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Gamma-ray decay of levels in the stable isotope ' Cr has been studied using Cr(n, n'y) reactions
for incident neutron energies between threshold and 10 MeV. Measured gamma-ray production
cross sections have been compared with earlier measurements and with cross sections calculated us-

ing precompound-compound-nucleus theory. Some of the present results are at variance with ear-
lier experimental or evaluated results. For example, for the decay of the E„=1537-keV level we are
unable to explain variations in the measured branching ratios of the transition gamma rays as a
function of incident neutron energy. The experimental data were analyzed within the framework of
several theoretical model calculations of the level structure of ' Cr. Quantitative discrepancies are
discussed.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

The level structure of the stable nucleus Cr has been
studied via inelastic nucleon scattering' as well as
charged-particle reactions, ' ' ' and gamma-ray tran-
sitions among levels have been observed by in-beam spec-
troscopy methods ' ' ' and following beta decay ' of

V. Recently, experimental data available through 1983
were compiled and evaluated by Peker" as part of the
Nuclear Data Project. One might expect, therefore, that
the low-lying (excitation energy E„(3MeV) level struc-
ture of Cr could be considered well known. One might
also expect that the Cr level structure can be satisfacto-
rily described within the theoretical framework of the nu-
clear shell model. Reported calculations exhibit
reasonable agreements with experiment, at least for level
excitation energies E and for calculated spins and pari-
ties J .

We have embarked upon a program to provide exper-
imental cross sections for gamma rays produced by
energetic neutrons (0.5(E„(20MeV) interacting with
stable nuclei in the mass region 3 -60 for the purpose of
providing data for comparisons with, and leading to im-
provement of, computations of reaction cross sections
using nuclear models. " ' These calculations require
knowledge of the level structure as well as the transition
branching ratios of the decay of excited states for many
nuclei in this mass region. %'e have measured gamma-
ray yields for neutron interactions with Cr as a part of
this program. Most of the presently observed gamma
rays can be placed as transitions among known levels of

Cr, and a detailed discussion of these placements is
given in a recent laboratory report. In addition to new
information about gamma-ray decay of levels in Cr, we
have observed data on yields of the transition gamma
rays from decay of the presumed well-known low-lying
level in Cr at E„=1537keV which are not in agreement
with what should be expected on the basis of current
knowledge of Cr. Discussion in the present paper will
highlight the results from both nuclear spectroscopic and
nuclear reaction viewpoints.

The experimental system has been discussed in some
detail in earlier reports. ' The salient features are
shown schematically in Fig. 1. A large-volume Ge(Li)
detector was placed at 0.40 m from the sample at a
scattering angle Oz of 125 deg. This angle was chosen be-
cause P2(125 deg) =0, and so one may use the relation-
ship between the angle-integrated total gamma-ray pro-
duction cross section and the measured difFerential cross
section:

o(Ey ) =4m. d. o(8 =125 deg)/dao . (1)

This equation is exact if J of the decaying excited state
is ~

—,', and is a good approximation for states in Cr
having larger J.

The other aspect of this choice of 0 is the Doppler
efFect on an observed gamma-ray energy. The Doppler
eff'ect is manifest in two ways: (1) variation of observed
Ev, and (2) shift of the mean Er of the (broadened)
response so that the observed E is not necessarily the
true energy of the emitted gamma ray. The latter efFect is
well known and often used as a basis for level lifetime
determination. The measured energy E'"' is related to
the intrinsic energy Ez by the relationship

Er '=E [1+F(t)P, cos8 ], (2)

where p, is the scalar velocity of the center of mass in
units of c, and F(t) is a function of t, the mean lifetime of
the decaying level. The values of F(t) range between
1 for t&10 ' s to 0 for t&10 ' s. As far as peak
broadening is concerned, one may readily deduce that
this broadening is a function of the angular distribution
of the recoiling ion. If isotropy in the center-of-mass sys-
tem of the neutron-scattering angular distribution is as-
sumed, the Doppler-broadened linewidth is given approx-
imately by

R =E P;,„F(t),
where p;,„ is the scalar velocity of the ion in the center-
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Eunknown Eknown +gEr r r 7 (4)

where AE is based on the known energy dispersion of
the experimental system. Uncertainties dEr, assigned to
deduced Er, include uncertainties associated with AEr of
Eq. (4) as well as those due to Doppler effects [Eq. (2)] if

of-mass system. This Doppler linewidth must be com-
bined with the intrinsic resolution of the detection system
to obtain the observed resolution, which, in turn, must be
known in order to determine if a given peak observed in
the raw data could be due to detection of more than one
gamma-ray transition.

The sample used was Cr203 encapsulated in a cylindri-
cal nylon container of 2.9 cm diameter by 6.7 cm height,
having a mass of -49 g and an isotopic enrichment of
95.4% in the Cr isotope. The remaining concentrations
were 0.3%, 4.1%, and 0.2% for Cr, Cr, and Cr, re-
spectively.

Altogether, 18 4096-channel gamma-ray spectra corre-
sponding to 18 neutron time-of-Aight bins for E„between
threshold and 10 MeV, were studied to provide informa-
tion presented in this report. One of these spectra is ex-
hibited in Figs. 2 and 3.

For most values of Er we used previously "determined
values which we consider to be "known" to better than
the accuracies associated with our gamma-ray energy
calibrations; other values of Er reported herein were
determined by utilizing a nearby difference

the mean lifetime, t, of the decaying level is not known.
Assignments of observed gamma rays as specific transi-

tions among levels of Cr were based on (1) prior
knowledge or (2) agreement of the experimental E
with the expected transition energy E„coupled with the
experimental incident-neutron threshold. A given ob-
served threshold was, of course, approximate because of
the incident-neutron energy bin size; in addition, thresh-
olds for gamma rays due to decay of high-spin states
tended to be indistinct because of small values of 0 near
threshold. We were also concerned about the possibility
of an incorrect threshold because the decaying excited
state had a "long" mean lifetime (r ) 1 nsec). No such
isomeric state has been reported for Cr, and we do not
adduce any long-lived level from our data.

The reduced data consist of cross sections o(E&,E„)
obtained for gamma-ray production in Cr of discrete-
energy gamma rays having energies Er by incident neu-
trons having energies E„. The E„ for this experiment are
values representing energy bins described by the bounds,
E&ow and Ehlgh which Were deduced from the Aight-time
data.

A combination of data reduction techniques involving
computer methods and manual methods was used to ex-
tract yields of gamma rays from the spectral data. Gam-
ma ray attenuation by the sample was computed ' using
attenuation coeScients in the literature for oxygen and
chromium (the thin-walled nylon container was assumed
to be oxygen for this purpose); the largest such correction
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FICx. 1. Schematic representation of the experimental system. Starting from the lower left of this figure, 140-MeV electrons pro-
duced by the Oak Ridge Electron Linear Accelerator (ORELA) impinged upon a tantalum target producing brernsstrahlung. Neu-
trons produced in the Ta by subsequent photonuclear reactions were guided to the experimental area by an evacuated, 20-m-long
Aight tube located at 120 deg with respect to the incident electron beam. Collimators were inserted into the Bight tube to define the
neutron beam to a diameter of 7.3 cm at the sample position. The beam traveled -2 rn in air before impinging on the "Cr sample. A
small NE-110 scintillator intercepted —1% of the incident neutron Aux and was used as a beam monitor. Two types of pulses were
extracted from the detector electronics. One was for energy analysis using standard very-high-resolution pulse-amplitude analyzing
equipment (3 ps time constants for the spectroscopy amplifier). The other pulse was used for fast-timing analysis to determine the
Aight time of the neutron responsible for the detected gamma ray. The time-of-Bight datum was correlated with the energy datum in
a data-acquisition computer, which sorted and then stored events on a bulk storage disk pack.
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FIG. 2. Pulse-height spectrum for 3.2- to 4.0-MeV neutron interactions with the chromium sample. Gamma rays not due to
Cr(n, n') Cr are labeled with the isotope symbol. Neutron inelastic interactions with germanium isotopes result in broad peaks.

The experimental dispersion is -0.9 keV/channel.

was —17% for Er =247 keV. Multiple scattering effects
were estimated by analytical methods and found to be
&1% for the present experiment. We were able to ex-
tract some o(E&,E„) as small as 1 mb; however, for
much of the data the lower limit to our sensitivity was
~ 10 mb. The absolute normalization for o. is presently
being checked in a similar series of measurements for a
natural chromium sample.

III. ANALYSIS OF THE DATA

Prior experimental data support definite assignment of
nine gamma-ray transitions among six levels in Cr for
E &2 MeV; the adopted levels, J, mean lifetimes,
transitions, and branching ratios are shown in Fig. 4. Im-
plied, but not explicit in this figure, are results from

(y, y), (p,p'y), (d,py), and (decay P, y) coincidence
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FIG. 3. Pulse-height spectrum of Fig. 2 continued to larger Ey.
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measurements (Refs. 2, 14, 16, 17, 22, 24, and 31—33)
which have helped in defining the placements shown.

Gamma-ray production o. for E&=564 keV deduced
from the present experiment are exhibited and compared
with previous measurements', ' ' in Fig. 5. Also shown
in this figure are theoretical calculations using the statist-
ical model code TNG (Ref. 53) combined with direct in-
teraction contributions obtained using the DwUcK
code. Details of these calculations are given in a report
by Shibata and Hetrick; however, since the issuance of
their report several additional calculations have been per-
formed to cover specific aspects of the present study.

Probably the most important difference between the
present experiment and the three earlier measure-
ments' ' is that the latter measurements used natural
chromium as samples ( Cr isotopic abundance -9.5%).
The present data agree reasonably well with the Bartol'
and Lowell data for E„between 1.5 and 4 MeV, and are
somewhat larger than the Bettis data, not only for
E =564 keV, but also for other gamma rays, as is dis-
cussed later on. We do not account for the substantial
differences between present and earlier data for E„(1.5

MeV.
Two theoretical curves are shown: the solid line

represents direct (n, n') excitation of the E =564 keV
level; the dashed line represents the total excitation of
this level including feeding by transitions from higher-
lying levels in Cr. For the present calculations, nuclear
data (E, J, direct-interaction contributions, and
gamma-ray transition branching ratios) were input for 14
states in Cr up to E =2707 keV; properties of "states"
having larger E„were treated using level-density and
spin-distribution computations. For E„(2.8 MeV, in-
direct excitation of the 564-keV level is calculated explic-
itly from the specific level and branching-ratio informa-
tion supplied to the code. For E„)2. 8 MeV, the TNG
code estimates indirect excitation based on empirically
determined selection rules for postulated E1, M1, and E2
transitions from the deduced continuum of states.

As shown in Fig. 5, the present data are in better
agreement with the calculated excitation function for
E =564 keV than are the earlier measurements, ' ' and,
in fact, suggest a resonance for n+ Cr at E„-0.68
(consistent with an observed resonance in the total cross
section) and possibly another at —l.0 MeV. For
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FICr. 5. Isotopic cross sections for production of the 564-keV
gamma ray. The present data are compared with measurements
performed at Bartol (Ref. 15), Bettis (Ref. 25), and Lowell (Ref.
27). The data are also compared with theoretical predictions
{Ref. S5) for (a) direct inelastic excitation of the 564-keV level
(solid line), and (b) tota1 production of the 564-keV gamma ray
(dashed line).
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E„&2. 5 MeV, all experiments suggest that there is more
indirect excitation of the 564-keV level than estimated by
the TNG program.

Gamma-ray production o. for E =1006 keV is shown
in Fig. 6 and is compared with results of two earlier ex-
periments' ' and with theoretical calculations. The
Bettis results for this gamma ray are much smaller and
appear to be incorrect and so were not included in this
figure. For E„&1.5 MeV, agreement with earlier mea-

surements is quite good. In addition, the TNG program
appears to provide a very good estimate of the indirect
excitation from the postulated "continuum. "

Cross sections for production of the 1290-keV gamma
ray are shown in Fig. 7. Except for the Lowell data,
agreement with earlier measurements is not quite as good
as observed for Ez =564 and 1006 keV. The calculated
indirect excitation follows the trend of the data, but
somewhat underestimates this eQ'ect for E„between 4 and

8 MeV. The onset of decreasing o. for E„—8 MeV ob-
served in this figure and in Figs. 5 and 6 is likely related
to the opening of the Cr(n, 2n) channel which has a
threshold at 8.1 MeV.

&000
I f I I

500

As indicated in Fig. 4, the 1290-keV level decay results
also in a 283-keV gamma ray having a yield 7% of the
yield for the 1006-keV gamma ray. This yield ratio
should be a constant, independent of incident neutron en-

ergy, to within the approximations leading to Eq. (l).
However, the first pass at these data yielded the results
shown in Fig. 8. For most E„,the yield ratio is very close
to 7%. The variation near threshold involves relatively
small peaks in the raw data and is believed to be due to
experimental conditions. However, we have not been
able to pin down the source and so the results are report-
ed as obtained. More important are the results for E„be-
tween 3 and 6 MeV. The raw data for the peaks corre-
sponding to Ez =283 keV in several of the spectra are ex-
hibited in the upper portion of the figure. The solid
crosses in the lower portion of the figure were determined
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FIG. 6. Isotopic cross sections for production of the 1006-
keV gamma ray. The present data are compared with measure-

ments performed at Bartol (Ref. 15) and Lowell (Ref. 27). The
data are also compared with theoretical predictions (Ref. 55) for
(a) direct inelastic excitation of the 1006-keV level (solid line},
and (b) total production of the 1006-keV gamma ray (dashed
line).

FIG. 7. Isotopic cross sections for production of the 1290-

keV gamma ray. The present data are compared with measure-

ments performed at Bartol (Ref. 15), Bettis (Ref. 25), and Lowell

(Ref. 27). The data are also compared with theoretical predic-
tions (Ref. 55) for (a) direct inelastic excitation of the 1290-keV

level (solid line) multiplied by the branching ratio for the decay

gamma ray, and (b) total production of the 1290-keV gamma

ray (dashed line).
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from integrating the full peak; however, as shown in the
middle spectrum, the "peak" appears to be a doublet.
Splitting this peak into two contributions results in the
dashed cross for the yield for Ez =283 keV. Thus, it ap-
pears that the data support identificatiori of a new transi-
tion gamma ray of -281 keV. As discussed later, we
suggest that this gamma ray is due to a transition of ap-
proximately this energy following decay of the 2453-keV
excited state.

Our results for the decay of the next more energetic ex-
cited state in Cr at E = 1537 keV are the most puzzling
data in the present experiment. In the erst place, as
shown in Fig. 9, although our data for the dominant
530-keV transition agree well with the Lowell data, the
data do not agree well with the theory for the first 0.6
MeV above threshold. Indeed, the comparatively slow
increase in the experimental excitation function is unlike
any of the others observed in the present experiment.
Evidently this state is "di8'erent" from that expected
within the basic framework of the statistical model
used in the calculations. More puzzling, however, are the
extracted ratios of cr (247 keV)/o ( 530 keV) and

o(1537 keV )/cr(530 keV) which are shown as functions
of incident neutron energy in Fig. 10. (For comparisons,
these ratios from the data given in Fig. 4 are indicated by
the light horizontal lines. ) Because the results in Fig. 10
came from computer-extracted cross sections, the spec-
tral data were carefully inspected. For E =1537 keV
and for the energy bin 7.9~E„~9.5 MeV, the spectral
data do not indicate any peak at all, hence the zero ratio
shown in Fig. 10. Although there is no obvious peak in
this spectrum, possibly a small peak might be deduced
from a somewhat subjective appraisal of the raw data.
Thus, the experimental ratios of the E =1537 keV to the
E =530 keV transitions may well be consistent with 0.14
to within normal statistical uncertainties.

Careful study of the spectral data for Ez =247 keV, on
the other hand, does not change the results shown in Fig.
10. The observed variations are not random, in the sta-
tistical sense, and we cannot believe they are due to ex-
perimerital error. As discussed below, there are other ex-
perimental discrepancies involving decay of this state; at
present we do not explain our observed results within the
framework of the known level structure of Cr.
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Data corresponding to the dominant ground-state de-
cay of the 1974-keV level are shown in Fig. 11. The
present results are shown for E„only to 4 MeV because
for larger E„ the peaks corresponding to E —1974 keV
are definitely multiplets. Indeed, the peak corresponding
to E —1974 keV for the neutron-energy bin 3.2 —4.0r
MeV appears to be a doublet; the plotted results shown in
Fig. 11 exhibit two points for "present results;" the larger
value represents the total peak yield, while the smaller
value represents the peak yield for the larger contributor
if the peak is actually a doublet. Interestingly, the Lowell
data also may indicate a second component, indirectly,
having a threshold at -3.5 MeV. Although the evidence
is rather tenuous, there may be a second transition hav-

ing E =1970 keV being observed. (A possible placement
for such a gamma ray is as a transition between the —,
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FIG. 9. Isotopic cross sections for production of the 530-keU

gamma ray. The present data are compared with measurements

performed at Bettis (Ref. 25) and Lowell (Ref. 27). The data are
also compared with theoretical predictions (Ref. 55) for (a)

direct inelastic excitation of the 1537-keV level {solid line) mul-

tiplied by the branching ratio for the decay gamma ray, and (b)

total production of the 530-keV gamma ray (dashed line).

state at 3262 keV and the 1290-keV state. ) Referring
back to Fig. 11, there appears reasonable agreement
among the experimental data and also with the theoreti-
cal results, at least to within assigned uncertainties.

The level structure for E between 2 and 3 MeV in
Cr is shown in Fig. 12. There are some differences be-

tween the level structure shown and that adopted in the
Peker evaluation. " These include more precise energies
for four levels and three additional transition gamma-ray
placements. In addition, the "adopted" level at 2165+10
keV is very likely the 2172-keV level and not a separate
level, and the two "adopted" levels 2715+10 and
2723+10 keV, seen in two different experiments, are also
very likely the same level.

Measurements of the cross sections for gamma-ray de-
cay of the 2172-keV level are compared in Fig. 13 with
calculated results. Agreement near threshold is excellent,
and the substantially increasing calculated cross section
for gamma-ray production is qualitatively correct; the
data indicate increasing population of relatively high spin
levels (J~ —,') which decay through the 2172-keV level.
Similar results are observed for decay of the next more
energetic level at 2233 keV, as shown in Fig. 14. One
may note in passing that the 2172-keV level decays en-
tirely to the —,

' level at 1290 keV; that is, not even a
weak transition to the —,

' level at 1537 keV is observed.
Conversely, the 2233-keV level decays only to the 1537-
keV level.

Present results for the ground-state decay transition for
E„=2321 keV are shown in Fig. 15, and for this level
there is a definite discrepancy with prior experimental in-
formation. Patrawale and Kulkarni report measuring,
by Coulomb excitation, a B(E2) value of 122+14 e fm .
This rather large value indicates a substantial direct-
interaction contribution to the excitation of this level by
neutrons, and this contribution added to the statistical-
model calculation is shown in Fig. 15 as the dot-dashed
curve. The present data clearly disagree with the dot-
dashed curve but are much closer to the statistical-model
calculation shown by the solid curve, and, in fact, the
data suggest very little indirect excitation of this level.
We are unable to explain the discrepancy in, effectively,
B (E2) values between our results and the measurement
of Patrawale and Kulkarni, other than to note the latter
measurement utilized a sample of natural chromium.

Finally, the 2453-keV level, which does not have an
adopted J in Peker's evaluation, will be discussed. Ac-
cording to Peker's evaluation, this level decays by two
transitions: Er =1446.8 keV to the J = —,

' state at
E„=1006.5 keV, and E =1163.6 keV to the J
state at E„=1289.6 keV, with relative branching ratios
of 60:40. These branching ratios are based upon those re-
ported by Carola et aI. ,

' who give no details of their
branching-ratio determination for this level in their re-
port. As discussed above (see Fig. 8), our data indicate a
new gamma ray having energy Er-281 keV with a
threshold definitely &3.2 MeV. The only transition en-
ergy, 4E =E„'"—E' ', that is within +2 keV of this
gamma-ray energy is the 2453-to-2172-keV transition.
We have placed the Er -281-keV gamma ray as this
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transition rather than postulating a new, heretofore
unobserved level. If this placement is correct, then the
spin of this state is very likely either —,"or —'„and the pari-
ty is almost surely negative. On this basis, two
statistical-model computations were performed, one for
J =—,'for E =2453 keV and the other for J =—,', and
these are shown in Fig. 16 along with the data from the
present experiinent for the sum of the production cross
sections for E =1164 and 1447 keV. Evidently, for E„
near threshold, the experimental results favor a J =—',
assignment.

For higher-lying levels in Cr, gamma-ray production
cross sections are small and difficult to extract. We have
placed 50 gamma rays (out of 65 observed) as transitions
among 34 levels in Cr up to an excitation energy of 4.36
MeV, including a new level at 3172+3 keV decaying by a
ground-state transition. Some of these placements are
indicated in Fig. 12.

In suinmary for this section, comparisons of cross sec-
tions have been made with earlier measurements' '

and with statistical-plus-direct-interaction-model predic-
tions. The comparisons are generally favorable. The
principal discrepancies observed are for excitation and
decay of the 1537-keV level.

(0 I I

2 5
INCIDENT NEUTRON FNERGY (INeV)

FIG. 11. Isotopic cross sections for production of the 1974-
keV gamma ray. The present data are compared with measure-
ments performed at Bartol (Ref. 15) and Lowell (Ref. 27). The
data are also compared with theoretical predictions {Ref.55) for
(a) direct inelastic excitation of the 1974-keV level (solid line)
multiplied by the branching ratio for the decay gamma ray, and
(b) total production of the 1974-keV gamma ray (dashed fine).

IV. DISCUSSIQN DF RESULTS

Analyses of the present data indicate that the
statistical-model calculations using the TNG code do give
a reasonable representation for most of the photon pro-
duction excitation functions we measured. Indeed, in the
absence of experimental measurements one may have to
rely on calculations of this type, and the present compar-
isons lend confidence to calculational results, at least for
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applied purposes. There are, however, some clearly dis-
turbing discrepancies, particularly for E = 1537 keV,
and to a lesser extent for E =2321 keV. One may
reasonably inquire whether current theoretical frame-
works could provide a better understanding of these lev-
els and assist in resolving these discrepancies.

As discussed in the Introduction, several structure cal-
culations have been reported for nuclei having 29
neutrons. The results of the 11 calculated level structures
of Cr are summarized in Fig. 17. This figure also in-

cludes the adopted levels of Peker's evaluation in
column (a).

Since the full shell-model treatment, using for example
Ca as the core, is intractable, more restrictive models

have been used. These fall into three classes: (1) a shell
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model assuming a Ca core with the four valence pro-
tons restricted to the f7/z shell and the valence neutron
allowed in the p3/z f5/z and p, /z shells, as done for re-
sults shown in columns (b), (d), (e), (h), ' (i), and
(1); (2) a unified model in which the valence neutron is
coupled to core states of Cr, as done for results shown
in columns (c), (f), (g), and (h); ' and (3) a shell mod-
el using Ni as the core, with states constructed from
four proton holes in the f7/z shell and either (a) the
valence neutron in the p~/z, f~/z, or p, /z shells, or (b) a
second neutron promoted from the f7/z shell to the
valence shells, as done for results shown in columns (j)
(Ref. 43) and (k) (Ref. 44).

These calculations taken together share some com-
monalities as well as exhibit diversities. The lowest-lying
levels nearly all have the spin sequence —,

'-
—,
'-

—,
' in agree-

ment with experiment, but the predicted level excitations
are only in approximate agreement with experiment.

FIG. 12. Level structure of ' Cr for excitation energies
E„&3 MeV. This figure exhibits information obtained partly
from Peker's compilation (Ref. 34) and partly from the present
experiment. The four italicized level energies, three gamma-ray
energies, and one J are new information from the present ex-
periment. The dashed horizontal lines represent levels in the
compilation for which decay transitions have not been observed.
As mentioned in the text an adopted "level" at 2165+10 keV is
not included in this figure, and, in addition, two adopted "lev-
els" at E„=2715+10keV and 2723+10 keV are shown here as a
single level. The solid arrows indicate presently observed tran-
sitions, the three dashed arrows indicate transitions previously
reported but not confirmed in the present experiment, and the
two dot-dashed arrows indicate transition gamma rays which

may have been detected in the present experiment but for which
definitive assignments are uncertain.

l0

I

2 5
INCIDENT NEUTRON ENERGY (MeV)

10

FIG. 13. Isotopic cross sections for production of the 883-
keV gamma ray. The data are compared with theoretical pre-
dictions (Ref. 55) for (a) direct inelastic excitation of the 2172-
keV level (solid line), and (b) total production of the 883-keV
gamma ray (dashed line).
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However, only two of these calculations, column (j) (Ref.
43) and (k) (Ref. 44), include a second low-lying J
state to match experiment, although Lamer [column
(g)], predicts a second J =—,'level close to E„—1.5

MeV. Another aspect easily observed in Fig. 17 is that
all levels have negative parity, and indeed, experimentally
the lowest-lying positive-parity level is the J =

—,
'+ state

at E =3262 keV.
These features are, of course, due to the choices of

bases for the calculations. The ability of the first class of
mode1 to reproduce levels of the correct spin and parity
near their. experimentally observed counterparts depends
to a large extent on determining the two-body matrix ele-
ments. In the cases where the matrix elements are ob-
tained from fitting to observed levels in nearby nuclei the
results are better than using calculated matrix elements
based on some assumption about the two-body force.
This difference in matrix elements is, in fact, the major
difference among the shell-model calculations in this
class. Maxwell and Parkinson, column (d), calculated
the required two-body matrix elements using a central

force and not including spin-orbit or tensor effects. They
obtained results of qualitative agreement with experi-
ment. However, Vervier, Ohnuma, Carola and Ohnu-
ma, ' Horie and Ogawa, and McCxrory obtained the
matrix elements from fitting to levels with known spin
and parity in nearby nuclei and obtained calculated re-
sults in better agreement with experiment. Matrix ele-
ments obtained via this method are assumed to contain
effects of spin-orbit and tensor forces, as well as
configuration mixing effects from orbits outside the calcu-
lation al space. Except for missing the —,'state at
E =1.54 MeV observed in (p, d), the low-lying level
structure predicted by these calculations are in reason-
able agreement with known levels observed by us and
others. The identification of higher-lying experimentally
observed levels with the calculated counterparts is not so
clear.

Calculations using the unified model treat Cr as a
neutron (allowed in the p3&2, f&&2, and p&&2 orbits) cou-
pled to core states of Cr. The main differences among
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FIG. 14. Isotopic cross sections for production of the 697-
keV gamma ray. The data are compared with theoretical pre-
dictions (Ref. 55) for (a) direct inelastic excitation of the 2233-
keV level (solid line) and (b) total production of the 697-keV
gamma ray (dashed line).

FIG. 15. Excitation function for the E~ =2321-keV gamma
ray corresponding to the ground-state decay of a level at
E =2321 keV. The present isotopic cross sections are com-
pared with theoretical predictions for (a} direct compound-
nucleus excitation of the 2321-keV state (solid line), (b) direct-
interaction excitation added to the compound-nucleus excita-
tion (dot-dashed line) as deduced by Shibata and Hetrick (Ref.
55) based on the B(E2) reported for this state by Patrawale and
Kulkarni (Ref. 26), and (c) direct-interaction excitation based on
a smaller value of B(E2) predicted by Carola and Ohnuma
(Ref. 41) added to the compound-nucleus excitation {dotted
line).
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these calculations are found in the descriptions of the
coupling forces and the number of states of Cr to which
the neutron is coupled. Ramavataram, column (c), and
Carola and Ohnuma, ' column (h), assumed that the Cr
core was a perfect vibrator, and coupled core states up to
and including three phonons to the valence neutron.
Rather than taking the phonon energy Am as the energy
of the first excited state in Cr, it was, along with the
single-particle energies of the p3/2 and the strength of the
coupling interaction, treated as a free parameter. The
calculations of Carola and Ohnuma, ' column (h), pro-
vide energy levels and spectroscopic factors in rather
good agreement with experimental information, at least
up to 2.5 MeV. However, the electromagnetic properties
are in only qualitative agreement with experiment. For
example, their calculation places the second excited
J"=—,

' level at E„=2.01 MeV, identified with the exper-
imental J =—', level at E =2.32 MeV. For this state,
the predictions include branching ratios of 25% each for
transitions to the first —,

' and first —,
' states. Experimen-

tally these transitions are not observed in our data. The
calculation predicts for the model state a B(E2)=35
e fm . Using this value for B(E2) to determine the
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FIG. 16. Isotopic cross sections for the sum of the produc-
tion of the 1164-keV and 1447-keV gamma rays. The data are
compared with statistical-model predictions of cross sections for
direct inelastic excitation of the 2453-keV level (a) on the basis
that J for this level is — (dot-dashed line), and (b) on the basis

that J =
2

(solid line). Both calculations have been multiplied

by 0.85, the branching deduced from the present experiment
(see Fig. 12). A theoretical calculation on the basis that J =

2

is reported in Ref. 55, and it results in computed cross sections
—10%%uo larger than those exhibited for J =

2
in this figure.

direct-interaction contribution to the cross sections for
the 2321-keV gamma-ray results in the dotted curve
shown in Fig. 14. While the results for this value of
B(E2) agree reasonably well with the present data—
certainly better than the excitation function computed
for the larger B (E2) of Patrawale and Kulkarni
does —the experimental evidence indicates no indirect
excitation of the 2321-keV level. However, the model
predicts indirect excitation of this level due to transitions
from decay of higher-lying levels in the model scheme.
Consequently, on the basis of the present measurements,
one may question identifying this experimental level at
E =2. 32 Me V with the model-predicted level at
E =2.01 MeV.

The unified model calculations of Philpott and True,
column (f), and Lamer, column (g), are more general in
that the specific form of the core states is not specified,
and the resulting matrix elements are treated as free pa-
rameters. Their purposes included a better understand-
ing of the low-lying levels, so they couple the valence
neutron only to the ground and first excited states of

Cr. The necessary parameters are adjusted to provide a
calculated level structure having a good fit to experimen-
tally known energy levels and spectroscopic factors from

Cr. Consequently, the energy levels are quite well
reproduced, as are the electromagnetic properties; how-
ever, the spectroscopic factors are in only qualitative
agreement with experiment. Since the model space is
quite restricted, the number of experimentally observed
levels is significantly underpredicted. As noted by these
authors, this model is hard to extend, either by adding
more complexity to the interaction or by including more
core states in Cr, since the number of matrix elements
to be determined from the data would become too large.

The last class of structure calculations is also based on
the shell model, using Ni as the core. In each case, the
protons are treated as four holes in the f7/2 orbit, while
the neutrons are treated in two ways. In the work of
Benson and Johnstone, column (j), the valence neutron
is allowed to populate the p3/2 f5/2 and p, /2 orbits, (giv-
ing a Cr model similar to the other shell-model calcula-
tions), but in addition, the possibility of a neutron moving
from the filled f7/2 orbit to couple with the valence neu-
tron is allowed. Thus, this model is the only one which
can account for the state at 1.54 MeV as a —,

' hole state
in Cr, and the model further predicts other hole states
having J =—,', —", , etc. We observe several of these
levels (1.54 MeV, —,'; 2.23 MeV, —', ; and 2.83 MeV, —", )

and find that the —", —+ —,
' and —,'~ —,

' transitions are
each pure transitions; no gamma rays to other states are
observed. (The excitation function for the —', ~—,'tran-
sition is shown in Fig. 14.)

The work of Mooy and Glaudemans, column (k), is
based on the same basic model as the work of Benson and
Johnstone, but has no restriction on configuration mix-
ing within the space used, thus allowing more
configurations to contribute. They calculate excitation
energies as well as electromagnetic transition rates and
moments and obtain the best overall agreement of any of
the calculations for excitation energies with experiment.



39 'Cr(n, n'y) REACTIONS AND THE LEVEL STRUCTURE OF 'Cr 1747

They use criteria based on excitation energies and magni-
tudes of electromagnetic observables to identify selected
levels as potential members of rotational bands corre-
sponding to an axially symmetric rotor model. From
these results they make several predictions on which we
can comment based on our data.

From their rotational band analysis, they identify their
second —,', —', , and —", , and third —", levels as forming
an excited k =—,'band. The lowest member of the band is
identified with the —,

' hole state at 1537 keV, and they
note that this band contains states which in their model
space are dominated by p-h excited configurations. We
observe a gamma-ray cascade from the ( —", ) level at
3592 keV through the —", level at 2827 keV, the —', level
at 2233 keV, and to the —', level at 1537 keV, as did
Gullholmer and Sawa; in addition, we obtain gamma-
ray production cross sections for the ( —", ) and —,'levels.
However, the model also predicts a deformation parame-
ter, p, used for the direct interaction component of the
excitation of the 1537-keV level to be P=0.40. The cal-
culated excitation function shown in Fig. 9 used p=0.07;

a calculation using p=0.40 would overpredict the data
even more than shown in this figure.

The results of Benson and Johnstone and Mooy and
Glaudemans in which they calculate properties of the
1537-keV —, state are of particular interest in light of the
difficulty in understanding this level experimentally. Be-
sides the difficulties with our measurements noted in Figs.
9 and 10, consider the lifetime for this level, given as 23
psec in Peker's evaluation. Two measurements are re-
ported, both using the Ti(a, ny) Cr reaction; Engel-
stein et al. obtained t =21.5+3.5 psec while Radford
and Poletti obtained t =33.2+1.6 psec for this level.
However, as noted by Auble a value for t=25 psec is
inconsistent (about a factor of 30 too large) with the ex-
perimental B(E2)=1 8+2 e fm for E~=1537 keV de-
duced from Coulomb excitation measurements. In ad-
dition, previously measured branching ratios' ' '

for the three decay modes exhibit large disagreements, at
least in comparison with assigned uncertainties not only
with the present data but also among themselves. With
regard to the lack of agreement between the calculated
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FICx. 17. Comparison of experimental level structure of ' Cr according to Peker's evaluation, column (a) (Ref. 34), with calculated
level structures from 11 studies, given in columns (b) —(1) (Refs. 35—45, respectively).
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excitation function and the experimental data for this lev-
el as shown in Fig. 9, one may ask what physically deter-
mines the rate of rise in the computed excitation function
for the crucial energy region from threshold to —1 MeV
above threshold. In the statistical model the important
variables are the transmission coefFicients which are com-
puted using the optical model; the important quantum
numbers are the J"of the initial and final states of the in-
elastic scattering reaction. For the calculated excitation
functions shown in Figs. 5 —7, 9, 11, and 13—16, J =

—,
'

was used for the initial (ground) state of Cr, and the
evaluated J"were used for the excited states having E
up to -2.7 MeV. One aspect of this model is that the
computed excitation functions for the two close-lying

J =-,'states having E„—1.5 MeV will be very similar
as a function of E'=E„—E,h„» &d. The disagreement
shown in Fig. 9 comes about because the experimental ex-
citation functions for these two states are not very similar
as a function of E'.

Could it be that J A —', for E =1537 keV'? To check
on this possibility calculations were carried out for other
possible, homeUer unlikely, J assignments to this level,
and the results are exhibited in Fig. 18. In particular, for
E„(3 MeV it is apparent that none of the four excitation
functions for negative-parity assignments agrees well
with experiment. The best agreement was obtained for
J =

—,
'+ as shown by the dashed curve in this figure. We
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FIG. 18. Comparison of present experimental excitation function for E~ =530 keV following decay of the 1537-keV level in "Cr
with statistical-model calculations for several choices for J assigned to this level. The calculated curve giving the best representa-
tion of the data is for an assignment of J = z+, but, as discussed in the text, a positive-parity level is not known experimentally, nor

expected theoretically on the basis of shell-model systematics, at this low an excitation energy in "Cr.
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do not suggest that a positive-parity level in fact exists at
this low excitation energy in Cr, but only that some
care must be taken when interpreting excitation functions
within the framework of the statistical model. The
E =1537-keV level is clearly a difficult level to under-
stand; the discrepancies in Figs. 9 and 10 are not the only
inconsistencies that need to be resolved.

V. CONCLUSIONS AND RECOMMENDATIONS

One goal discussed in the Introduction has been met,
and that is the goal to provide experimental cross sec-
tions for comparisons with predictions of nuclear-model
calculations. Comparisons with a recent theoretical
study, as shown in Figs. 5 —7, 11, and 15, are very ade-
quate for E„&4 MeV, and quite encouraging for E„&4
MeV. Only for E =1537 keV, as shown in Figs. 9 and
18, is the comparison less favorable.

A second goal, to provide new or definitive level-
structure nuclear data, has been met to a moderate de-
gree. The present data have helped to clarify the status
of the E =2453-keV level as well as to provide a
definitive separation of the doublet at E„-2706 keV.
Some new decay transitions for levels having E ) 3 MeV
were observed, and these have been reported in detail,
including determination of a previously unreported level
at E„=3172+3keV. However, as shown in Fig. 12 there
were several adopted levels for which we could not
confidently locate peaks (in our data) so as to assign tran-
sition gamma rays even for some levels having E„&3
MeV.

It appears to us that the level structure of Cr is not as
well understood as might be expected based on the
amount of experimental and theoretical effort so far re-
ported. We note that in general for Cr level excitation
energies are only moderately well reproduced by calcula-
tion; the electromagnetic observables are not well pre-
dicted. Indeed, of the 21 nuclei for which Mooy and
Glaudemans calculated results, ' Cr has the poorest
agreement with electromagnetic observables. In our
opinion, further experimental study of the excitation and
decay of levels in Cr, particularly for the 1537-keV lev-
el, is fully warranted. Further theoretical study of this
level scheme will likely require new experimental infor-
mation. Indeed, one may well determine that a different
theoretical approach is needed for a good quantitative
understanding of the Cr level structure.
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