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The total (P, n) reaction cross sections, integrated over the 4~ solid a~~le and summed,
over all neutron groups, for Ti, 54Cr, and ~ Co have been measured as a function of proton
energy in the energy range 3.0-4.9, 2.2-5.2, and 2.0-5.1 MeV in 5 keV steps, respectively.
No strong isobaric analog resonances were seen in the data. The Quctuations in the excita-
tion functions were analyzed to extract (F),, values using the "counting of maxima" method.
The excitation functions, averaged over 100 keV energy interval reveal prominent inter-
mediate width structures in the case of ~ Ti. All the three excitation functions were aver-
aged over suitable energy intervals and compared with the total reaction cross sections cal-
culated utilizing the optical model. The data on ~Co and Cr agreed, while the data on 5 Ti
indicated a marked discrepancy with these optical model calculations. In the latter case,
detailed Hauser-Feshbach (HF) and Hauser-Feshbach-Moldauer (HFM) calculations were
carried out. The HFM calculations fit the data quite well. The importance of 0(p, n) mea-
surements in determining the imaginary potential of the optical model at sub-Coulomb ener-
gies has been indicated.

NUCLEAR REACTIONS 5 Cr(P, n), E=2.2-5.2 MeV; 5 Ti(P, n), E=3.0-4.9
MeV; 59co(p, zz), E=2-5.1 Mev measured o(L); extracted (1'),„; optical model

and Hauser-Feshbach analyses.

I. INTRODUCTION

The (p, n) reactions on medium-weight nuclei are
useful in studying the isobaric analog states' in the
compound nucleus and in determining the proton
optical model parameters. ' ' Generally, for these
nuclei the (P, n) channel is open at proton bombard-
ing energies well below the Coulomb barrier. It
is also generally expected that at these energies
the total reaction cross section could be well Bp-
proximated by the (P, n) reaction cross section. "
This is because all other charged particle channels,
though energetically open, would be inhibited by the
Coulomb barrier in those channels. If this is so,
the measurement of the (P, n) reaction cross sec-
tion and comparison with the reaction cross section
calculated through the optical model would provide
a method for determining the optical model para-
meters for target plus proton system at these low
energies. The more conventional method of finding
these through elastic scattering differential cross-
section measurement would not be suitable at these
energies, as the elastic scattering at forward an-
gles will be dominated by the Coulomb scattering
and at backward angles the contribution from com-
pound elastic may be comparable to the potential
scattering.

The present measurements of total (P, n) reaction
cross sections (integrated over the 4nsolid angle'

and summed over all neutron groups) on 'oTi, '4Cr,
and "Co were undertaken with a view to study the
excitation functions to determine the optical model
parameters for the target plus proton system and
to determine the relevant parameters for anyprom-
inent isobaric analog resonance, ' if present. In
recent years experimental results have been re-
ported which have indicated the presence of inter-
mediate structure in excitation functions. ' It would
be interesting to look for such structures in the
(z(z, n) reactions. In order to serve all of these pur-
poses the excitation functions were measured with
fine ( -2-4 keV) resolution and small energy steps
(5 keV). The comparison with the optical model
and testing for the presence of any gross structure
would then require proper averaging of the data.
The preliminary results of this work were reported
earlier. '

II. EXPERIMENTAL PROCEDURE; AND RESULTS

The targets used in the experiment were ' Ti
(2% ' Ti, 1.8% "Ti, 17.8% ~'Ti, 2% ~ Ti, 76.4% ' Ti
in the form of TiO, ), '4Cr (0.11% "Cr, 4.01% "Cr,
1.'79% "Cr, 94.1% ' Cr in the form of Cr, O, ), and
"Co (100% natural). They were prepared by evap-
orating these materials in vacuum on to thick Ta
backing. The target thickness in all the three
cases was 2 to 4 keV for 4-MeV protons. The an-
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alyzed proton beam from the 5.5-MeV Van de
Graaff accelerator at Trombay was collimated on
the target which itself served th F
The target was located in the center of a 4m geo-
metry neutron counter ' Th e excitation function
was measured in 5-keV steps from threshold upto
5-MeV proton energy in all the three cases. In
the case of ' Ti tar etg, the excitation function was~ ~ ~

measured upto 4.9 MeV only because of the 4'Ti-
(P, n)"V ("Ti is 18% in the target used) reaction
channel opening up around that energy. The proton
current was meaeasured by a. current integrator (1%
accuracy). " The efficiency of the neutron counter
is known to an accuracy of 7% " In all the mea-
surements thehe background correction was obtained
by measuring the yield when the Ta backing was

was ound to beturned around to face the beam. It f
of the order of 1/o at all energies, except at ener-
gies very near the threshold where it became com-
parable to the yield.

12

rms o energy loss wasThe target thickness in term f
determined in each case from th hift 'e s in the edge
o e spectrum due to the back scattered 2-MeV n

tantalum covered with the target material. " A
silicon surfaceace barrier detector mounted at 160
with respect to the incident beam was u d

'
ths use zn these

measurements. The total shift '
xn energy will be

equal to ~(1+sec 20'), where ~ '
th~s e target

zc ness in terms of energy loss for E which is
the mean of the incident and scattered n particle
energies.

The absolute maximum error in the nin e, n cross
sec ion is estimated to be not more than +20%,
comprised of these errors: the target thickness
estimation 15ion, 15@&, target nonuniformity 5% the
efficien'ciency of the neutron counter, 7%,' and the
charge measurement, 1%. The error due to count-
ing statistics is less than +2%. However, the rel-
ative point to point error is + 5/o, mainly because
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of target nonuniformity.
The fine resolution excitation function

ses are shown'in Figs. 1-3. Th o(P, )-
agree well with the work done with thic

targets by Johnson ey nson et al, . when averaged suitably

54
to match their target thick Thness. e ' Cr(P n)-

Mn cross sectisection, averaged over suitable

gy interval a
ui a e ener-

Ref. 14. At hi
gy

'
al, agrees at low energies with th

igher energies there are deviations.
The excitation functions (Fi s. 1-3' '

ree cases, exhibited structures with widths of
the order of 10-15 keV. Isoba 'so aric analog reso-
nances are not ververy prominently seen except for
one or two cases. Onne or more narrow resonances
are present where the isobar'
(IAR)

'sobarac analog resonances
I R~j are expected. However the rr, e presence of

y s rong narrow resonances all over the ex-
citation functions indicates that the IARs
of s ecialp

' sxgn8icance. The presence of a ros
a e Rs are not

eV~j is indicated in all the
three cases to a varying degree, when the data
are averaged over 100-keV energy intervals. In
the case of Co and Cr tar t thge s, e gross struc-

res can be directly correlated with the presence
of groups of expected IARs. A number of IARs

to ether - e intervalsg, when averaged over 100-k V
'

appear as one wide structure. Howev
case f "T' fo x our bro

re. owever, in the
ad structures are seen which

are remarkable in term
uniformit . Onl

erms of the periodicity and thn e

ran e
'

n r
'

y. n y three IARs are expected th'ln 1s
n ree of the ob-ge of bombarding energy and thr

served gross structures more or 1or ess correlate
em. However, an interpretation of these

wide structures in term f ths o e isobaric analo
states themselves is not 'bl

g

lar e
s no possible because of the

arge observed widths, as well as th
one m

as e presence of
more broad structure whi h

ed for
ic cannot be account-

e or in terms of an expected IAR.

III. ANALYSIS

A. Fine structure

As pointed out in the Introduct' thc con, he excitation
unctxons were measured w'th fwx ine resolution in

e isobaric analog resonancesorder to bring out the i

and he
i present. Nosignificantlystron IARong was observed

The
an hence no resonance anal ysxs was necessary.

ture in e
e observed width and densit of thi y o e fine struc-

re in general may represent the Erie ric son fluctu-
ions as the significant statistical parameter
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(I'),„/D in the present case is greater than unity.
Out of a number of methods available in literature"
to extract the value of (I'),„(the average level
width), the "counting of maxima" method wa, s used
to analyze the data for all the three cases. The
corrections due to energy resolution and step size

were applied as discussed in Ref. 16. Level den-
sity expression given by Gilbert and Cameron" was
used to get the average level separation D for the
three J' values most likely to be populated in the
three cases. It was significant that the ratio (I').,/
D determined this way was much larger than one

TABLE I. Results of the fluctuation analysis of the fine structure. The variables U, a, 0
p(U, 4) are as defined in Ref. 17 and the variable (I'),„ is as defined in Ref. 16.

Reaction
Compound
nucleus

U a
(MeV) (MeV )

(r)„
(keV)

P(U, J) =1/D (I')„.,
(levels/keV) D

5 Tl(p +)5 V

'4Cr(p, n)'4Mn

51

55

10.70

10.73

6.375

6.710

1
2

9.986 7.4+ 1.5
5
2

1

2

10.800 9.8 + 2.0
5
2

0.86

1.47

1.72

1.20

2.07

2.46

10.9

12.7

11.76

20.24

24.11

"Co(p, ~)"Ni 60 11.03 6.540
3

11.454 5.8+ 1.2 4
5

2.3
2.1
1.7

13.34
12.18
9.86
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in all the cases. This justified the fluctuation inter-
pretation of the structure. The results of this anal-
ysis are shown in Table I.

written as

&g Spy &p

(2J'& +1)
(2Jo+ l)(28~ + 1)

8. Optical model and Hauser-Feshbach analysis

For a compund nuclear process the reaction
cross section is given by the Hauser-Feshbach ex-
pression (HF) based on the statistical model" and
when level width fluctuations are taken into ac-
count, the cross section is given by Moldauer's
formula (HFM), "which is a modification of the
Hauser-Feshbach approach. VYhen the proton
transmission coefficients can be neglected in com-
parison to the neutron transmission coefficients,
the HF or HFM expressions reduce to a simple ex-
pression which is the same as that given for the
total reaction cross section by the optical model.
This approximation would be quite valid at sub-
Coulomb energies. This can be seen from the
following: Starting with the expression given by
Marmier and Sheldon'0 the total (P, n) cross sec-
tion, using the Hauser-Feshbach formalism can be

T~,J,(&n) Z T~„g„(&.)

X
Tlp jp(Ep) + Q Tg y (+„)

'n&n&n

where J'0, and S~ equal the target and the projec-
tile spins, J~ equals the compound nuclear spin,
and T's are the transmission coefficients. For
the present sub-Coulomb cases, the transmission
coefficients for the other open charged particle
channels will be even smaller than that for the pro-
ton channel and are neglected in writing the above
expression. If we make the assumption that
QT,„q„(&„)»&, & (E~) which is valid at sub-Cou-
lomb energies and above neutron threshold, and
use the fact that Pz. (2J& + 1) =(2J'o+ 1)(2j~ + 1), the
above expression reduces to

(2A + 1)
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FIG. 4. The optical model fits to 4Cr(p, n) Mn, Co(p, n)5 Ni data averaged over an interval of approximately 200-
5pp keV. The significance of the fits are discussed in the text. Woods-Saxon derivative form factor has been used for
the imaginary potential Vl . The optical model potentials and form factors are as given in Bef. 22.
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1Further using the fact j ~ =1~+@~and S~ = —, we get

o~ „=nA~' Q t(lp+1)T, J )+l~ T, ~ )],
lp

where j~~=l~+,—, and j~~=l~ —2. The above expres-
sion is identical to o~, the reaction cross section
calculated using the optical model. The compari-
son of measured o'(P, n) (averaged to smooth out
the observed fine structure) directly with the opti-
cal model predicted reaction cross section does
not require information on the low lying energy
levels of the target and residual nuclides, whereas
the comparison with the HF or HFM needs this as
well as the neutron optical model parameters.

The fine resolution excitation functions for "Ti,
' Cr, and ' Co were averaged over large energy
intervals (- 200 to 500 keV) and then were com-
pared with the optical model predictions of reac-
tion cross section. The optical model code
ABACUS-2 (Ref. 21) was used to calculate the total
reaction cross section starting with the optical
model parameters given by Becchetti and
Greenlees. The imaginary potential UI was var-
ied suitably to get best fits to Co and Cr data keep-
ing all the other parameters fixed. The fits are
shown in Fig. 4. The fits are very good at lower
energies in both the cases. The calculated o~ at
higher energies in the case of ' Co is slightly
higher than measured (P, n) cross section. This is
understandable as near the top of the Coulomb
barrier other open channels may start contributing
to o„substantially. The fit to '4Cr data deviates
substantially from the measured data only in the
regions where the presence of groups of IARs has
resulted in apparent gross structures. The above
procedure of varying only the UI parameter would
be justified as the calculation. of the reaction cross
section would be most sensitive to the value of VJ.
However, as discussed in Ref. 2, the diffuseness
parameter ar also can be varied to fit the reaction

data. In the present analysis the objective was to
compare the value of VI determined here with that
determined by Becchetti and Greenlees. " In order
to do this meaningfully, all the other parameters
(including az) were kept at the same value as that
given in Ref. 22. It was possible to fit the data on
"Co and "Cr and determine the value of V& within
+1 MeV. The parameters which gave the best fits
for these cases are listed in Table II. However,
in the case of Ti no amount of adjustment of Vz

could produce a satisfactory fit. This is evident
from the observed steep slope of the averaged "Ti-
(p, n)'OV data as indicated in Fig. 4.

In Table II, the parameters obtained by extra-
polating downwards the values given in Ref. 22 are
also listed. The extrapolation was done assuming
the energy dependence also given in Ref. 22. The
comparison of the two sets indicates that the values
for Ui differ significantly. It was assumed that the
energy dependence of the real potential as given in
Ref. 22 would still be valid at lower energies. How-
ever, it has been indicated that this is not so and
the energy dependence becomes large at sub-Cou-
lomb energies. ' When variation of real potential
was tried, it was found that the fits were not sen-
sitive enough to determine the energy dependence
of the real potential in this range. On the other
hand, for the imaginary potential, it is expected
that at these energies, the extrapolation from
higher energies would not be valid as the level
densities are drastically reduced at these low en-
ergies. The fact that the values of VI determined
in this work (-4-5 MeV) are significantly different
from those given in Ref. 22, bears this out.

It can be seen from Fig. 4 that the assumption
(r~ „-&„is valid in the ca,se of ' Co(P, s)"Ni re-
action and to a certain extent for the "Cr(P, I)'4Mn
reaction and meaningful values of optical para-
meter V& can be obtained. However, in the case
of the "Ti target the fact that the optical model
calculations could not reproduce the data indicates

TABLE II. Optical-model parameters: V& is the real potential (Woods-Saxon form); V& is
the imaginary potential (derivative Woods-Saxon form); &z, ai are the diffuseness parameters
for real and imaginary potentials; and Rpg Rpr are the radius parameters for real and imagi-
nary potentials.

Optical model
parameters

"Cr
Becchetti and

Greenlees
Our

values

"Co
Becchetti and

Greenlees
Our

values

Vi
a&
Qi

R pg

59.2-0.32E
13.1-0.25E

0.75
0.588
1.17
1.32

59.0—0.32E
4.5-0.25E

0.75
0.588
1.17
1,32

58.8-0.32E
12.8-0.25E

0.75
0.67
1.17
1.32

58.5-0.32E
3.5-0.30E

0.75
0.570
1.17
1.32
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that the above assumption is not valid. Because of
the large difference in the ground state spin of ' Ti
and spine of low lying states" of 'OV, the (p, n) re-
action is inhibited and compound elastic scattering
becomes the dominant reaction channel at energies
near the threshold. Hence, the assumption o~ „
-&„fails in this case. So the more accurate, HF
and HFM calculations were carried out to fit the
"Ti(P, n)"V excitation function. The optical model
parameters similar to the ones used by Egan
et al.24 were used to get the transmission coeffi-
cients. Using the known level schemes ' ' of
"Ti and ' V the HF calculations were performed
utilizing the expressions given in Ref. 20. The
Hauser-Feshbach treatment assumes a uniform
distribution of level widths. However, the level
widths are expected to follow a Porter- Thomas
distribution. "Moldauer" has taken this statistical
nature of the level width distribution into account
in deriving the cross section expression averaged
over compound nuclear levels. This is the most
general expression for cross section for a parti-
cular reaction channel. A code HAFEc" was written
to calculate independently the HF and HFM pre-
dicted cross sections. The calculations were per-
formed with the following assumptions: The partial
widths were assumed to have a Porter- Thomas
distribution with one degree of freedom. The value
of Moldauer parameter Q used, "was zero, justi-
fied by the fact that the excitation energy was high
and (I")/»&1. Details of these calculations are
described in Ref. 28. For simple HF calculation,

the expression in Ref. 20 was used. The theo-
retical fits (HF and HFM) to the (averaged) mea-
sured "Ti(P, n)"V excitation function are shown
in Fig. 5. The fit obtained with HFM is the best
and closely reproduces the experimental data.

C. Strength function analysis

In comparing theories of various nuclear models
certain average properties of nuclear levels are
of considerable interest. One such property is
the average strength of levels, as measured by
the strength function (SFN) =( y'), „/&, where ( y'),, „
is the average reduced width for a particular re-
action channel of levels with the same quantum
numbers n and J. D is the average spacing of such
levels.

The Coulomb and angular momentum effects can
be removed from the cross section and excitation
curves by introducing the SFN. Following a method
similar to that of Johnson and Kernel12 the proton
strength functions were calculated for the three
cases measured in the present work utilizing the
Coulomb function code COULOM&" to calculate the
penetrabilities. The SFNs (in units of 10 "cm)
calculated are as follows: for "Ti, 2.4 ~0.80; ' Cr,
3.47 +0.48; and Co, 2.22 +0.16. The errors in-
dicated are due to variation of SFN over the energy
range in which they were calculated.

IV. CONCLUSION

The results of the analysis discussed above show

that at these sub-Coulomb energies, extrapolation
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FIG. 5. Hauser-Feshbach and Hauser-Feshbach-Moldauer theoretical fits to Ti(P, n}5 V averaged data. The Gauss-
ian form factor has been used for the imaginary potential Vi . The optical model potentials and form factors are similar
to that given in Ref. 24.
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downwards of the optical potentials determined
from the analysis of elastic scattering data at high-
er energy may not be quite valid. This is partic-
ularly true for the imaginary potential. As dis-
cussed earlier elastic scattering cross sections at
these energies would be completely dominated by
Coulomb scattering and will not be sensitive to the
nuclear optical potentials. Our work here indicates
that (P, n) reaction cross sections measurement
would be a more suitable method to determine
these potentials for sub-Coulomb energies.

From the comparison of the optical model re-
action cross section with the Hauser-Feshbach-
Moldauer calculations in the case of "Ti, it is
clear that when all "l"values do not contribute to
the (P, n) reaction, because of the specific proper-
ties of the nuclear levels involved, the optical
model reaction cross section fails to be a good
approximation to the (P, n) cross section. In such a
case the compound elastic channel becomes a
major contributor to the reaction cross section.

The most interesting feature of the data is the
appearance of intermediate width structures in the
case of the "Ti(P, n)5OV reaction. The structures
are striking because of their regularity in posi-
tions, widths, and heights. In order to trace the

origin of these broad structures and their probable
interpretation as doorway states in the entrance
channel, it would be necessary to measure the
excitation function for other open channels, i.e.,
"Ti(p, p)'OTi, "Ti(p, p')'OTi, and "Ti(p, o.)4' Sc and
look for correlations with the (p, n) data. However,
if these structures are due to doorway states in the
exit channel, the confirmation of them through
"V+n experiments will not be feasible because of
the target difficulties. Theoretical interpretation
of these structures in terms of possible doorway
configurations would be meaningful only when exis-
tence of these structures in a specific channel can
be confirmed or some properties like the spin and

parity can be measured.
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