed
circles are from Ref. 3, the open circles are our (&, 2&)
results, the open triangles are our (m, 3&) results, and
the lines are calculated values.
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FIG. 13. Cross sections for ~Au(n, xn). The large
closed circles are from Ref. 3, the small closed circles
and the closed triangles are from Ref. 4, the open circles
are our (n, 2n) results, the open triangles are our (n, 3n)
results, and the lines are calculated values.
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chemical results with our measurements and the
calculated cross sections. This disagreement may
be explained by the fact that radiochemical mea-
surements for lutetium are difficult because of the
nature of the half-lives and decay schemes of the
nuclei involved and because of a background from
the decay of the naturally occurring radioactive
isotope '"Lu.

The comparison of the calculated curves shows
general agreement with the experimental data. As
described in Sec. IV, these calculations were
made with transmission coefficients generated
from global optical model sets and with generalized
level density parameter sets. In some cases,
minor adjustments were made in the normaliza-
tion of the reduced y ray width to better reproduce
cross-section shapes near I'p, 2n) and (n, 3n)
thresholds. In these energy regions, especially
for heavier nuclei where only p ray emission com-
petes with neutron emission, the threshold shape
is relatively sensitive to the y ray strength used.
For lighter nuclei it was necessary to include

competition from proton and at-particle emission
to reproduce the threshold (n, xn) shape.

In Fig. 14 the effects of the inclusion of preequi-
librium emission and of changes in the form of the

Q
15-

V

fi)

cg) 1.0-
O

U

0.5-

I I I

12 16

E, (vev)
20

FIG. 14. Cross sections for ~Bi(n, xn). The closed
circles are from Ref. 3, the open circles are our (n, 2n)
results, the open triangles are our (n, 3n) results, and
the lines are calculated values. The curves with long
dashes were calculated using no preequilibrium effects,
the curves with short dashes were calculated with a pre-
equilibrium effect depending on mass, and the solid
curves are for a preequilibrium effect normalized to
both mass and excitation energy.
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normalization of the matrix term 1M
~' in Eg. (6)

are shown for '"Bi(n, xn) reactions. The cs,lcula-
tions without preequilibrium (long-dashed curve),
as well as those with matrix element ~M ~' having
only an A ' dependence (short-dashed curve) fail
to reproduce the measured cross sections at high
energies. The solid curve represents the calcula-
tion made with ~M~2=KA 'E '. The calculations
shown in Figs. 5-13 were made with this form of
~M ~'. These calculations, which include preegui-
librium effects and competition from y-ray and
charged-particle emission and which use global
input parameter sets, appear to reproduce the ex-
perimental results adequately.
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