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Measurements of proton total reaction cross sections for 5sNi and Ni
including nonrelativistic and relativistic data analyses
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Using a standard beam attenuation technique, proton total reaction cross sections (o'n) for Ni
and Ni have been measured at seven incident energies from 23 to 48 MeV to an absolute accuracy of
1 to O'PD. The results have been compared both with nonrelativistic optical model predictions using
global parameters and a relativistic optical model using a standard mixture of potential terms.
Nuclear transparency calculations have also been made for these nuclei using all published data
below 100 MeV.

PACS number(s): 25.40.Ep, 25.40.Cm, 24.10.Ht, 27.50.+e

I. INTRODUCTION

The total reaction cross section is of fundamental im-
portance in the full understanding of a nuclear system.
Values of crR determine, to a large extent, the imaginary
potential in optical model studies of heavy nuclei [1—4].
In addition, total reaction cross sections provide signifi-
cant information in few nucleon studies [5], and especially
for light nuclei, provide an important constraint on phase
shift analyses of elastic scattering. Recently there has
been interest in measuring 0.R for light neutron-rich nu-
clei for the purpose of studying effects such as neutron
halos [6,7]. In addition Cooper et al. [8] have pointed out
the importance of high quality o.R data for distinguish-
ing among various energy-dependent global proton Dirac
optical model potentials over a wide range of energies (20
to 1040 MeV).

A. Nonrelativistic models

incident particle and the target nucleus, ze and E are the
charge and center-of-mass kinetic energy of the incident
particle, Ze is the nuclear charge, and T is the energy-
dependent nuclear transparency. The quantity T can be
related to the mean free path of the incident particle in
the target nucleus. The two adjustable parameters are B,.
and T. This equation represents a way of parametrizing
oR data, with the transparency accounting for the dif-
ference between the maximum geometrical cross section
and the smaller cross section, due to the reduced nuclear
reaction probability, found at higher energies. The other
free parameter It',; is given by

R, = g5/3(r„+ r,),
where r„and rq are the rms radii of the incident particle
(proton) and the target nucleus, respectively. These radii
are taken from tables of nucleon charge distribution pa-
rameters [13]. See Ref. [14] for a more detailed discussion
plus applications to previously measured data.

Nuclear tr anaparency calculation8:
Energy dependence of crn

2. OpticaL model with global parameter8

It has been observed that the energy dependence of OR
is well represented by the expression [9—12]

zZc
oIt = ~(R, + A)' 1 — (1 —T),R, +A E

where R, is the effective hard-sphere interaction radius,
A is the reduced wavelength for the relative motion of the

*Present address: AECL Research Co. , Pinawa, Manitoba,
Canada ROE 1LO.

The optical model used in our analysis was of stan-
dard form, containing six geometrical and five dynamical
parameters. Based on the observation that the quality
of the fits with fixed geometry and strength is compara-
ble to the best fits to each individual target nucleus, the
optimum proton-nucleus standard optical model param-
eters (the so-called global parameters) of Becchetti and
Greenlees [4] were adopted here. In their work they ana-
lyzed existing elastic scattering data for incident protons
of energies up to 50 MeV and scattering from nuclei of
mass number between 40 and 90, and they determined
an optimum general parameter set using the standard.
formulation of the optical model. Although the superi-
ority of the global parameters over parameters extracted
from individual analyses has not been established, it has
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been shown [3,4] that global parameters can be used with
reasonable confidence.

B. Relativistic models: the relativistic optical model

An optical model based on the Dirac equation has been
developed as an alternative to the Schrodinger equation
based phenomenology (for example, see Refs. [8,15—30]).
The basic feature of the standard relativistic optical
model is its treatment of the optical potential as a mix-
ture of a Lorentz scalar potential and the timelike com-
ponent of a four-vector potential which provides the re-
quired spin-orbit and central terms. In this scalar-vector
(SV) model the scalar potential is related to the neutral
scalar field arising from a two-pion exchange process, and
similarly, the vector potential is related to the neutral
vector field composed of u mesons. Although a model of
this type has been successfully applied to the finite nu-

clear size and the single particle bound state problems,
one can also consider other combinations which use a
tensor potential to obtain the large spin-orbit strength,
such as scalar-tensor (ST), VT, or SVT. The SV model
has recently been applied over a wide energy range (20—
400 MeV) with encouraging results [8,26,28—30], includ-
ing the exhibition of systematic behavior in this energy
range, which is a basic requirement for any type of phe-
nomenological model.

II. EXPERIMENTAL METHOD

The experimental procedure consisted of a variation
of a standard attenuation technique [31]. A tightly
collimated, momentum-analyzed proton beam of energy
known to +100 keV with an energy spread of +150 keV
FTHM from the University of Manitoba sector-focused
cyclotron was incident on the total reaction cross section
apparatus and target, a schematic drawing of which is
shown in Fig. 1. A detailed description of the apparatus
and experimental technique is given in Ref. [31]. Indi-
vidual protons in the incident beam were identified by
signals &om the two thin passing scintillation detectors
1 and 2 (in coincidence) plus the absence of signals from
the two annular detectors 3 and 4. Hence the trigger
signal 12(3+ 4), the number of which is denoted as Io,

indicated that a properly directed proton was incident on
one of the nickel targets. These targets, approximately
1 cm in diameter, were enriched to 99.79% for ssNi and
99.07% for Ni. The areal thicknesses were 40.53 + 0.21
mg/cm for Ni and 39.48 + 0.14 mg/cm2 for Ni. Be-
yond the target was the stopping detector telescope, com-
posed of the small plastic disk scintillator detector 5 and
the CsI(Na) stopping detector 6. All charged particles
which entered detector 5 or deposited energy in detector
6 above the (E „—6.0 MeV) threshold (corresponding
to elastic events plus, depending on the particular nu-
cleus, a few inelastic states, and a small fraction of the
continuum) produced an OR signal (5 + 6). The pres-
ence of an OR signal indicated a nonattenuation event
I, which in most cases was an unscattered proton, but
which also could have been an elastically scattered proton
which entered detector 6 or a charged reaction product
which entered detector 5. The OR signal I was placed in
anticoincidence with the trigger signal Ip, directly yield-
ing the difference (Io —I), which corresponded to the
number of attenuation events. The quantity (Io —I) can
be related to the total reaction cross section after apply-
ing a number of corrections which are described in Sec.
III.

The experiment consisted of a series of "target in" and
"target out" measurements at each of the several energies
spanning the energy range 22.7 to 47.9 MeV. For each
target in or target out measurement the number of at-
tenuation events for 10" incident protons was measured.
Each measurement was repeated two or three times, and
if any of the results were more than two standard devia-
tions from the average, that measurement was repeated.
As an illustration of a sample set of data at 34.8 MeV,
we measured 6202, 6223, and 6017 (Io —I) events, each
for 10 Ip events for Ni; 6100, 5986, and 6080 for Ni,
while for target out we measured 1422, 1455, 1365, 1356,
1420, 1403, and 1382 (io —i) events, each for 10 io events.

III. DATA REDUCTION

The uncorrected reaction cross section o„„was calcu-
lated using the formula

1 (Ip —I) (is —i )
nx Ip i p

Passing Detector 1 Annular Detector 3

Proton Beam Target

Csl Energy
Detector 6

tiscattering
Baff le

Passing
Detector 2

Annular Detector 4

Detector 5

FIG. 1. Schematic diagram of the total reaction
cross-section apparatus.

where Io and io are the number of trigger (incident) pro-
tons with target in and target out, respectively, (Io —I)
and (io —i) are the number of attenuation events with
target in and target out, and nx is the number of nuclei
per cm in the target.

The total reaction cross section o.R was obtained from
o„after applying corrections for the following efI'ects.

a. Elastic scattering events. Protons scattered at an-
gles greater than 45 did not enter detectors 5 or 6, and
thus were incorrectly counted as attenuation events. This
correction was calculated using elastic scattering data
found in the literature [3,32—39]. Even though quoted
uncertainties ranged typically from 2% to 5% per data
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point, we took the overall uncertainty in determining this
correction, the most important of the corrections to o.„
to be 10'%%uo. This correction ranged from 4.5% to 13%%uo of
the final cr~ values, and contributed less than 0.5'%%uo to the
overall uncertainty in the o~ values.

6. Charged-particle reaction products, detector 6 cor-
rection. All charged particle reaction products entering
detector 6 with energies above the detector 6 threshold
(R „—6.0 MeV) were incorrectly counted as nonatten-
uation events. This correction was obtained in a manner
similar to that for the elastic correction. All available
inelastic diAerential cross section data for excited state
energies up to 6 MeV for the targets under study were
collected from the literature [33,34,39—42]. These cross
sections were integrated over the angular range of 9 —45,
corresponding to particles missing detector 5 (0 —9') and
hitting detector 6 (0 —45'). Interpolations were made,
and the corrections were determined at each of the ex-
perimental energies, which was at most 3% of the final
total reaction cross section value.

c. Charged particle reaction products, detector 5 cor-
rection. All charged particles (including reaction prod-
ucts) entering detector 5 were counted as nonattenuation
events. Since the solid angle subtended by detector 5 was
small (a cone of half-angle of 9%), this correction is quite
small in general, and was calculated in a way similar to
that of correction (b.). It was always found to be about
1% of the final rrIt value.

d. Nuclear reactions occurring in detector 6. Protons
which elastically scattered into detector 6 and then ini-
tiated nuclear reactions in the CsI(Na) scintillator may
have been counted as attenuation events. This correction
was calculated using the available data for the reaction
probability for a proton stopping in CsI [43]. The num-
ber of protons entering detector 6 and missing detector
5 was counted during the experiment for the purpose of
this correction. This correction was always between 3%%uo

and 4%%uo of the final reaction cross section values.
e. Detector 5 light guide correction. Detector 5 was

a scintillator disk of thickness 0.051 cm imbedded in a
Oat lucite light guide. A proton, elastically scattered in
the lucite in such a way that it did not enter detector 6,
produced a false attenuation signal. The correction for
this eKect was calculated using the composition of lucite
and the appropriate reaction cross sections [44].

f Other corre.ctions. Other corrections due to target
thickness and finite beam spot size were calculated and
found to be negligible.

with Schrodinger-equation-based formalism to calculate
nonrelativistic o~ values at the seven energies studied.

Relativistic optical model studies of elastic scattering
using the Dirac equation with large canceling I orentz
sealer and four-vector potentials have been shown to be
superior to Schrodinger-equation-based phenomenology
in this energy region [27]. We have used this treatment
to calculate relativistic O.R values at several energies. The
12 potential parameters of this model (the same number
of parameters as used in the nonrelativistic optical model
calculation) were varied, and using the chi-square min-
imization method, we obtained the best G.t to Ni and

Ni difFerential cross section and analyzing power data
found in the literature [3,32—39,45]. The analysis began
with a fit to the data at 65 MeV [45]. The 65 MeV po-
tential parameters thus obtained were then used as the
starting point for analysis at lower energies, in the re-
gion of the present experiment. Reasonable fits to the
data at these energies were obtained. The relativistic
total reaction cross sections were then calculated using
these parameters.

B. Nicke1 58

The final p+ Ni total reaction cross section values
are given in the last column of Table I, along with the
associated uncertainties. The table also contains the un-
corrected reaction cross sections as well as the various
correction terms and all uncertainties. The largest con-
tribution of the correction terms comes from the elastic
correction, which was about 13% of crR at the lower en-
ergies, but which decreased with increasing energy. The
total reaction cross section values are plotted as a func-
tion of incoming proton energy for Ni in Fig. 2. Our
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The procedure in the nuclear transparency calculations
follows that of Ref. [14]. The results will be discussed in
the separate sections for each nucleus below.

For the nonrelativistic optical model analysis, we used
the global parameters of Becchetti and Greenlees [4] in
parametrized form in terms of A, Z, %, and E along

FIG. 2. Plot of a.ii (black nucleus) [Eq. (1) with T = 0]
vs incident proton energy, as given by Table II (solid line),
for Ni. Experimental o~ results for each nucleus are also
plotted. Legend: ~ (this paper), $ (Ref. [48]), V (Ref. [47]), k
(Ref. [32]), and ~ (Ref. [46]). Also included are Schrodinger
(Q) and Dirac ( ) based optical model predictions for og.
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TABLE I. Proton total reaction cross sections for Ni and Ni.

Nucleus

Ni

"Ni

Energy
(MeV)

22.7
25.1
30.1
34.8
39.7
45.2
47.9
22.8
25.1
30.1
34.8
39.7
45.2
47.9

(mb)
1221.5+13
1206.2+16
1155.5+9
1117.8+21
1065.4+7
1008.9+11
1017.8+3
1284.2+16
1241.6+10
1194.8+15
1170.9+16
1101.9+17
1053.1+7
1041.2+4

Elastic
correction

(mb)
—136.3+14
—125.2+13
—103.1+10
—84.7+9
—67.6+7
—51.3+5
—44.2+4

—114.9+12
—107.7+11
—92.8+9
—79.7+8
—67.0+7
—53.8+5
—47.7*5

Charged
particle
reaction

products,
detector 6
correction

(mb)
29.6+6
30.7+6
31.8+6
31.5+6
29.8+6
26.2+5
23.8+5
25.5+5
27.7+6
31.4+6
33.4+7
34.0+7
32.9+6
31.7+6

Charged
particle
reaction

products,
detector 5
correction

(mb)
9.2+5
9.7+5

10.6+5
11.2+6
11.5+6
10.6+5
11.1+6
8.9+5
9.5+5

10.7+5
11.9+6
12.8+6
13.4+7
13.6+7

Nuclear
reactions in
detector 6
correction

(mb)
—36.7+1

—38.7+1
—36.3+1
—34.0+5
—35.4+1
—32.2+1
—38.4+3
—36.4+1
—38.0+1
—35.8+1
—32.7+4
—34.9+1
—36.9+2
—39.3+1

Detector 5
light guide
correction

(mb)
—2.1+1

—1.2+1
—0.8+1
—0.6+1
—0.6+1
—0.6+1
—0.6+1
—2.1+1
—1.2+1
—0.8+1
—0.6+1
—0.6+1
—0.6+1
—0.6+1

&R

(mb)
1085+21
1082+22
1058+16
1041+25
1003+13
962+14
970+10

1165+21
1132+17
1108+19
1103+21
1046+21
1008+13
999+11

TABLE II. Nuclear transparency calculation results.

Nucleus

58N.

"Ni

Energy
(MeV)
9.1
14.5
22.7
25.1
28.5
30.0
30.1
34.8
39.7
40.0
45.2
47.9
49.5
60.8
9.2
14.5
22.8
25.1
28.5
30.1
34.8
39.7
40.0
45.2
47.9
60.8

aR(exp)
(mb)
547+33
927+27
1085+21
1082+22
1038+32
1011+30
1058+16
1041+25
1003+13
955+34
962+14
970+10
856+29
807+25
709+37
978+16
1165+21
1132+17
1053+51
1108+19
1103+21
1046+21
982+42
1008+13
999+11
841+30

Reference

[48]
[47]
this paper
this paper
[32]
[46]
this paper
this paper
this paper
[46]
this paper
this paper
[46]
[46]
[48]

this paper
this paper
[32]
this paper
this paper
this paper
[46]
this paper
this paper
[46]

cr~ (black
nucleus
r = o)
(mb)
428
846
1047
1076
1106
1116
1117
1141
1159
1160
1172
117?
1179
1191
457
862
1065
1093
1123
1134
1159
1176
1177
1189
1194
1208

T
(%%uo)

&0
&0
&0
&0
6.1
9.4
5.3
8.8
13.5
17.7
17.9
17.6
27.4
32.2
&0
(0
&0
&0
6.2
2.3
4.8
11~ 1
16.6
15.2
16.3
30.4
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0~ values are seen to vary smoothly with energy and
to decrease with increasing energy. Figure 2 also con-
tains other experimental values available from the liter-
ature [32,46—48] at 9.1, 14.5, 28.5, 30.0, 40.0, 49.5, and
60.8 MeV. In the region of energy overlap of the present
work and that from the literature, our reaction cross sec-
tions are about 2% higher than those from the literature.
However, within the limits of experimental uncertainties,
there exists good agreement.

The results of the nuclear transparency calculations are
presented in Table II. The values corresponding to a black
nucleus (T = 0) are listed under oR (black nucleus) in
the table and are plotted as the solid line in Fig. 2. The
increasing dinerence between the experimental values o~
(experimental) and o~ (black nucleus) with increasing
energy above 25 MeV is attributed to an increase (from
zero) of the nuclear transparency T which is listed in
column 4 of Table II. The maximum transparency of 32%
occurs for the highest incident proton energy, 60.8 MeV.
The calculated transparency depends on the choice of the
radius parameter R, . According to this model Ni is
completely absorbing for energies less than 25 MeV and
becomes increasingly transparent to protons of energy
higher than 25 MeV.

The results of the Schrodinger-equation-based optical
model calculations with global parameters for p+ Ni
elastic data are shown in Table III. The theoretical to-
tal reaction cross section o~(th) values are listed in the
table along with the global parameters. Values of our
experimental and theoretical total reaction cross sections
o~(exp) and oR(th) are plotted as a function of incident
energy in Fig. 2. Although there is reasonably good
agreement between experimental and theoretical reaction
cross section values at energies lower than 45 MeV, it
is observed that experimental results are 5% and 10'%
higher than optical model reaction cross section predic-
tions at 45 and 48 MeV, respectively.

A comparison of the experimental proton total reaction
cross section values for Ni has been made with the the-
oretical values obtained in the Dirac-equation-based rel-
ativistic model analysis. The potential parameters of the

model are listed in Table IV along with the reaction cross
section predictions for Ni. Although the real scalar and
vector potential strengths decrease slightly with increas-
ing energy while the imaginary potential strengths and
shape factors remain approximately the same, a strong
systematic dependence of the potential parameters on
varying energy is not observed. After each parameter
search, chi-square values were obtained; these are listed
in Table IV. With these sets of parameters, reasonable
fits to the differential cross section data were obtained at
small scattering angles. The discrepancy between calcu-
lated and experimental differential cross sections at an-
gles larger than 95 is largely due to the lack of spin
observables in this low energy range for this particular
nucleus. In other studies this discrepancy has been ex-
plained as a characteristic of the optical model calcula-
tions which do not include explicit exchange interactions
[25]. In other studies inclusion of a complex l-dependent
Majorana exchange potential in the optical model re-
moved most of this large angle discrepancy [49,50]. A
sample fit obtained from our relativistic optical model
analysis of 35.2 MeV elastic data from Ref. [37] is pre-
sented in Fig. 4. The total reaction cross section predic-
tions along with our experimental values are plotted as
a function of proton energy in Fig. 2. Although there
is remarkable agreement between the experimental and
theoretical values, it should be pointed out that it is pos-
sible that another set of parameters Inay provide equally
good agreement. The relativistic approach does indeed
provide a testing ground for various relativistic structure
calculations; however, at low energies the unambiguous
specifications of the parameter set, and hence the veri-
fication of the predictions, is limited by the lack of spin
data.

C. Nickel 60

The measured total reaction cross sections for p+ Ni
along with the uncorrected cross sections and the asso-
ciated corrections are presented in Table I. The anal re-

TABLE III. Results of Schrodinger-based optical model analysis.

Nucleus

58N.

60N.

Energy
(MeV)
22.73
25.08
30.10
34.84
39.77
45.13
47.85
22.75
25.09
30.12
34.86
39.79
45.15
47.86

U ao
(MeV) (fm)
50.44 0.75
49.68 0.75
48.08 0.75
46.56 0.75
44.98 0.75
43.27 0.75
42.40 0.75
51.18 0.75
50.43 0.75
48.82 0.75
47.31 0.75
45.73 0.75
44.01 0.75
43.14 0.75

Fo

(fm)
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17

WsF
(MeV)
6.52
5.93
4.6?
3.49
2.26
0.92
0.24
6.91
6.33
5.07
3.89
2.65
1.31
0.64

a,.
(fm)
0.53
0.53
0.53
0.53
0.53
0.53
0.53
0.57
0.57
0.57
0.57
0.57
0.57
0.57

(fm)
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32
1.32

W„
(fm)
2.30
2.82
3.92
4.96
6.05
7.23
7.83
2.31
2.82
3.93
4.97
6.05
7.23
7.83

U,
(MeV)
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20
6.20

+so
(fm)
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

~$0

(fm)
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

oR(th)
(mb)
1115
1112
1086
1041
986
916
878
1172
1172
1147
1104
1049
979
941

cry (exp)
(mb)

1085+21
1082+22
1058+16
1041+25
1003+13
962+14
970+10
1165+21
1132+17
1108+19
1103+21
1046+21
1008+13
999+11
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suits have been plotted in Fig. 3; these results show a
smooth variation with energy. Also included in this fig-
ure are reaction cross section results from the literature
[32,46—48] for incident proton energies of 9.2, 14.5, 28.5,
40.0, and 60.8 MeV. Agreement between our results and
those found in the literature is quite satisfactory.

The results of the nuclear transparency calculations are
listed in Table II, with cr~ (black nucleus) and 0~ (exper-
imental) values plotted as a function of incoming proton
energy in Fig. 3. The maximum transparency of 30% oc-
curs at 60.8 MeV, while the transparency drops to 0 at 25
MeV. According to this calculation, Ni is almost com-
pletely absorbing for energies up to 25 MeV (just as in
the case for Ni), and then becomes increasingly trans-
palent to incoming protons with energies higher than 25
MeV.

The results of the nonrelativistic optical model analysis
with global parameters for p+ Ni are shown in Table
III. Our experimental total reaction cross sections for p+

Ni are also plotted in Fig. 3 along with the predictions
derived from the nonrelativistic optical model with global
parameters. Good agreement was obtained except at 45
MeV where the experimental reaction cross section is 6%
higher than the nonrelativistic optical model value.

Total reaction cross section values obtained from the
relativistic optical model analysis are listed in Table IV
together with the potential parameters; also in the ta-
ble are chi-square values and experimental reaction cross
section values for each energy. Experimental reaction
cross sections for p + Ni have been plotted in Fig. 3
along with the total reaction cross section predictions
from the Dirac-equation-based model. The agreement is
quite remarkable. A sample 6t to the differential cross
section data from Ref. [37] at 35.2 MeV is presented in
I"ig. 4. Although the large angle discrepancy is again
observed for angles greater than 90, in a few other rel-
ativistic model analyses in the low energy range [26,28]
very good agreement was obtained with large angle data,
while nonrelativistic analyses require an additional term
in the optical model which depends on the orbital angu-
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values than ours in Table IV. However, they normalized
the data so as to minimize their chi-square values.

D. Summary

In summary, we have measured total reaction cross sec-
tions for protons incident on Ni and Ni for seven en-
ergies between 23 and 49 MeV. Calculations of o.~ based
on a nonrelativistic global optical model and the Dirac-
equation-based relativistic optical model have been found
to be generally in good agreement with our experimental
results, with the Dirac results being closer to the exper-
imental results than those of the nonrelativistic optical
model.
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