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The neutron spectra produced by the Y(p,n) ~Zr, Nb(P, n)~3Mo, and Ta(p, n) W reac-
tions have been measured at five angles between 15 and 135 for proton energies between 7.8
and 14.8 MeV. It is concluded that the data at low bombarding energies are consistent with a
compound-nuclear-reaction mechanis m. A constant-temperature level density for energies
below the neutron binding energy is found to be appropriate for the residual nuclei 9Zr, ~ Mo,
and W, with nuclear temperatures 0=0.70, 0.68, and 0.54 MeV, respectively.

For bombarding energies above 10 MeV contributions from noncompound processes appear
and at 14.8 MeV these are comparable in magnitude to those produced by compound-nuclear
(p,n) reactions. On the basis of the angular distributions and the bombarding-energy depen-
dence the relative fraction of the noncompound cross section due to direct and to pre-equilib-
rium reaction mechanisms is estimated.

The extracted average doorway-state width varies from 350 keV near A. =90 to about 1 MeV
for A- 180.

I. INTRODUCTION

A recent study' of the ~'V(P, n)"Cr and ' Co(P, n)-
"Ni reactions has yielded estimates of 160 keV
for the doorway-state widths. Careful examina-
tion of the dependence of the neutron spectra on
bombarding energy and residual excitation made
it possible to divide the neutron spectra into equi-
librium and nonequilibrium portions. Comparison
of this latter component with theoretical predic-
tions' ' enabled a further separation into direct
and pre-equilibrium contributions to be made. It
was suggested that nuclei with lower nuclear tem-
peratures might yield better information on the
pre-equilibrium reaction mechanism, because the
equilibrium contribution to a given region of the
spectrum would decrease more rapidly with in-
creasing bombarding energy, making the pre-equi-
librium contribution relatively more prominent.

Measurements of the neutron spectra produced
in the 8 Y(p, n)'~Zr, 9'Nb(p, rp Mo, and '8'Ta(p, n}-
'"W reactions were carried out both to test this
prediction and to investigate the dependence on A
of the pre-equilibrium state width.

The statistical theory' predicts that the differ-
ential cross section for emission of particles of
energy E integrated over angle can be related to
the level density p(U) of the residual nucleus as
follows:

o(e) ~ Eo( )pe(U)'

where e is the channel kinetic energy and o,(e} is
the capture cross section for the inverse reaction
at an energy c. Although many experiments have
yielded results consistent with the statistical the-

ory, other measurements" have indicated that the
continuum spectra cannot be described entirely by
Eil. (1). Specifically, the level-density parame-
ters obtained from such measurements were func-
tions of the bombarding energy as well as the re-
sidual excitation. The logical explanation" for
this behavior is that nonequilibrium processes al-
so contributed to the continuum spectra. A specif-
ic model' ' for such a mechanism has been pro-
posed and both the bombarding energy and resid-
ual excitation dependence were calculated as func-
tions of the single-particle level density. Thus,
experimental information on the above energy de-
pendences of pre-equilibrium contributions pro-
vides a test of the assumptions of the current
model.

II. THEORY

oa 8 + abs ~ 8 con /~ints (2}

where O,b, is the absorption cross section for
particle a, I'& „„is the width of the intermediate

The formal treatment of intermediate structure
by Feshbach, Kerman, and Lemmer' contains the
basic concepts required to analyze pre-equilibri-
um emission, i.e., the continuum decay of "door-
way" states. In this basic treatment the cross
sections are calculated from the resonance param-
eters of the intermediate states rather than the
various level densities themselves. The extention
to the level-density case is carried out as in the
statistical compound-nucleus case.

Feshbach, Kerman, and Lemmer' have shown
that the pre-equilibrium cross section for the pro-
cess (a, P) is
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state for emission of particle P, and I';„, is the
total width of the intermediate state. The width
I ~ for emission of particle P leaving the nucleus
in a particular state can be shown to be~

(3)

where D is the average spacing between states and

T, is the transmission coefficient for angular mo-
mentum l. If the inverse capture cross section is
introduced in place of the sum in E11. (3) and if the
width to all residual states is summed, this ex-
pression becomes'

I S„„dE=, ',"'Ep'(E, -E)dE,(2S+ 1)mes;„,
P nt~*

where m and S are the mass and spin of the emit-
ted particle, respectively, p'(U) is the density of
states in the residual nucleus which can be reached
by emission from an intermediate state, and

p;„,(E ) is the density of intermediate states in the
compound nucleus at an excitation energy F.*. If
E11. (4) is substituted into E11. (2), the following
result is obtained:

( )
(2S+ I)m G,„,(E,)(ra;„gE)Ep'(E, —E)

(5)

intermediate widths requires an assumption as to
the form of p;„,(E~), while p'(U) can be determined
from the shape of the emission spectrum. The
form of Eq. (5) is completely analogous to the
compound-nucleus case where the relevant level
densities and widths refer to the particle-hole or
compound states, respectively.

III. EXPERIMENTAL PROCEDURE

Neutron spectra. from the '
Y(P, n)' Zr, "Nb-

(P, n)"Mo, and "'Ta(p, n)'"W reactions for angles
at 30= intervals from 15 to 135"were obtained with
the experimental technique described previously. "
The Livermore 2.3-m variable energy cyclotron
produced protons with energies from 7.8 to 14.8
MeV. Neutrons resulting from the bombardment
of self-supporting targets of Y, Nb, and Ta were
detected in NE213 scintillators with the neutron
energy determined by the time of flight over a
10.8-m flight path. A linear bias eliminated
pulses produced by recoil protons with energies
less than 1.6 MeV and y-produced background was
reduced by utilizing pulse-shape discrimination.
A typical (P, n) spectrum is shown in Fig. 1.

TABLE I. Nuclear temperatures for Zr, ~ Mo, and
18i~

E1luation (5) is a model-independent expression
and does not depend on the nature of the interme-
diates states. In practice, use of Eq. (5) to evaluate
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FIG. 1. The differential cross section for the Y(p, n)-
BZr reaction as a function of center-of-mass neutron en-

ergy. The bombarding energy was 14.8 MeV and the lab-
oratory angle was 135'. Indicated errors are statistical
only.
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IV. DATA REDUCTION AND ANALYSIS

A. Level Densities and Pre-Equilibrium Emissions
Below the Neutron Binding Energy

The technique of analysis was identical to that
described in a previous paper. ' The continuum

portion of the (p, n) spectra was analyzed by cal-
culating the "channel" cross section:

v(8, e) = a(8, E„),4+1

where A is the mass number of the residual nu-
cleus, e =[(A+1)E„/A], is the channel kinetic
energy, and o(8, E„), is the center-of-mass
cross section for the reaction. If the capture

cross section o, (e) is assumed to be constant, the

o(8, e)/e will be proportional to the level density
of the residual nucleus. In general, if pre-equi-
librium or direct contributions are also present,
additional terms' of the form U" will also be need-
ed to fit the spectrum. Because the coefficients
of the various terms are expected to have differ-
ent dependences on bombarding energy, the shape
of the continuum spectrum will change as a func-
tion of bombarding energy, unless only one reac-
tion mechanism is involved.

Such changes can be observed in Table I and in
Figs. 2-4, which show the spectra for the "Y(P, n),
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FIG. 2. Neutron spectra from the Y(p, n) Zr reac-
tion at three bombarding energies. The points labeled x
are at 15', those labeled ~ are at 135'. Indicated on each
spectrum are the regions in which the angular distribu-
tion was symmetric or isotropic.
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FIG. 3. Same as Fig. 2 for the ~ Nb(P, n) Mo reaction.
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"Nb(p, n), and '"Ta(p, n} reactions, respectively.
At low energies (E~ ~ 10 MeV) the continuum spec-
tra were either symmetric or isotropic, while for
higher energies a forward-peaked angular distri-
bution was observed.

Backward angle (135') spectra for a number of
different bombarding energies are shown in Figs.
5-7. The lines drawn through the low-energy
spectra for the Y(p, n) and Nb(p, n) reactions were
obtained by connecting the data points for the ap-
propriate 10.0-MeV spectrum; as can be seen, the
same shape is also observed at lower energies. It
is concluded that the (P, n) reaction mechanism is
essentially entirely compound nuclear in this ener-
gy region for these two reactions. The Ta spectra
are consistent with a completely compound-nu-
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FIG. 4. Same as Fig. 2 for the isiTa(P, n)tsf% reaction,
except that the points marked x are at 45'.

FIG. 5. Comparison of 135 neutron spectra produced
in the ~Y(p,n) ~Zr reaction. The solid line was obtained
by connecting the data points in the 10.0-MeV spectrum
and is extended to higher energies with the best-fit con-
stant-temperature form.
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c(e, E)/E =Ap(U) +BU" . (7)

The nuclear temperatures determined at lower en-
ergy were used in a constant-temperature level-
density form for p(U) and the best-fit values of A
and I3 were calculated for 0 &n &6. Figure 8
shows two examples of the quality of fit obtained
for the best-fit value of n, and Fig. 9 displays the
changes in fit as a function of n. As can be seen,
the best-fit value of n could be determined to with-
in a range of 1 or 2. The "'Ta(P, n)' e'W data at
14.8 MeV showed essentially no equilibrium con-
tribution but in all other cases nonzero values for
A were obtained.

To test the uniqueness of the fits, an alternative
form was tried

where 0 & n & 3, n+1 &m & 6. This parametrization
can represent the spectrum over a limited range,
but the fits showed systematic deviations from the
data for high U. In no case did Eq. (8) provide a
better fit than Eq. (7); for the 14.8-MeV Ta(p, n)
data, where as already mentioned a very small
value for A was obtained, the fits were equally
good.

The best-fit values of n obtained with Eq. (7)
are listed in Table II. A value of 1' would be ex-
pected for either a direct or a pre-equilibrium re-
action mechanism if the single-particle level spac-
ing is independent of energy and if higher-order
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terms in U can be ignored. In spite of this pre-
diction, the values 2, 3, and 5 are obtained for the
"Y(P n)"Zr "'Ta(P n)"'W, and 9'Nb(P n) 'Mo

reactions, respectively. The fits were originally
carried out in the energy region between U= 2

MeV and the smaller of the two quantities: the
neutron binding energy and the highest energy for
which data were available. It was subsequently
found that reducing the limits to a region as small
as 4 ~ U & 6 MeV did not change the best-fit values
of n obtained, although it reduced the difference
between the best and worst fits. Thus, the mag-
nitudes obtained for n are not due to a local anom-
aly, but are characteristic of excitation energies

below the binding energy for these nuclei. Possi-
ble explanations for the large n values will be pre-
sented in Sec. IV. From these fits the dependence
of A and B on angle and bombarding energy were
also obtained.

If the term Ae ' represents the equilibrium con-
tribution, an isotropic or symmetric" angular de-
pendence for A(II) would be expected. Since B(B)
may in general contain contributions from both di-
rect and pre-equilibrium processes, a forward-
peaked angular distribution for B(0) would be pre-
dicted.

As can be seen from Fig. 10, these predictions
were verified. Also shown for comparison in Fig.
10 is the 14.8-MeV Y(p, n) angular distribution for
neutrons leaving ' Zr in the ground and first ex-
cited states. Since these residual states should
have more overlap with the "Y ground state than
would be expected for higher excited states, it is
reasonable to assume that the angular distribution
to these states should be more characteristic of
direct reactions than would the nonequilibrium
contributions to continuum states. These two tran-

E =14.8 MeV

IO

-3
IO

IO I I I I I I I I I

0 I 2 5 4 5 6 7 8 9
IO

IO

U (MeV)

8=I&r
0

LLI

4J~ IO

W IPo

Ld~ lo

b

b

IO

IO
~ ~

I I t I I I I I I

p I 2 3 4 5 6 7 8 9

IO
2 5 6 7

U (MeV)
U(Mev}

FIG. 8. Fits of the form Ae ~ +BU" to the 14.8-MeV
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backward angle are shown. The experimental spectrum
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um) with +, the BU" contribution (nonequilibrium) with

x, and the sum Ae ++BU" with 0.

FIG. 9. Variation of the quality of fit to the neutron
spectrum of the expression Ae +BU" as a function of
n. The 14.8-MeV Y(p,n) 9Zr spectrum at 135' is the
example shown. The experimental spectrum is denoted
x, and the best-fit spectra for m =0, 2, and 4 are de-
noted by the dot dash, the solid line, and the dashed line,
respectively.
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sltlons are ~ to ~' and ~ to ~ for the ground

and first excited states, respectively; the com-
bination of two such different transitions would

be expected to be more representative of the con-
tinuum angular distribution for direct processes
than would either individually. Inspection of Fig
10 lndlcates that adding an isotropic component to
the form obtained for the first two levels can re-
produce roughly the shape observed for the non-
equilibrium portion. With this decomposition one
estimates equal contributions to the nonequilibri-
um cross section from direct and pre-equilibrium
processes.

B. Level Densities Above the Neutron
Binding Energy

where 0 E, E,' is the cross section for a com-
pound-nuclear reaction initiated by particle o. with

energy E leading to the emission of particle P with

ener E crgy „~,b, E' is the absorption cross section
for particle a at an energy E, as;„, (E') is the ah-
sorption cross section for particle P at an energenergy

, p(U) xs the level density of the residual nucle-
us, and Q is the Q value for the reaction (n tI). If
thee level density is assumed to have a constant-

7

temperature energy dependence and if o;„,(E') is
assumed to be a constant, the following results:

f E &Ce(E+0 E')irdEI -p(
0

Above the neutron binding energy the level den-
sity cannot be obtained from the shape of the evap-
oration spectrum directly, because of the pres-
ence of (P, 2n) neutrons in the spectrum. An al-
ternative technique proposed by Ericson, "can be
used to extend the level-density measurements
be ond thiy 's point ~ For a reaction which proceeds
to a given final state through the compound nu-
cleus, the energy dependence of the cross section
is determined primarily by the level densities in
t e residual nuclei reached by particle emission
The Coulomb barrier will inhibit competition from
nuc ei reached by charged-particle emission; thus,
the energy dependence of the cross section for
these nuclei will be determined primarily b thy e

c e y neutronvel density of the nucleus reached b n
emission.
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TABLE II. Best-fit n values.
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Since the right side of Eq. (10) does not depend
on F.„ the cross sections to a number of levels,
divided in each case hy the outgoing energy, can
be summed to obtain

~ & 8(E~ Ei) &&~.~~ (E)
&p(E+ 9) '

where A' is the number of levels included in the
analysis. The technique used in separating the
equilibrium and nonequilibrium contributions to
the spectra yields a parametrization of the equi-
librium portion in the form

[o(E,)/E, ]„„„=Ae"', (12)

p(E+0)~o. .„(E)/A(E) .

Thus, the energy dependence of the level density
for energies above the neutron binding energy can
be obtained from the variation of A(E) with bom-
barding energy.

The results obtained for "Zr, "Mo, and "'W
are shown in Figs. 11-13. Potential parameters
proposed by Becchetti and Greenlees" were used
to calculate the proton absorption cross sections.

where A is a function of bombarding energy. Com-
parison of Eqs. (11) and (12) shows that

Since only the relative values of o„,b, (E) are need-
ed, the results are not particularly sensitive to
the potential parameters used. The optical-model
potential of Hodgson ' yielded absorption cross
sections which differed by 30-40%%u~ from those of
Becchetti and Greenlees, but because the energy
dependence is similar, use of the Hodgson cross
sections would change the relative values of the
level density by less than 10%. Each A(E) value
yields a relative measurement of the level density
at the excitation energy corresponding to the in-
cident center-of-mass energy minus the Q value
for the (p, n) reaction; thus, there is some over-
lap between the region covered with this technique
and that obtained directly from the spectral shape.
In each case, the energy dependence extracted us-
ing the two techniques agrees within errors. The
constant-temperature level-density form is found
to be appropriate for excitation energies up to 10
MeV. For the appropriate choice of a, the excita-
tion-energy dependence of the usual Fermi-gas
form (p(U) =[1/(U —5)2]e't'U ~'i ) does not differ
appreciably over an energy range of a few MeV
from that of the constant-temperature form; as
has been pointed out by Maruyama, " the level den-
sities for certain nuclei can be fit with either
form over a limited energy range. The present
measurements indicate that the constant-temper-
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FIG. 11. Level density of Zr obtained from the bom-
barding energy dependence of A(E, 8) . The dashed line
represents the form obtained for energies below the neu-
tron binding energy from the neutron spectral shape.

FIG. 12. Level density of ~3Mo obtained from the bom-
barding energy dependence of A (E, 0). The dashed line
represents the form obtained for energies below the neu-
tron binding energy from the neutron spectral shape.
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the residual nucleus, does not depend on either of
these quantities, because of the proportionality of

p„,(U} and o (e}/e. Values for I';„, obtained from
this relation are shown in Table III. The single-
particle level spacing (g=6a/w') necessary for cal-
culating the level densities was obtained from the
relation a= SA, yielding values of 7 for Zr and
Mo and 14 for W'. The uncertainty in these widths
is substantial, primarily because of the difficulty
in estimating the fraction of the nonequilibrium
cross section due to direct processes. The esti-
mate of equal direct and pre-equilibrium cross
section is uncertain by at least 5(@. As can be
seen from Table III, the values for l;„,are approx-
imately 300 keV for A near 90 and about 1MeV
for A near 180. An earlier determination' of I';„,
yielded a value of 160+ 80 keV for A near 55.

)/
/

D. Relative Magnitude of Equilibrium
and Nonequilibrium Cross Sections

The analysis described in Sec. IIIA provides a
parametrization of the spectra in the form

o/e =AeU' +BU". (15)
I

7 9 IO I 1

U (Mev)
l2

FIG. 13. Level density of ~s~W obtained from the bom-
barding energy dependence of A(E, ej. The dashed line
represents the form obtained for energies below the neu-
tron binding energy froIn the neutron spectral shape.

ature energy dependence is observed over a larger
range than is consistent with a Fermi-gas form,
Changes in temperature are observed above 10
MeV and it is felt that these represent the transi-
tion to a Fermi-gas energy dependence at higher
excitation energies.

C. Intermediate-Level Widths

Application of the results of Williams' and Fesh-
back, Kerman, and Lemmer' yields a relation be-
tween the pre-equilibrium cross section and the
width of the pre-equilibrium state from which de-
cay has occurred.

Solving Eq. (5) for I';„„ the following result is
obtained:

Because of the linear bias on the detector, neu-
trons with energies less than 1.6 MeV were not
detected in this experiment. Thus, total cross
sections for neutron production cannot be extract-
ed directly from the data.

If the parametrization expressed in Eg. (15) is
assumed to be valid over the entire energy range
of the neutron spectrum, the integral of the ex-
pression will yield the neutron-production cross
section, including those parts due to equilibrium
and nonequilibrium processes. For higher bom-
barding energies, all of the neutrons correspond-
ing to (p, n) events will have energies above the de-
tector bias and thus the (p, n) cross sections can
be obtained directly. For these cases, the inte-
gral was extended beyond the neutron binding en-
ergy to the maximum possible excitation energy
(zero neutron energy), to provide a value for the
sum of the (p, n) and (p, 2n) cross sections. If, as
is expected for these nuclei, cross sections for
charged-particle emission from the compound nu-

TABLE III. Intermediate-resonance widths.(2S+ l)o,~, mo„„p„,(U) (14)v' hip„(E ~)[o~,(e)/~ j
where o,b, is the absorption cross section in the
entrance channel, O~p is the inverse capture
cross section (exit channel), m is the mass of the
emitted particle, E* is the excitation energy in the
compound system, and p„(E*)is the density of n
exciton states at an energy 8*. The above expres-
sion, although it contains c, the energy of the
emitted particle, and U, the excitation energy of

Nucleus

iS2~

Compound-nucleus
excitation

(NeV)

20.5
23
20.8
22.5
19.1
21.6

Intermediate-
resonance width

(keV)

240+120
320 + 160
340+170
660+330
610 ~305

1400 ~ 700
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cleus are small, the above sum should be approx-
imately equal to the reaction cross section. This
comparison provides an additional approximate
test of the appropriateness of the parametrization
of Eq. (15), although possible discrepancies could
result from changes in the parameters of the lev-
el-density formula for high U or variations in the
inverse capture cross section for low neutron en-
ergies.

The results of these calculations are shown in
Table IV. In all cases, the sum of (p, n} and

(p, 2n} cross sections is approximately equal to
the reaction cross section calculated with the Bec-
chetti parameters. The integral of the AeU'~ term
yields more cross section than the integral of the
BU" term, a result consistent with the conclusion
that the damping width of the doorway state into
more complicated states is much larger than that
to the continuum. If the limit of integration is
chosen to be the neutron binding energy, approxi-
mate values for the equilibrium and pre-equilib-
rium contributions to the (p, n) cross section can
be obtained; as can be seen, essentially all of the
'~'Ta(p, n)'"W cross section is due to nonequilib-
rium processes at 14.7 MeV, as are substantial
portions of the ' Y(p, n)89Zr and "Nb(p, n)"Mo
cross sections. These calculations depend on the
assumption that a second neutron will be emitted
where this is energetically possible; because of

competition from y decay, this represents only a

lower limit for the (p, n) cross section. Table I~''

also presents values of the ratio I' „/I';„,, the
(neutron) width to the continuum divided by the to-
tal width of the intermediate states. Since to first
order the incoming proton will produce a neutron
particle-hole state as often as a proton particle-
hole state, on the average three times as many
protons as neutrons will be in excited states. The
Coulomb barrier will inhibit proton emission rela-
tive to neutron emission; nonetheless, it is ex-
pected that the proton width would be somewhat
larger than the neutron width.

V. DISCUSSION

A. Level Densities

Previous determinations of the level-density pa-
rameters of nuclei studied in the present work
are listed in Table V. The level density of "Mo
has bpen studied by Bramblett and Bonner" and

by Wong et al." Comparison of the Bramblett and
Bonner results with the present measurements is
dif6cult because the former study is restricted to
excitation energies below 4 MeV, while the pres-
ent measurements indicate that for excitation en-
ergies less than 3 MeV considerable structure is
present in the level density. They also find that
a constant-temperature form fits the data, but ob-

TABLE IV. Equilibrium and nonequilibrium neutron cross sections.

Target
Ep

(MeV) cr(p, n) cr(P, n+2n)

Equilibrium
cross section

(mb)
cr(P, n) o(P, n+ 2n)

Nonequilibrium
cross section

(mb)

Con~ int

89'

181Ta

"v'

9coa

10.0
12.3
14.8

8.7
10.0
12.3
14.0

8.7
10.0
10.4
11.7
12.3
14.8

12.3
13.2
14.7

12.3
13.2
14.7

800 +150
1250 + 200

540 +150

760 +150
800 +200

75 +25
16 +5

77+ 20
36 +10
30 ~10
6+2
2~1

750 + 100
460+100
180 + 50

520 + 100
320+ 100
100 + 40

1620 +400

1100+ 350
1000 ~ 350
1700 + 800

110+30
330 + 140
580 ~ 300
900+400
800+400

1040 + 200
990+ 300
925 ~ 350

810 + 200
740+ 350
820+ 350

67+20
88 +30

66+15
75+25
36+15

6+3
9+5

15 +5
15 ~5
20 +8

40 +20
50 +20
90 +40

42 +20
30 +15
40 +15

100 +40

70 ~30
200 +80
170 +80

9+5
15+10
37 +15
43+15
70+30

43~25
64 +40

120 +60

46+25
33+20
63 +30

0.03 ~0.01
0.03 +0.01

0.03 + 0.01
0.1 +0.03
0.05 + 0.04

0.015 + 0.01
0.015 + 0.01
0.02 ~0.01
0.03 + 0.01

0.02 + 0.01
0.03 + 0.01
0.07 + 0.03

0.03 + 0.01
0.02 x 0.01
0.04 + 0.02
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tain a temperature of 0.57 MeV. The results of
Wong et aI,."indicate that the level density of "Mo
has a Fermi-gas form between excitation energies
of 3 and 8 MeV; the parameters they obtain for
the fit result in a variation of the nuclear temper-
ature between 0.7 and 0.86 over this range, in ex-
cellent agreement with the 15' "Mo temperatures
quoted in Table I. It is now evident that the Fermi-
gas dependence observed in Ref. 18 for "Mo was
due to neglect of nonequilibrium contributions.

The level density of "'W has also been measured
by Holbrow and Barschall, "using the "'Ta(P, n)-
"'W reaction. They find that the shape of the evap-
oration spectrum changes quite rapidly with pro-
ton energy and obtain temperatures of 0.64, 0.70,
and 0.78 MeV at bombarding energies of 8, 9, and
10 MeV, respectively. This trend is consistent
with that observed in the present measurements
(see Table I) and is attributed to the presence of
nonequilibrium processes. These temperatures
are systematically somewhat higher than those ob-
tained in the present measurements. The explana-
tion for this discrepancy is not clear, although the
small cross sections for the (P, n) reaction on Ta
make the results more sensitive to the background
subtraction than is the case for the other elements
studied.

The level densities for all three nuclei measured
in the present study have been obtained previously
by Borchers, Wood, and Holbrow. " Again, their

results could not be reconciled with the tradition-
al equilibrium assumption, because of a depen-
dence of the level density on bombarding energy
as well as residual excitation. The values for the
nuclear temperature obtained at the lowest bom-
barding energies are in reasonably good agree-
ment with the present results.

Verbinski and Burris" have measured the (P, n

+ 2n) spectra produced by 18-MeV proton bombard-
ment of Ta. They quote a value of 1.04 MeV for
the average temperature of ' W and ' W. The
equation derived by LeCouteur and Lang" was
used to obtain this temperature from the 2n por-
tion of the spectrum; as will be discussed later,
there is some indication that the 2n spectrum is
not accurately described by this relation, which
might account for the discrepancy between the
temperature obtained by Verbinski and Burris and
that determined in the present measurement.

Level densities for neighboring nuclei have been
measured by Maruyama, "Owens and Towle, "
Thomson, ' Plattner et al. ,

"Sobottka et al. ,"and
Mathur et al." The level-density forms obtained
by Maruyama for Y and Nb with the (n, n') reac-
tion could be fit with either a Fermi-gas or con-
stant-temperature form; the values for the tem-
perature were about 0.7 MeV, in excellent agree-
ment with the present measurements. The same
technique was used by Thomson to obtain level-
density parameters for Nb, Ta, and W. He ob-

TAB LE V. Level-density parameters.

Nucleus Reference Method
Bombarding

energy U range
a

(Me V-')
T

(MeV)

89'

"Zr

93Mo

Mo

si Ta

16
27

20
Present work

16
24

17
18
20

Present work

25
27

16
23
26

19
20
21

Present work

(n n')
{n,n' + 2n)

(p, n)

(p, n)

(n, n')
{n,n')

(p, n)

(p, n)

(p, n)

(p, n)

(n, n' + 2n)

{n,n' + 2n)

(n n')
(n, n'}
{n,n' + 2n)

(p, n)

(p, n)

(p, n +2n)
(p, n)

(n, n')
(n, n' +2n)

2 —7.5
14

9—12
7.8 —14.8

2 —7.5
4-7.0
5.3
7—13
9-12
7.8—14

14
14

2 —7.5
5—7
14

8 —10
9—12
18
8—14.8

5—7
14

2 —7,5

2 —8
2 —9

2 —7.5

c4
3-8
2 —8
2 —8

2-7.5
3—7

2 7

3-7

13.5—21.7
13.3

14.6-22.7
22.5—38.6
8.8
11.4
11

13.5
10.2
21.5-26.7
16.4 —17.7
23-27

25

16.0—16.6
21.7

0.63-0.84
0.93

0.7-1.0
0.7

0.6-0.78
0.33—0.59

0.57
0.7-0.86
0.7-1.05
0.68

0.90
1.02

0.56-0.63
0.82

0.64-0.78
0.5-1.05
1.04
0.54

0.52-0.6
0.72
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tained temperatures of 0.59, 0.52, and 0.5 MeV,
respectively. In the case of Nb, however, the nu-
clear temperature was found to depend on born-
barding energy, indicating that some nonequilib-
rium processes might have been present. Similar
results have been reported by Owens and Towle,
who obtain temperatures of about 0.55 MeV for
both Ta and W, but find a dependence of temper-
ature on bombarding energy as well. Level-den-
sity parameters for Mo and Ta have been obtained

by Plattner et al. and Sobottka et al. , respectively,
and those for Y, Mo, and W by Mathur et al. These
data were obtained from 14-MeV neutron bombard-
ment and extraction of the level-density parame-
ters is complicated by the presence of (n, 2n) neu-
trons. Temperatures of 0.9 for Mo and 0.82 for
Ta were obtained in the first two experiments and
values of 0.93, 1.02, and 0.72 for Y, Mo, and W,
respectively, were obtained by Mathur et al.
There is some indication" that use of the Lang
and LeCouteur formula" yields level-density pa-
rameters for Ta which do not agree with those ob-
tained by calculating the spectral shape directly;
this might imply that the Lang and LeCouteur re-
lation, which was derived for neutron cascades,
is not an accurate representation of an (n, 2n) spec-
trum.

B. Reaction Mechanisms

The present measurements indicate that non-
equilibrium processes are more easily observed
for nuclei with A near 90 and 180 than for nuclei
near A= 55. The lower temperatures characteristic
of these nuclei produce a more rapid decrease in
the equilibrium cross section to given final states
as the bombarding energy is increased, with the
result that nonequilibrium contributions can be ob-
served more easily. Comparison of the present
results with those of Ref. 1 indicates that the mag-
nitude of the nonequilibrium contributions to the
(P, n) cross section varies only slightly between
selected nuclei in the A = 50, A = 90, and A = 180
regions. Thus, the ratio I', (I';„„where I' „ is
the continuum width and I';„, the total width of the
pre-equilibrium state, does not change significant-
ly for the nuclei investigated. The total width I
however, does increase from about 160 keV to
about 1 MeV between A = 55 and A = 181. Theoret-
ically, this width is expected to be proportional to
g'8*', where g is the single-particle level spac-
ing and E* is the excitation energy. If g is as-
sumed to be proportional to A, this would result
in a value of over 30 for the ratio I';„,(A = 181)/
I;„,(A = 55), while the experimental value is 8.

Application of the level-density formulas ob-
tained from the assumption of a constant single-
particle level spacing leads to the prediction that

the nonequilibrium spectrum will have a linear de-
pendence on U for both the direct and pre-equilib-
rium portions of the (p, n) spectrum. Disagree-
ment with this prediction was observed for the re-
actions "V(p, n)"Cr and ' Co(P, n)' Ni, for which a
quadratic dependence on U produced the best fit to
the data. This discrepancy was not regarded as
serious, because of (1) the uncertainty of one unit
in the n determination procedure, and (2) small
contributions from higher-order terms in the ser-
ies. The present measurements especially Nb(P, n)
show much larger disagreements with theoretical
predictions and are too large to be explained by
the above factors. A more probable explanation is
that because of shell effects, the single-particle
level spacing is not sufficiently independent of ex-
citation energy to be regarded as constant. The
basic assumption of the model is that the relevant
residual states are one-particle (proton)-one-hole
(neutron) states. Such a level density would be ex-
pected to show the effects of non-uniform single-
particle level spacing more dramatically than
would the total level density which includes all con-
figurations. Since the effect of shells is to pro-
duce large gaps between ground or low-lying states
and higher excited states, the result is to reduce
the rate of increase in level density for small val-
ues of U relative to that for higher U; this effect
of a gap would be in the proper direction to cause
the "best-fit" value of n to be larger than it would
be in the absence of shell effects. Similar behav-
ior in the neighborhood of closed shells has been
noted by Cline and Blann. " Calculations by Maru-
yama" also have shown that shell effects would be
more obvious in the constituent level densities
(e.g. proton particle states) than in the composite
level densities. It is clear that measurements for
a number of nuclei near closed shells will be nec-
essary to determine whether this behavior is char-
acteristic of nuclei near closed shells or unique to
the nuclei studied here.

VI. SUMMARY

Examination of the neutron spectra from (p, n)
reactions on 8'Y 9sNb and &8xTa has shown that
substantial contributions from nonequilibrium pro-
cesses are present for bombarding energies above
10 MeV. Data obtained at lower energies were
used to obtain the level-density parameters for

Zr, Mo, and '"W; a constant-temperature
form is found to be appropriate for energies below
the neutron binding energy, with temperatures of
0.7, 0.68, and 0.54 MeV, respectively.

Spectra at higher bombarding energies were re-
solved into equilibrium and nonequilibrium por-
tions. Use of the bombarding-energy dependence
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of the compound-nuclear portion enabled the level-
density measurements to be extended to about 12
MeV. Changes in temperature consistent with the
expected transition to a Fermi-gas level-density
form were observed above 10 MeV.

The characteristics of the nonequilibrium part
of the spectrum were found to be in basic agree-
ment with the predictions of the current model.
Inconsistencies in the residual excitation-energy
dependence of the spectra were observed and ten-

tatively attributed to shel1. effects.
Comparison of the magnitudes of the equilibrium

and nonequilibrium cross section provided an esti-
mate of the intermediate-state width and that frac-
tion of the width corresponding to particle emis-
sion. The widths varied between approximately
300 keV for "Zr and "Mo to 1 MeV for '"W; the
width for nonequilibrium particle emission was
found to be between 5 and 10%%up of the total width ot
these states.

)Work performed under the auspices of the U. S. Atom-
ic Energy Commission.
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