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Nuclear Level Densities and Reaction Mechanisms from Continuum Neutron Spectra*
S. M. Grimes, J. D. Anderson, J. W. McClure, B. A. Pohl, and C. Wong

Zaao~ence Radiation Labo~ato~y, University of California, Live~move, California 94550
(Received 14 September 1970)

The neutron spectra produced by the ~ V(p, n) Cr, 9Co(p, n) ¹i, Ti(e, n) Cr, and GFe-

(n, n)5~Ni reactions were measured at five angles between 15 and 135' for proton energies be-
tween 7.8 and 14.7 MeV, and for e energies between 11.5 and 22.7 MeV. Spectra at low ener-
gies were used to obtain the spin-weighted level density of the residual nuclei 5 Cr and Ni.
Comparison of these spectral shapes with those obtained at higher energies made possible a
separation of the higher-energy spectra into compound and noncompound contributions.

The deduced compound-nuclear cross sections to given groups of levels were related to the
integrals of the level densities of the residual nuclei; the variation of these cross sections
with energy was used to extend the level-density measurements beyond the neutron binding
energy. A constant-temperature level-density form is found to be appropriate for Cr and

Ni up to residual excitation energies of 14 MeV. Values of the moment of inertia of the re-
sidual nuclei were extracted from the magnitude of the asymmetry of the compound-nuclear
angular distributions. The characteristics of the noncompound portion were compared with
those expected from direct- and pre-equilibrium-reaction mechanisms. It is concluded that
no convincing evidence for a pre-equilibrium component is observed in the (n, n) spectra; the
{p,n) data show behavior consistent with contributions from both pre-equilibrium- and direct-
reaction mechanisms. A value of approximately 160 keV was obtained for the widths of the
participating doorway states from a model-dependent calculation based on the magnitude of
the pre-equilibrium (p, n) cross section.

I. INTRODUCTION

Analyses of nuclear emission spectra have yield-
ed much information about nuclear level densities,
including both the functional form and parameters
of the level-density distribution for specific nu-
clei. ' ' The statistical theory' predicts that the
differential 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:

c(e) ~ «.(e)p(U),

where e is the channel kinetic energy and v, (e) is

the capture cross section for the inverse reaction
at an energy e.

The consequence of the statistical theory is that
nuclear level-density parameters obtained for a
specific residual nucleus should be independent of
(1) bombarding energy, and (2) entrance channel.
Experimental results, ""'however, have some-
times contradicted this prediction. Often, individ-
ual spectra have been fit with a specific level-den-
sity form, but the parameters so obtained have de-
pended on bombarding energy as well as residual
excitation.

In addition to the excess of high-energy particles
produced by direct reactions, i.e., above the num-



646 GRIMES, ANDERSON, McCLURE, POHL, AND WONG

IO I I I I I I I I I I I I I

40

E 0
IO

ISOBARIC
ANALOG

STAT E

~ ~

~ ~

~ ~

8, = les'

ber expected from statistical theory, it has been
suggested' that some of the particles observed are
produced by pre-equilibrium decay of the com-
pound nucleus. A specific model for such pre-
equilibrium emission has been proposed by Grif-
fin. ' The compound nucleus is considered to be
formed as the result of a number of two-body in-
teractions, each of which leads to a more compli-
cated configuration. If each of these states is as-
sumed to have a small width for particle emission
in addition to its width for decay into a more com-
plicated configuration, a pre-equilibrium compo-
nent will be generated. Griffin calculates the
shape of such a spectrum and shows that the Sn-

(P, n) data of Wood, Borchers, and Barschall' can
be fit with an expression including a pre-equilib-
rium component and an evaporation term. Modifi-
cations of the theory have been proposed by Blann"
and Williams, " and Blann, Lanzafame, and Bow-
man" have shown that the model can fit the excita-
tion functions for some n-induced reactions be-
tween 20 and 100 MeV.

The present measurements were undertaken in
an effort to determine if the emission spectra pro-
duced in various reactions leading to the residual
nuclei "Cr and "Ni show evidence of nonequilibri-
um contributions and, if observed, to compare
these portions of the spectra to the predictions of
the intermediate structure model. The technique
of analysis used also provided estimates of the
direct-reaction contributions to the neutron yield.
Stripping off these two noncompound components
from the measured spectra yielded the compound-

nucleus component of the spectrum; the bombard-
ing energy dependence of this portion of the spec-
trum was used to extend the deduced level-density
measurements up to 16-MeV residual excitation.

II. EXPERIMENTAL PROCEDURE
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The reactions studied included "Ti(o., n) "Cr,
"V(P, n) "Cr, "Fe(n, n) "Ni, and "Co(P, n) "Ni.
The experimental arrangement and electronics
have been described previously. " Protons with
energies between 7.8 and 14.7 MeV and o. particles
between 11.5 and 22.7 MeV were produced by the
Livermore 90-in. variable-energy cyclotron. The
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FIG. 1. The differential cross section for the 5~Co(P, n)-
~~Ni reaction as a function of center-of-mass neutron
energy. The bombarding energy was. 14.7 MeV and the
laboratory angle was 135'. Indicated errors are statisti-
cal only.

cos 8

FIG. 2. Angular distribution of the neutrons produced
in the ~~Co(p, n)5~Ni reaction leaving ~~Ni in five excited
states (1.69- U-1.96 MeV) as a function of bombarding
energy. Indicated errors are statistical only. The ob-
served change from an isotropic to a forward-peaked
angular distribution is consistent with the expected tran-
sition from a compound-nuclear to a direct-reaction
mechanism.
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charged particles impinged on solid self-support-
ing targets and the resulting neutrons were detect-
ed in NE 213 scintillators. Neutron energies were
determined from the time of flight over a 10.S-m
flight path, y-produced background was reduced
by exploiting the pulse-shape discrimination prop-
erties of NE 213, and pulses produced by recoil
protons with energies less than 1.6 MeV were
eliminated with a linear bias. The use of five de-
tectors enabled the simultaneous accumulation of
data for angles at 30 intervals between 15 and
135'. A typical (P, n) spectrum is shown in Fig. l.

III. DATA REDUCTION AND ANALYSIS

A. Compound-Nuclear Processes
and Level Densities

The differential energy spectra for the highest-
energy neutrons showed peaks at nearly all bom-
barding energies; these corresponded to low-lying
levels or groups of levels in the residual nuclei.
Examination of the angular distributions of these

neutrons indicated that the predominant reaction
mechanism changed from compound nuclear at the
lowest to direct reaction at the highest bombarding
energies, Figures 2 and 3 show the transition in
the angular-distribution shape as a function of
bombarding energy for one such peak in both the
(p, n) and (n, n) spectra. The isotropic angular
distribution at low energies is presumed to be due
to a compound-nuclear reaction mechanism. Ei-
ther a compound-nuclear or a mixture of pre-equi-
librium and compound mechanisms would be con-
sistent with the symmetric distribution observed
at higher energies (see Appendix A), while the
forward peaking at the highest energies is prob-
ably due to direct processes. Essentially the
same transitions can be observed as a function of
outgoing neutron energy at a specific bombarding
energy, as can be seen in Fig. 4.

Kith the exception of the isobaric analog state in
the (p, n) spectra. , no peaks corresponding to spe-
cific levels were observed for neutrons corre-
sponding to residual excitations greater than 3
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FIG. 8. Angular distribution of the neutrons produced
i.n the Fe(~, n) Ni reaction leaving Ni in five excited
states (1.69 -U- 1.96 MeV) as a f'unction of bombarding
energy. This is the same neutron "group" shorn in
Fig. 2 for the (P, n) reaction. Indicated errors are sta-
tistical only. The symmetry observed at each of these
bombarding energies indicates that direct processes are
not contributing appreciably to the cross section to these
levels in this energy region.
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FIG. 4. Angular distributions for three neutron "groups"
produced in the MFe(e, n)5~Ni reaction at a bombarding
energy of 12.5 MeV. The group labeled n&+n2 populated
taro levels in 5~Ni (U=0.34 and U=0.47 MeV), vrhile the
n3 group corresponds to one level (U= 0.87 MeV) and the
n&-n&& group corresponds to 5 levels (1.69- U-1.96
MeV). Indicated errors are statistical only. The dif-
ferences in angular distribution are consistent with the
expected transition from a compound-nuclear to a di-
rect-reaction mechanism as the out-going neutron ener-
gy increases
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in the analysis. Also, no level-density fit was at-
tempted for values of U less than 3 MeV, since
discrete levels or groups of levels were observed
in the spectra in this region. Spectra for both a
forward angle (15') and a backward angle (135')
are shown for a number of proton and n bombard-
ing energies in Figs. 5-8. The spectra for proton
bombarding energies of 10 MeV and below were
essentially isotropic in the continuum region (U
~ 3). Symmetry about 90' rather than isotropy was
observed for proton energies of 10.7 and 12.3 MeV,
and a slight forward peaking was present in the
spectra corresponding to proton energies of 13.2
and 14.7 MeV.

The (o.', n) reaction produced an isotropic angular
distribution in the continuum only for n energies
of 12 MeV or less. Between 12 and 16 MeV the
angular distributions were symmetric rather than
isotropic. Ericson and Strutinski" have shown

MeV. This portion of the spectra was analyzed by
calculating the "channel" cross section

o(0, e) = [(A+1)/A]o(0, E„),„,

where A is the mass number of the residual nu-
cleus, e ={[(A+1)/A]E„j, is the channel kinet-
ic energy, and o(0, E„), is the center-of-mass
cross section for the reaction. If the capture
cross section o, (e) is assumed to be constant,
then [(1/e)o(0, e) J will be proportional to the level
density of the residual nucleus according to Ep. (1).
Specifically, the assumption of a constant-temper-
ature form for the level density leads to the pre-
diction that a plot of log[(1/e)o(0, e)] against U

should yield a straight line with slope 1/T. For a.

typical Fermi-gas form, a straight line would be
obtained from a plot of log[(U'/e)a(0, e)] against
01/2

Because the detector efficiency changed rapidly
with energy for energies near the bias, neutrons
with energies less than 2.5 MeV were not included
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FIG. 6. Neutron spectra from the V(P, n) Cr reac-
tion at three bombarding energies. The points labeled x
are at 15'; those labeled o are at 135 . Indicated on each
spectrum are the regions in which the angular distribu-
tion was symmetric or isotropic. The isobaric analog
state produced the peak marked IAS.

FIG. 5. Neutron spectra from the Ti(e, n)5~Cr 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 dis-
tribution was symmetric or isotropic.
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where 'E
pp

is the apparent temperature obtained
from a spectrum at an angle 8, and K is the con-
stant in the equation q =RE„. The corrected tem-
perature yielded by this relation is the value which
would be obtained from analysis of the neutron
spectrum integrated over angle. The q values ob-
tained from the (n, n) spectra were approximately
linear functions of the neutron energy, while those
for the (P, n) reaction were sufficiently small so
that no correction was necessary. The (n, n) tem-
peratures shown in Table I have been corrected in
accordance with Eq. (4); these corrections were
always less than 8%.

Examination of Table I and Figs. 9 and 10 shows
that the (o, n) and (P, n) spectra show hehavior con-
sistent with the predictions of the compound-nu-
clear model only for the lower bombarding ener-
gies. Figures 9 and 10 are plots of the 135' spec-
tra for proton energies between 'l.8 and 12.3 MeV
and n energies between 11.5 and 16 MeV. In each
figure the line drawn through the spectra is the
one obtained by connecting the data points for the
appropriate 12.3-MeV (P, n) spectrum. Indicated
on the 12.3-MeV (p, n) spectra are the straight
lines corresponding to the average temperature

that in general the angular distribution produced
by a compound-nuclear reaction in the region of
overlapping levels will not be isotropic but will
have the form

o(g) =A(1+re cos'e), (3)

where

g=I~'I„2/2(2o')%~= p~E~ p, „E„/2(2 o)2R24.

I~ and I„are the average angular momenta brought
into and removed from the compound nucleus, re-
spectively, R is the radius of the residual nucleus,
p. , and p.„are the masses of the incoming and out-
going particles, respectively, and E~ and E,„are
the corresponding energies, and o is the spin cut-
off parameter in the level-density distribution for
the residual nucleus. If g were constant for a giv-
en bombarding energy, the correct temperature
could be calculated at any angle. Since g is a lin-
ear function of outgoing kinetic energy, it can be
shown that

1/T = 1/T, zz
—K(—', —cos'II), (4)
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obtained for "Cr(1.12 MeV) and "Ni(1.05 MeV) in
the 3 (U (9-MeV region. The difference in ener-
gy resolution between the high- and low-energy
spectra is evident but the agreement in average
slope between the various spectra can still be ob-
served. The universal shape observed in Figs. 9
and 10 indicates that the (P, n) and (n, s) reaction
mechanisms are almost completely compound nu-
clear in this energy region.

At higher energies the spectra showed behavior
less consistent with the predictions of the com-

TABLE I. Nuclear temperature as a function of E&
and U.

pound-nuclear model. As indicated in Table I, the
discrepancies show up first at forward angles, but

as the bombarding energy is increased they appear
in the backward direction as well. The 14.7-MeV

(P, n) spectra (Figs. 6 and 8) and 22.7-MeV (o, n)
spectra (Figs. 5 and 7) illustrate the spectral
shapes obtained at higher energies. In some cases,
the spectra could be fit with a constant-tempera-
ture form for the level density, but the parameters
for the fit were not consistent with those obtained
for the same excitation energies in the residual
nucleus from spectra corresponding to lower bom-

Oll

Ep or E~
(MeV)

U range
(MeV)

T
(MeV)

15 45 75. 105 135
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I
010
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51 5I
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E =8.7 o
E =IO.O
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FIG. 9. Comparison of 135' neutron spectra produced
in the 5~V(p, n) Cr and Ti(&, n) Cr reactions. The
solid line was obtained by connecting the data points in

the 12.3-MeV 5 V{P,n)5~Cr spectrum. Indicated on the
16-MeV 48Ti(G,', n)~~Cr spectrum is the straight line cor-
responding to the best-fit value of the nuclear tempera-
ture (T =1.12 MeV) in the region 3- U-9 MeV.
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barding energies. No fit for any value of the tem-
perature with the constant-temperature form of the
level density could be obtained for other spectra.
The discrepancies were always caused by an ex-
cess of high-energy neutrons, which led either to
a higher value for the temperature or a curving of
the spectrum in this region such that no straight
line could be fit to the data. Such deviations are
in the opposite direction to those expected from a
Fermi-gas dependence of temperature on excita-
tion energy. Because such behavior contradicts
the assumption that the level-density parameters
depend only on residual excitation, it is clear that
some noncompound-nuclear processes must be
involved. An analysis of these contributions is
presented in Sec. III B.

Equation (3) can be used to extract the moment
of inertia from the observed anisotropies in the
energy regions where the neutrons are produced
by compound-nuclear reactions. If v is expressed
in terms of the moment of inertia I of the residual
nucleus, and the nuclear temperature T, the fol-
lowing relation obtains:

q = p, ,E, p„E„R'/2(2IT/I')'h'

=25', IJ, „E,E„/32M'Tag2, (5)

B. Noncompound Reactions

Calculations by Griffin, ' Blann, "and Williams"

where M is the mass of the residual nucleus and

I( is I/Iz, the ratio of the moment of inertia of the
nucleus to the corresponding rigid-body moment
of inertia. (-', MR'). Thus, from the values of q as a
function of E, and E„ the moment of inertia of the
residual nucleus can be obtained.

The q values for the (p, n) reaction were too
small to be determined accurately and the (n, n)
spectra above 17.7 MeV were not symmetric; the
remaining spectra were used to calculate o. The
neutron spectra were averaged over 1-MeV inter-
vals and the resulting angular distributions fitted
with a Legendre-polynomial expansion including
E values from 0 through 3. For those groups for
which the P,(cos8) or P,(cos9) components were
nonzero (chiefly, the higher-energy neutrons in
the 17.7-MeV "Ti(o., n) spectra], no o value was
calculated.

Values for the moment of inertia are expressed
in terms of the ratio y of the measured to the rigid-
body value in Fig. 11. Comparison of the re suits
for various U values provides no evidence for
changes in I in the range 3- U -9 MeV; the mea-
surements are not accurate enough to rule out a
slow variation of I with U. For "Cr the average
of the ratio I/I„ is 0.57, while for "Ni the corre-
sponding value is 0.38.

lead to predictions for the energy distribution of
nucleons emitted in pre-equilibrium decays of the
compound nucleus. The basic assumption of the
model is that the incident particle and target nu-
cleus interact to form a p, particle and ho hole
state (where n„ the initial exciton number,
=P, +h, ). This state can decay in two ways: (1) It
could decay into a p0+1 particle and ho+1 hole
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solid line was obtained by connecting the data points in
the 12.3-MeV Co(P, n) ~Ni spectrum. Indicated on the
17.7-MeV 6Fe(m, n) Ni spectrum is the straight line
corresponding to the best-fit value of the nuclear tern-
perature (T =1.05 MeV) in the region 3-U-9 MeV.
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state .(2) With a small probability, it could decay
into a free particle and excited residual nucleus.
All more complicated pre-equilibrium states have
the same two possibilities for decay, with the re-
sult that the emission spectrum has both an equilib-
rium and a pre-equilibrium component, the latter
of which will include contributions from each of
the pre-equilibrium stages of the approach to equi-
librium. Williams" shows that the pre-equilibri-
um spectrum has the following form:

mhat higher value for no would be obtained if the
first formed state cannot decay into the final state
of interest. The calculations of Williams" tend to
justify the assumption that the transition n - n + 2

(particle-hole creation) will be more probable
than the transitions n-n (exciton scattering) or
n-n —2 (particle-hole annihilation).

At a given bombarding energy the series in Eq.
(8) can be expressed in the form

eo(e) U n -2
c(ll, e) E, , g —, (n'-n),

n=n
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FIG. 11„The ratio of the measured moment of inertia
I to the rigid-body moment of inertia for Cr and ~ Ni

as a function of excitation energy. The symbols 0, 4,
+, and && denote the data for bombarding energies of
14.0, 14.V, 16.0, and 1V.V MeV, respectively. Typical
uncertainties are indicated.

where e is the channel kinetic energy, o, (e) is the
inverse capture cross section, g is the usual sin-
gle-particle level density, and E* is the excitation
energy of the compound nucleus. The remaining
parameter (n, ) is the exciton number of the first
intermediate state formed. A discussion of the
proper technique for determining no is presented
in Appendix B. Under the assumption that each
transition increases the exciton number by two,
the initial intermediate state would be expected to
differ from the entrance-channel state by the pres-
ence of an additional particle-hole state and thus
have a value for n, two units higher than the nu-
cleon number of the incident projectile. A some-

If o, (&) is assumed to be constant, then the U de-
pendence o«(0, e)/e should be U in the region
U E. Since, in general, equilibrium emissions
will also be present in the spectrum, o(8, e)/e
would be given by Ap(U)+BU, where p(U) is the
level density of the residual nucleus. On the basis
of the analysis in Sec. III A, it mas concluded that
the level densities for both "Cr and "Ni could be
expressed in the form e, where T = 1.05 for "Ni
and T =1.12 for "Cr. Thus, if pre-equilibrium
contributions are present, it mould be expected
that the spectrum would have the form

v(8, e)/e =Ae U r + BU .
Griffin" has pointed out that information about

direct reactions can be obtained by using the same
level-density formula for simple residual states
as is used for the calculation of the pre-equilibri-
um-emission spectrum. The derivation' "of the
precompound energy distribution utilizes the lev-
el-density formula p„(U) o- U" ', where p„(U) is
the density of n-exciton states at the excitation
energy U. Because of the nature of a direct reac-
tion, the final states of the residual nucleus
reached in such a process are expected to have a
simple configuration relative to the initial state.
Griffin examined the dependence on residual ex-
citation energy of a number of (n, P) spectra for
odd-Z targets and demonstrated that the observed
spectral shape was consistent with the predictions
obtained under the assumption that the final states
corresponded to four-exciton states. In the dis-
torted-wave Born approximation (DWBA), the
cross section for a direct process to a group of
states f is given by

(&y/&; ) I i'y; I'pf (U)d U,

where K; and K& are the initial and final mave
numbers, respectively, and V&; is the matrix ele-
ment connecting initial and final states. At a given
bombarding energy, the spectrum should have the
for m (xD Kf pf (U)dU. If the spectrum contains
both direct and compound contributions, the form
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o(9, e)/e =Ae~~r+ C p& (U)/ve

=Re +C U" '/ve

would be expected, where n is the exciton number
of the residual state formed in a direct reaction.
An expansion of We= (E,+ Q- U)'" in powers of

U/(E, + Q) makes it possible to eliminate the ex-
plicit ~ dependence of the second term and results
in the following form:

~~eU/T g Um

For values of U &E„ it can be seen that Eq. (11)
reduces to the form of the expression given in Eq.
(8). Thus, both pre-equilibrium and direct contri-
butions to the spectrum will have the same type of
dependence on U, although in general they would
correspond to different m values.

The formulations of the pre-equilibrium model' "
have not included discussions of the angular distri-
bution to be expected from such a reaction mecha-
nism. No prediction for the form of the angular
distribution can be made without some assumption
as to the lifetime of such states. Because the the-
ories of pre-equilibrium emission assume that
such processes can be separated from direct con-
tributions, they rest on the assumption that the
lifetime of pre-equilibrium states is significantly
longer than the single-particle transit time across
the nucleus. In such a case the angular distribu-
tion would be symmetric about 90', for the same

reason that compound-nuclear processes have a
symmetric angular distribution. This point is dis-
cussed in greater detail in the Appendix A.

The analysis was carried out by fitting each
( p, n) or (n, n) spectrum with the temperature ob-
tained in Sec. III A and various values of m. As
expected, the spectra for proton energies of 12
MeV or less and those for n energies of 16 MeV
or less were fit as well with just the exponential
term as with the form shown in Eq. (8); this pro-
vides evidence for the correctness of the fitting
procedure.

At higher energies the fitting procedure was suf-
ficiently sensitive to show a variation in quality of
fit as a function of m value. The fitting region ex-
tended from U =3 MeV as the lower boundary (be-
low which the level density was too low to apply a
statistical treatment) to a maximum U for which
data were available if this value was lower than 9
MeV. The upper limit of 9 MeV was selected be-
cause of the presence of (p, 2n) or (n, 2n) neutrons
beyond this region.

Typical fits for a (p, n) and (n, n) reaction are
shown in Figs. 12 and 13, respectively. Table II
lists the best-fit m values as a function of reac-
tion, angle, and energy. %here more than one
value is listed, the values shown provided equally
good fits. An estimate of the sensitivity of the fit-
ting procedure can be obtained from Fig. 14, which
shows the fits obtained for various m values.

The value of m for the (n, n) reaction would be
expected to be approximately two for the direct
contribution (corresponding to a three-exciton re-
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FIG. 12. Fits of the form Ae / +BU to the 14.7-MeV ~VI'p, n) ~Cr neutron spectrum. Both a forward angle (15') and
a backward angle (135') are shown. The experimental spectrum is denoted with ~, the AeU term contribution (com-
pound) with +, the BU contribution (noncompound) with x, and the sum Ae +BP with C).
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sidual state) and four or higher for a. pre-equilib-
rium contribution (corresponding to a six-exciton
intermediate state). The values shown in Table II
provide some evidence for pre-equilibrium con-
tributions at 16 MeV, but these are overwhelmed
at higher energies by a substantial direct contri-
bution.

Either a direct or a pre-equilibrium (P, n) reac-
tion would probably yield a value of 1 for rvi, , be-
cause in both cases it is- expected that the residual
states will be one-particle (proton) and one-hole
(neutron) states. In fact, the observed best-fit rn

values are somewhat higher. This is probably a
consequence of the fact that the fits were made in
the region 3 ~U &9; a smaller value for m might
be obtained if a fit could be performed for smaller
fJ/E* values. The energy distribution for either a
direct or a pre-equilibrium reaction would also
contain terms of higher order in U and a fit includ-
ing regions where U. is not small compared to E*
might show the effects of these terms.

More information on the reaction mechanisms in-
volved can be obtained by examining the depen-
dence of 8 on both angle and bombarding energy.
As can be seen from Eq. (6), the dependence on
bombarding energy of the first term in the expres-
sion for the pre-equilibrium spectrum g(9, e)/e is
1/(E*)"", where E* is the excitation energy in the
compound nucleus and n is the exciton number of
the intermediate state involved. For a direct re-
action, the dependence of o(8, e)/e on bombarding
energy is indirect and comes about through the
variation of I V&;~' with energy. This is a function
of the nuclear potential and cannot be evaluated
without specifying the potential, but would be ex-
pected to be approximately 1/E, or 1/E, ', i.e.,

TABLE II. Best fit m values.

Ep or E~
(MeV) 15' 45 75' 105' 135'

~~V(p, n) ~~Cr

12.8
13.2
14.7

1 0
1 2

1 2 2

2 a
12 23
2y3 2

16.0
17.7
20.0
22.7

48Ti(o. n)5~Cr

2 3 3,4 a
2 2 $ 8 2 3
1,2 2 1,2 2, 8
2 3 2 2 $ 8

a
3,4
2
3

12,3
18.2
14.7

~~Co(p, n)5 Ni

2 1 2 a
8 2 2
12 8 12

a
1 2

2

16.0
17.7
20.0
22.7

56Fe(G. , n) ~8Ni

3 5 a a
2 23 2 34
12 2 3 23
2 3 2y3 2

a
4, 5

2y 3

Spectra were fit so well with the exponential term
that no value for m could be obtained.

the cross section is assumed approximately con-
stant or varying a,s 1/E~.

In Fig. 15 is shown the bombarding- and excita-
tion- energy dependence of the parameter B for
both the (o., n) and (p, n) reactions. Also indicated
(with da.shed lines) is the energy dependence ex-
pected for pre-equilibrium and direct reactions.
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The .limited energy range for which data are avail-
able and the magnitude of the errors on the B(E, 9)
values make it impossible to rule out either pro-
cess on the basis of the energy dependence of this
part of the cross section. The differences between
the expected behavior for direct reactions and that
for pre-equilibrium reactions make it possible to
use the variation with energy to distinguish be-
tween the two processes, but clearly data must be
available over a large energy range.

The angular dependence of the B(E, 9) values is
also useful in identifying the reaction mechanism
involved. As can be seen in Fig. 16, the contribu-
tion to the spectrum represented by the B values
is strongly forward peaked for the (n, n) reaction,
suggesting that the reaction mechanism involved
is direct. Also shown for comparison is the angu-
lar dependence predicted for a direct (n, n) reac-
tion with the relation o((I}~1/(kR)', which can be
obtained semiclassically by assuming that the re-
action occurs at the surface of the nucleus and
that the presence of many different l-transfer con-
tributions will obliterate the diffraction minima
and maxima. Considering the crudeness of the cal-
culation, the agreement between the measured and

calculated values is quite good.
Figure 16 also shows the angular dependence of

the 8 values obtained from the (P, n) reaction. The
shape of this portion of the spectrum is not as
strongly forward peaked as would be expected from
1/(kfi', )' nor is it symmetric (for a pre-equilibrium
reaction). Shown for comparison in Fig. 16 is the
angular distribution for the (P, n} reaction to the
analog state, a reaction known to be direct. In
this case, as was observed for the energy depen-
dence of the cross section, the behavior of the
noncompound component of the (p, u) reaction is
between the predictions for direct- and pre-equi-
librium- reaction mechanisms.

C. Extension of Level-Density Measurements
Beyond 9 MeV

The procedure discussed in Sec. III A cannot
give reliable values for the level densities of "Cr
and "Ni beyond 9 MeV, because of the presence of

(P, 2n) and (n, 2n) neutrons in this region. An al-
ternative technique, suggested by Ericson, "can
be utilized to extend the level-density measure-
ments beyond this point. For a reaction which
proceeds to a given final state through a compound
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FIG. 14. Variation of the quality of fit to the neutron
spectrum of the expression Ae ~ +BU as a function of
m. The 22.7-MeV 48Ti(0.', n)~~Cr spectrum at 15' is the
example shown. The experimental spectrum is denoted by
x, and the best-fit spectra for nz =0, 2, and 4 are de-
noted by the dot-dash line, the solid line, and the dashed
line, respectively.

FIG. 15. Dependence of B(E,O) on both the bombard-
ing energy (E&) and excitation energy in the compound
nucleus (E*). On the left for each reaction (a) and (b)
is the plot against E&, the dashed line is the approxi-
mate bombarding energy dependence (1/E& ) expected
for o/e from a direct reaction. The corresponding
points on the right show the variation of B(E,6) with E*;
the dashed line is the excitation energy dependence ex-
pected for a pre-equilibrium reaction [(1/E*) for (&, n),
(1/E*)4 for I'P, n)]. (a) The 4 Ti(o,', n) 5 Cr and seFe(a, n)-
5 Ni reactions. (b) The ~V(P, n)~~Cr and ~ Co(P, n) Ni
reactions.
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FIG. 16. Dependence of A(E, O) and B(E,O) on 0. (a) The 8Ti(m, n) Cr and 56Fe{c).', n)5~Ni reactions for Ec).=22.7 MeV.
The points labeled x denote the expected angular dependence for a direct reaction calculated from the assumption of a
black nucleus. (b) The 5 V(p, n)5~Cr and 5~Co(p, n)5~Ni reactions for E& =14.7 MeV. The points labeled &&denote the angu-
lar distribution obtained for the isobaric analog state in the 5~V(p, n)~~Cr reaction at 14.7 MeV.

where cr,b, is the total absorption cross section.
Thus,

o(e)/e =a», (E,)/ e p(E —e)de (14)

nucleus, the energy dependence of the cross sec-
tion is determined primarily by the level densities
in the residual nuclei. If the effects due to changes
in transmission coefficients can be either ignored
or corrected for, the decrease in &r(e) to a particu-
lar final level will be determined by the rate of in-
crease of the levels accessible in the residual nu-
clei. The Coulomb barrier will inhibit competi-
tion due to residual nuclei reached in charged-par-
ticle emission so that the rate of change of the
cross section will be determined primarily by the
level density in the residual nucleus reached by
neutron emission.

This can be put on a more quantitative basis
wltll tile llse of Eg. (1).

o(e) «.(e) p(U) .
If it is assumed that cr, is constant and that all

channels can be ignored except the neutron chan-
nel, the following expression is obtained:

for one level. The technique of analysis described
in Sec. III B involved determining the fraction of
the emission spectrum for 3 & U ~ 9 MeV which
was due to compound-nuclear reactions at various
bombarding energies. This means that instead of
one level as in Eq. (14), one is summing over all
levels between 3 and 9 MeV. In this case the fol-
lowing relation is obtained:

a(E, )
3 ~p~9 Mev

o» (E~) „o»,(E.)

J, "(E—U)e""dU T'p(U„)

where U„(=E, ~ + Q) is the maximum possible re-
sidual excitation energy at the bombarding energy
E~. The proton absorption cross sections were
calculated with the optical-model parameters of
Hodgson, "while the corresponding e parameters
were those proposed by Benveniste, Merkel, and
Mitchell. " Use of the A(E, ) values for low bom-
barding energies gave relative values for the level
density in the region below 9 MeV; these mere
used to normalize the relative points obtained
from this technique to the values obtained from
analysis of the spectral shape. The resultant
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curves are shown in Figs. 17 and 18 and indicate
that the constant-temperature level-density form
remains appropriate considerably beyond U =S
MeV. The deviations from the constant-tempera-
ture form are in a direction consistent with the
expected transition to Fermi-gas behavior as the
energy is increased.

The general form for the contribution of each
level to a continuum spectrum" indicates that the
weighting of each residual level in an emission
spectrum is proportional to (2J+1). Thus, the re-
lation between the spectrum and the level density
is actually

o(e) ~ e o, (e) Q(2J+ 1)p (U, J)

~ e o, (e)(2J+ I )p(U),

where (2J+1) is the expectation value of 2J+1 at
the energy U. If the usual dependence of p(U, J) on
J is assumed, [p(U, J) ~(2J+1)e ~ ~" ~" ], (2J+1)
can be shown to be (2vo')"~'; for the case in which

cr,b, (2J +1}
(2vo')'"T'Ke ~

(1'7)

o is constant or slowly varying, the presence of
this factor can be ignored, as is usually done.
The normalization of such a relative level-density
measurement cannot be carried out against an ab-
solute level-density count in regions where levels
can be resolved, but must be compared with a nor-
malized level count in which each level is weighted
by the factor (2J+I)/(2J+1). Because the J val-
ues are not known for all low-lying levels for "Cr
and "Ni, such a normalization could not be made.

Instead, the normalization was carried out with
the use of the absolute cross section to the ground
state for the "V(p, n)"Cr reaction and the first
three levels for the "Co(p, n)59Ni reaction at E~
='f.8 MeV. If spin effects are included in Eq. (14),
the cross section o(e) to a particular final level of
spin J for an outgoing neutron energy of e is

o(e) o,b, (2J+ I}

(2J + 1)f; (U„- U) p(U)d U
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FIG. 17. Level density of Cr between U= 3 MeV and U= 18 MeV. The solid line is the curve obtained from Fig. 9;
the extension of the level density beyond 9 MeV and the absolute normalization (carried out for the point near 6 MeV)
are based on the analysis described in Sec. III C. The dashed line indicates approximately the point below which the
differential spectrum is no longer proportional to the level density.
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where (2J+1) is the expectation value of 2J+1 av-
eraged over J and U, and p(U) has been replaced
by Ke . 0 values are obtained from the analysis
in Sec. III A.

The computer code LOKI calculated the reaction
cross sections for "V and "Co with the potential
parameters of Hodgson; these had to be corrected
for the effects of (1) direct inelastic processes
Iprimarily (p, p') to collective states), (2) pre-
equilibrium emissions, and (3) the component of
the cross section for which the isospin T is To+ &.
A rough estimate of the combined magnitude of
these corrections is 25/o. Since all of these ef-
fects tend to enhance the (p, p') cross section at
the expense of the (p, n), the correctness of this
estimate can be gauged by comparing the cross
sections o(P, n) and o(P, P'). According to Hansen
and Albert, ' the ratio o(p, p')/o(p, n) is about 1:
3; thus the approximate estimate listed above is
not inconsistent with experiment. The corrected
o,h,.(=0.75xo„„„,„)was substituted in Eq. (1 f) to
provide an absolute level density at about 6 MeV.
Also shown on the plot are the level densities for
"Cr and "Ni at the neutron binding energy; these
were obtained from the density of &' levels mea-

sured by Bilpuch et al. ' and the value of 2g ex-
tracted from the analysis described in Sec. III A.
Equation (3) is obtained by Ericson and Strutinski
with the use of the sharp-cut off approximation.
The values for 20' for "Cr and "Ni were evalu-
ated using the expectation values for the angular
momenta calculated from the transmission coef-
ficients for the potentials of Hodgson (neutrons)
and Benveniste (n particles) rather than the sharp-
cutoff values producing an increase of 25% in the
values of cr obtained. The agreement between the
neutron-resonance values and the present mea-
surements is poor; the lack of agreement will be
discussed in Sec. IV.

IV. DISCUSSION

A. Level Densities

Recent measurements of the excitation-energy
dependence and absolute magnitude of level-densi-
ty functions for nuclei in the same mass region as
those measured in the present experiment include
those of Fluss et al."and Huizenga et al." The
proton and n spectra produced by the e + "Fe and
P+ "Co systems were studied in the first experi-
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ment; the residual nuclei "Fe and "Co were found

to have constant-temperature level densities with

temperatures about 1.2 MeV. The results of the
present experiment indicate that there is some pos-
sibility of direct and pre-equilibrium contributions
in the continuum spectra at the energy used by
Fluss et al. ; nonetheless, the constant-tempera-
ture form and the values of T obtained are in rea-
sonably good agreement with the present measure-
ments for nuclei in this mass region.

Huizenga et al. utilized the cross sections of the
"Fe(n, p) "Co and "Co(p, a)"Fe reactions to low-

lying residual states to obtain absolute level-den-
sity measurements for the residual nuclei "Fe,
"Co, and "Ni. Their data can be fit with either
a back-shifted Fermi gas or a constant-tempera-
ture level density, but the agreement with the
present measurements is poor because the value
of T obtained by Huizenga et al. was 1.5 MeV.
This value for T is sufficiently high that the cross
sections proceeding through the compound nucleus
"Ni would depend on the level densities of "Fe and
"Co, as well as "Ni, while the temperatures ob-
tained in the present experiment are so low that
the cross sections would depend essentially only
on the level density of "Ni.

The present technique for determining relative
level densities from absolute cross sections in the
continuum has two important advantages over the
technique used by Huizenga et al. , which uses the
cross section to a single level. Because the cross
sections to be measured are in the continuum,

their magnitudes are much larger than those to
individual levels and counting statistics become
an insignificant source of error. In addition, the
shape of the spectrum can be determined at lower
energies making possible the subtraction of non-
compound contributions at higher energies, where
the single-level technique would be difficult if not
impossible to use. If, as proposed in Appendix A,
pre-equilibrium contributions to a cross section
also result in a symmetric angular distribution,
the traditional criterion of symmetry about 90' as
a sufficient condition for a compound-nuclear re-
action may be invalid. As can be seen from the
formulas in Sec. III B, the contributions of pre-
equilibrium and direct processes relative to com-
pound processes are larger for small values of U;
this region is precisely where the cross sections
to isolated levels ean be measured.

The absolute cross sections to lom-. lying levels
obtained in the present experiment are not as in-
consistent with those of Huizenga et al. as might
be inferred from the differences in the level den-
sities obtained from the two sets of data.

As can be seen from Eq. (15), the absolute cross
section to a particular final level is determined by

the competition with all other decay channels. One
deduces a level density from this competition, i.e.,
the competition is given by fo "(U„—U) p(U)dU,
which will be T'p(U„) if p(U) =Eever. Since the
values for this integral measured in the two ex-
periments agree to within 20% below U =9 MeV,
the differences in deduced level densities arise
from the different temperatures used.

The most important sources of error in the con-
tinuum cross section are those due to the error in
the absolute value of the cross section due to de-
tector efficiency and the uncertainty of the energy
scale. An uncertainty of ~ in the bombarding en-
ergy produces an essentially identical uncertainty
in the residual excitation; this would make the lev-
el-density measurement incorrect by a factor
e . Smaller contributions to the error result
from the relative uncertainty of the absorption-
cross-section values at various energies, and the
uncertainties introduced by the fitting procedure.
The combined effects of these errors is to make
the relative level-density determination uncertain
by 15%.

The error on the absolute level density is sub-
stantially larger, primarily because of the uncer-
tainties in o, the spin-eut-off parameter, and v,q„
the absorption cross section. The values for a
were obtained from analysis of the anisotropy of
the angular distributions for the (n, n) reaction.

As was explained in Sec. III C, the values (I,')
and (I„') were evaluated using partial cross sec-
tions as functions of J calculated from optical pa-
rameters. It is felt that uncertainties in these pa-
rameters could result in a 10'fo error in o.; this
mould change the absolute normalization by the
same factor, but more importantly, would change
the value obtained by resonance counting at the
neutron binding energy by twice this amount, since
this value is proportional to v'. The absorption
cross section and the corrections to this number
for direct reactions, pre-equilibrium emissions,
and isospin effects cause an additional error in the
absolute level densities of about 15'fo. To these er-
rors must be added the uncertainties responsible
for the relative errors as described previously,
with the result that the value for the combined un-
certainties introduced in the absolute level density
is approximately 30%.

The measured level density at the neutron bind-

ing energy is also subject to uncertainties. As has
already been pointed out, a substantial error
arises from the factor of 2cr' which converts the
density of 2' levels to the total level density. In
addition, because the value for density of —,

"levels
is obtained from counting a small number of levels,
level statistics introduce an additional 20% uncer-
tainty. Comparison of the measured level-width
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distribution with a Porter- Thomas distribution in-
dicates that a similar fraction of levels (those with
narrow widths) may have been missed in the neu-
tron scattering experiment. Thus, both the pres-
ent measurement and the level density determined
from a count of neutron-binding-energy resonances
are subject to appreciable errors, but it does not
seem as if the errors are large enough to explain
the factor-of-3 discrepancies observed for
both "Cr and "Ni.

The present measurements could be brought into
agreement with the neutron-binding-energy-reso-
nance count if the rigid-body value for a were used.
Ericson'4 compared the level densities obtained
from charged-particle spectroscopy with those
calculated from neutron-binding-energy- resonance
counts for a number of nuclei in this mass region
Bnd concluded that a rigid-body magnitude for cr

was required to bring the two level densities into
agreement. However, the values of cr measured
in the present experiment (Sec. III A) exclude this
resolution of the discrepancy.

B. Reaction Mechanisms

The results of Sec. III B indicate that the (P, n)
and (n, n) spectra at higher energies can be de-
composed into a compound and a noncompound
portion. On the basis of the residual-excitation-
energy dependence and angular distribution it was
concluded that the noncompound component was
essentially direct in the (n, n) case, while for the
(P, n) reaction the characteristics of this portion
of the spectrum were consistent with those expect-
ed from a mixture of direct and pre-equilibrium
contributions.

For the (P, .n) reaction the two reaction mecha-
nisms are difficult to separate experimentally. It
is expected that a direct ( p, n) reaction would popu-
late one-pa, rticle (proton) and one-hole (neutron)
states in the residual nucleus; these same states
would also be populated by a pre-equilibrium pro-
cess proceeding through a three-exciton interme-
diate state. In the continuum both mechanisms
would be expected to pick out the two-exciton com-
ponent of residual states, leading to an identical
dependence on the residual excitation U. The pres-
ent separation between the two mechanisms is not
entirely conclusive, because it is based on the less
definitive angular and bombarding-energy depen-
dence.

A corresponding analysis is simpler for the (n,
n) reaction. Direct stripping processes would be
expected to lead to three-exciton residual states.
If the pre-equilibrium process is assumed to take
place as the result of a number of two-body inter-
actions, it might be argued that in order to trans-
fer a large fraction of the energy of the e particle

(shared initially by four nucleons) to the neutron,
two or three two-body interactions might be neces-
sary, resulting in a six- or eight-exciton interme-
diate state. Thus, the U dependence would distin-
guish between the direct and pre-equilibrium com-
ponents. As the exeiton number n of the last inter-
mediate state before emission is increased, the
cross section for pre-equilibrium emission de-
creases as U" '/(E*)"", so for large n the cross
section becomes quite small. A reaction such as
(o., o') or (n, 3Pn), which could occur with just one
two-body interaction, would be more likely to have
a large pre-equilibrium amplitude, relative to the
direct and compound contributions. Another con-
sequence of the high n value needed for an (o., n)
pre-equilibrium emission is that the resultant
emission spectrum will not differ appreciably in
shape from the equilibrium form, making separa-
tion of such contributions difficult.

These predictions can be compared with the mea-
surements of Blann and Lanzafame" of cross sec-
tions for n-induced reactions on "V. They find
that the excitation functions for (o., 3n) and (n, P3n)
can be fit very well with a calculated pre-equilibri-
um cross section above 40 MeV, but that the cal-
culated pre-equilibrium (o., u) cross section has
the wrong energy dependence. This could be a
consequence of the fact that the pre-equilibrium
(o.', n) component is so small that the direct ampli-
tude provides most of the cross section. This in-
terpretation is consistent with the fact that the

(u, n) cross section is an order of magnitude
smaller than the (of, 3np) cross sections.

C. Intermediate Level Width

Because the Griffin formulation of pre-equilibri-
um emission neglects interference with the inci-
dent beam, its validity rests implicitly on the as-
sumption that the lifetime of intermediate states
is considerably longer than the single-particle
transit time. As is shown in Appendix A, an esti-
mate of the lifetime of a three-exciton state can
be obtained from the value of the cross section for
pre-equilibrium emission in the (p, n) reaction.
From Eq. (A6) the pre-eqhilibrium cross section
has the value

&~ =& b p, o,p (~)/v" p (&*)F, (I6)

where I', is the width of a three-exciton state. The
analysis or Sec. III B provides values for the non-
compound contribution in the form

(+/e) noncompound

The noncompound cross section for the (P, n) re-
action is estimated to contain equal contributions
from direct and pre-equilibrium contributions;
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therefore

(cr/e) v, = (4mB/2)U= o,b, p, „o,p, (U)/m'5'p, (E+)I'~,

I', = p„o,b, o,p, (U)/2v'li'p, (E*)BU . (20)

Values of 5 for g (density of single-particle states
per MeV) and 1 b for o,b, and o, were assumed.
The resultant I', obtained from an average of 8 at
14.7 MeV for "Co(p, n)"Ni and "V(p, n)"Cr is 160
keV, This value is subject to large uncertainties,
primarily because of the difficulty in determining
the fraction of the noncompound cross section at-
tributable to pre-equilibrium emissions, but it
does have a magnitude consistent with the assump-
tions I",&» I";„„»I"c„made in calculating the pre-
equilibrium spectrum and should be accurate to
within a factor of 2.

V. SUMMARY

An analysis of the continuum neutron spectra,
produced f rom the "Cr and Ni compound systems
has yielded information on both the level densities
of "Cr and "Ni and on the reaction mechanisms
involved in the (P, n) and (u, n) reactions in the 8-
to 23-MeV range. For proton energies of 10 MeV
or less and o. energies of 14 MeV or less both re-
actions are essentially compound nuclear. In this
range the level-density form for "Cr and "Ni can
be extracted; a constant-temperature form was
found to be appropriate for both nuclei.

At higher energies the spectra were resolved in-
to compound and noncompound portions. Use of
the bombarding-energy dependence of the com-
pound portion enabled the level-density measure-
ments to be extended to residual energies of 18
MeV; the constant-temperature form remained
valid up to 14 MeV.

Examination of the noncompound contribution
led to the conclusion that the (n, n) noncompound
portion was essentially direct, while the corre-
sponding ( p, n) component was due to both direct
and pre-equilibrium processes. The difference
between the relative importance of pre-equilibri-
um contributions in the two rea, ctions is that the
(n, n) reaction proceeds through a, higher-order
process, i.e., a larger number of two-body inter-
actions is necessary for (n, n) decay.

A study of nuclei with lower nuclear tempera-
tures would be particularly interesting, since
these nuclei should have smaller equilibrium
cross sections in the energy region where pre-
equilibrium cross sections are large. This result
cannot be achieved by simply increasing the bom-

barding energy for the nuclei studied in the pres-
ent experiment because, compared with the pre-
equilibrium cross section, the relative decrease
of the compound contribution is nullified by a rela-
tive increase of the direct contribution with in-
creasing energy.

A relation between the pre-equilibrium cross
section and the width of the corresponding inter-
mediate state was derived. Use of the experimen-
al values for these cross sections yielded a value
for the intermediate-state width of 160+ 80 keV.
This value is consistent with the relation I,p

and thus affirms one of the basic assumptions of
the Griffin model. In addition, it satisfies the con-
dition necessary to obtain a symmetric angular
distribution from pre- equilibrium emissions.
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8 s —2i- =—' [Mf'g
" "

(Al)

~'=—' ~m~'g'E* (A2)

fi (m+1) ' (A8)

where g is the single-particle level density and E*
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states, the ratio I„',/X„+, = I'„',/I'„', can be
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APPENDIX

A. Lifetimes of Intermediate States
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+abs ccn/F„ (A4)

where cr,b, is the absorption cross section, I'„„is
the continuum width of the intermediate state, and
I'„ is the total width of the intermediate (n-exciton)
state. According to Williams" the width to the
continuum of such a state is

(e) &a«cacpa s(U)
x'if'p (E*) (A5)

where a.„z is the inverse capture cross section,
and F„„(e)is the width for emission of a particle
of energy e. Substituting this expression in Eq.
(A4), the following expression is obtained:

&abs PaocaaPa-s(U)
" v'~'p„(&*)t.o~(e)/eJ

' (A6)

If the lifetime of intermediate states is substan-
tially longer than the single-particle transit time,
an assumption which is consistent with the experi-
mental estimates of I"„, then the analysis of Eric-
son and Strutinski" can be invoked to show that the
angular distributions of particles emitted in pre-
equilibrium reactions will be symmetric about 90'.
The same equations which relate I'/D to the trans-
mission coefficient for compound states can be ap-
plied for an intermediate state; thus, one expects
I'cN/DcN- I';„,/D;„„so if the compound states are
strongly overlapping, the intermediate states will
be also. Since the formula of Ericson and Strutin-
ski applies if interference effects can be neglected
and if the reaction proceeds through states of valid
J, the intermediate-state contribution will be sym-

shown to be ~. This substantially underestimates
I', , however, since it neglects the width of the
single-particle state to the continuum. If this is
assumed to be equal to the width for decay into a
three-exciton state, the ratio would be I"„,/I',

p

-4. Because of the difficulties in estimating the
relative fractions of the single-particle width to
the continuum and to the n =3 states and because
the matrix element connecting the single-particle
states to the bound states may be different from
that connecting n = 3 to n = 5 states, this estimate
is subject to large uncertainties.

Since I „=hk.„=5k„', the value of I'„could be cal-
culated from Eq. (A3) if the matrix element ~M~'

were known, providing a connection between the
lifetime of intermediate states and the strength of
the two-body interaction. At present, no reliable
estimates for ~M~' are available, making it impos-
sible to obtain a theoretical value for I"„.

An experimental value for the width can be ob-
tained from the measurement of the cross section
for pre-equilibrium emission. The cross section
for emission from the first-formed intermediate
state will be '

metric.

B. Definition of Effective Exciton Number

Because of the large changes in the level density
as a function of exciton number n, both the pre-
dicted residual excitation energy and bombarding
energy dependence of the pre-equilibrium cross
section are sensitive to the value assumed for the
exciton number of the first intermediate state
formed. This presents a particular problem in
the case of an e-induced reaction, since a case
could be made for counting the initial state as a
four-exciton state (from the standpoint of the tar-
get nucleus) or as an eight-exciton state (from the
standpoint of the compound nucleus) in which case
the initial state is a four-particle-four-hole state.

In order to define an effective exciton number,
the role of this parameter in the pre-equilibrium
calculation must be considered. As has been in-
dicated, the density of final states of the system is
a sensitive function of the exciton number, from
which it follows that exciton counting cannot be
based on nuclear-structure considerations, i.e, ,
on a comparison of the given state to a specific
ground state, but rather on a comparison between
the given state and a "typical" n-exciton state.

The distribution of energy among the various ex-
citons in an n-exciton state can be evaluated by ex-
amining the properties of the expression p, (U, )p„,
x (E —U, ); it can easily be shown that the distribu-
tion of energies of the individual excitons has a
narrow peak at E/n. Because the initial state in
an n-induced reaction is one in which all of the en-
ergy is shared by four excitons, it resembles a
four-exciton state more than an eight-exciton state
in terms of the distribution of energy. Stated in
another way: only excitons with energy correspond
to degrees of freedom of the system while excitons
at or near the ground state have relatively little
influence on transition rates and lifetimes because
of the small number of final states available to
them. These same arguments indicate that the dif-
ference between exciton numbers for odd-even and
even-even nuclei predicted by Griffin' may be sig-
nificantly reduced.

Such an analysis does not in general give the val-
ue of n corresponding to the first term of the se-
ries in Eq. (6), but rather the value of n for the
first intermediate state formed. For the (p, n) re-
action it is expected that the first intermediate
state couM decay with the emission of a neutron,
but for the (n. , n) reaction it is not clear that in one
two- body interaction the neutron could acquire
enough energy so that the other three nucleons re-
main bound. If additional interactions are neces-
sary, then for the first term of Eq. (6) willbe larger
than that for the first-formed intermediate state.
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The capture p-ray spectrum resulting from thermal-neutron capture in 8Ti and ~ Ti has
been measured using a 30- and a 10-cm3 Ge(Li) detector, and angular-correlation measure-
ments were carried out using NaI(Tl) detectors. Some 16 y lines corresponding to transitions
between levels of 5 Ti, and 9 y lines corresponding to transitions between levels of 5 Ti were
observed. The neutron separation energies of Ti and 5 Ti were determined to be 10.938
+0.008 and 6.377 +0.007 MeV, respectively. The following assignments of spins for some
levels (in MeV) of 5 Ti and the first excited level of ~ Ti were made: 1.555 (2+), 2.675 (4+),
4151 f2 ~3 ~4, (5 )]) 4.178(2 ~3 ~4), 4.887 f2 ~3 p4 ~(5 )]p 5.195(2 ~3, 4)~ 5.382 f2
3,4+, (5+)], 5.948 [3+,4+, (5+)] for Ti and 1.164 (~ ) for Ti. There are some indications
that only the 3" capture-state spin contributes to the population of the low-lying levels in ~ Ti.
The results of a comparison between the measured strengths of exciting the 50Ti levels in the
(n, y) and (d, P) reactions are discussed.

I. INTRODUCTION

In two previous papers, '' we have reported the
results from the (n, y) reaction on "Ti and "Ti.
In the present paper, the (n, y) reaction on ~9Ti

and "Ti was used for investigating the energy lev-
els of "Ti and "Ti and for further study of the re-
action mechanism of the (n, y) process. The re-

suits are discussed in the light of recent studies
made by other investigators. These studies em-
ployed the" "Ti(d, p), ' "Ti(p,p'), ' "Ti(t,p), ' and
49Ti(t, p) 6 reactions. In particular, using the (d, p)
reaction, it was possible to identify all the single-
particle states associated with the 2PS/2 2Py(2
shells as well as other shells such as 1f„2 2d3I2,
Bs»„and If,&, in both those nuclei.


