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Reaction cross sections for alpha particles have been measured for C, 0, Si, Ca, Ca,12 16 28 ~ 40 48

N Ni Sn, and Pb at 74.5, 103.2, 129.3, 159.7, and 192.7 MeV. The experimental values

are found to be considerably smaller than predictions from conventional optical model calculations.

PACS number(s): 25.55.Ci, 24.10.Ht

I. INTRODUCTION

In elastic scattering experiments the number of exper-
imental data points in the angular distributions is often
very large, whereas the reaction cross section, o~, con-
sists ofjust one experimental value. Nevertheless, there is
an increasing theoretical interest in reaction cross section
data, one reason being that they can be decisive in cases
when difFerent models predict similar angular distribu-
tions for elastic scattering. Ray [1] has studied proton-
nucleus total cross sections in the energy range 100 to
2200 MeV using the nonrelativistic KMT optical model
formulation. The calculated reaction cross sections were
found to be in good agreement with the experimental re-
sults above 400 MeV, but at lower energies these were
greater than the experimental results by 15—20%. Ac-
cording to Dymarz [2] this discrepancy is significantly
reduced when the scattering is described relativistically,
using the Dirac-based impulse approximation optical po-
tential.

Reaction cross sections for different isotopes can also
be used for accurate determinations of difFerences in nu-
clear matter radii which are essential for information on
the differences between proton and neutron distributions
in nuclei. This approach was used by Ernst [3] in his
analysis of proton reaction cross sections for ' '4 Ca
at 700 MeV and by Dubar et al. [4] for the scattering of
96 MeV alpha particles by different isotopes of the nuclei
Cr, Fe, Ni, and Sn.

In recent years there has been a great interest in total
reaction cross sections for heavy ions. The results have
been parametrized in several ways, and have also been
extensively used for comparison with predictions of dif-
ferent microscopic models. Recently Hussein, Rego, and
Bertulani [5] published a detailed report on the micro-
scopic theory behind different parametrizations.

There are, however, very few results for reaction cross
sections for alpha particles. Measurements on several
nuclei have been made at Berkeley [6] at 40 MeV and at
Kiev at 96—100 MeV [7—11]. Beside these measurements
the reaction cross section for C was measured at 380
and 620 MeV at Berkeley [12). Furthermore, Warner et

a/. have reported average reaction cross sections for Si
in the energy energy region 27—92 MeV [13] and for i2rl
and issCs in the region 74 to 112 MeV [14].

There were two main goals for the measurements re-
ported here. The first was to increase the reliability of
the analyses of a future experiment on the elastic scat-
tering of alpha particles at the The Svedberg Laboratory
in Uppsala. The second goal was to gain information
about the energy dependence of the reaction cross sec-
tion for alpha particles in order to make it possible to
get a more reliable test of difFerent macroscopic and mi-
croscopic models.

II. EXPERIMENTAL EQUIPMENT AND
PROCEDURE

At present, the most scient method to measure re-
action cross sections in this energy region is based on
the attenuation technique as proposed by Gooding and
Eisberg [15] and later modified by Gooding [16] and by
Wilkins and Igo [17]. This method has been further im-
proved and successfully used in a number of proton reac-
tion cross section experiments by members of the present
group [18],and the same technique is also applied in the
alpha particle experiment reported here.

The method used in the present experiment is to mea-
sure the attenuation of a beam of particles as it is trans-
mitted through the target. A detailed description of the
experimental equipment has been given in Ref. [18].

After passing through the target the incident beam
intensity, Ip, has been reduced to I, according to the
formula

(Ip —I)
nXIp

(2)

I I )

where n is the number of nuclei per unit volume in the
target, x the target thickness, and o the attenuation cross
section. If the quantity nxo. is small compared to unity,
one obtains
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A. Alpha particle beam

A well-collimated alpha particle beam from the Gustaf
Werner cyclotron at the The Svedberg Laboratory was
directed into our apparatus, shown schematically in
Fig. 1. The beam energy spread was approximately 300
keV (FWHM) and the intensity on the target was typi-
cally 2 x 10 particles per second.

B. Beam defining counters

The direction and size of the beam at the entrance
of the detector system were de6ned by two collimators,
with openings of 1 mm in diameter, placed 3 m apart. By
setting discriminator thresholds on the coincident signals
kom the 0.1 mm thick plastic scintillators 1 and 2, it was
possible to identify incident alpha particles. On its way
to the target, the beam had to pass through the holes
of the detectors 3 and 4, which were in anti-coincidence
with counters 1 and 2. In this way particles which had
undergone forward scattering in detectors 1 and 2 were
eliminated from the trigger.

particles passing through the holes would also go through
this detector.

With an acceptance cone half-angle of 30' for detector
6, elastically scattered particles could not escape without
depositing all their energy in this detector. All charged
particles entering detector 5 were treated electronically
as nonreaction events. They constituted more than 98%%uo

of the incident Hux. The threshold for vetoed events in
detector 6 was set at about 10 MeV below the elastic
peak energy.

E. Electronic logic

The electronic logic is shown schematically in Fig. 2.
The incident beam intensity, Ip, was determined by the
signal 12(3+4) and the transmitted, nonreacting beam
intensity, I, by 12(3 + 4) (5 + 6). A special pile-up rejec-
tion circuit prohibited both of two consequtive incident
alpha particles &om triggering the logic if they arrived
within 150 ns of each other. The corrections necessary
to determine the reaction cross sections &om these raw
data are described below.

C. Targets

The targets were mounted on a wheel accommodating
14 targets and an empty space for target-out measure-
ments. They were remotely positioned to an accuracy of
0.1 mm. The details of the different targets are given in
Table I. As was the case in a previous proton experiment
[19], the oxygen cross section was determined in a com-
parison between the results using Si and Si02 targets.

The Ca target was fabricated in 1985. Since then its
mass had increased by 7%%uo, due to an accumulated layer of
CaCO3. Since reaction cross sections were measured for
the contaminants (C and 0) in the present experiment,
corrections to the measured results for Ca were easily
made.

F. Experimental procedure

An experimental run consisted of data taking peri-
ods with the different targets in position, interspaced by
target-out measurements at &equent intervals. The un-
corrected reaction cross section is determined &om the
di8'erence between the terms (Is I) and the —correspond-
ing quantity (io —i) obtained &om target-out measure-
ments.

G. Corrections to the ram data

The uncorrected reaction cross section o„„was ob-
tained &om

D. Energy analyzing telescope

1 (Ip —I) (ip —i)
Oun =

nx Ip ip
(3)

The energy analyzing telescope consisted of detector 5,
subtending an. angle of +9, and the stopping detector 6,
collimated to subtend an angle of +30 as seen from the
beam spot on the target. The size of detector 5 and the
holes of the annular detectors 3 and 4 were matched to
each other in such a way that without the target alpha

In the following the corrections applied to the raw data
are described. They are mostly small and of different
signs, so that in the end they almost cancel.

(i) The first correction concerned elastically scattered
alpha particles which emerged at angles greater than 30
and thus missed detector 6. These nonreaction events
were falsely counted as reactions since there was Do gate-
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Target Enrichment

12'
Si02
aeS
40'
48'

Ni
Ni

124S

208pb

Natural
Natural
Natural
Natural
90.8'%%uo

99.79%
99.07%
96.71
99.86

Thickness Thickness
(mg/cm )

78.9
62.0
77.4
49.0
10.9
40.5
39.5
38.5
67.4

TABLE I. Target speci6cations.

nonuniformity

0.5
0.1
0.1
4
2
2
2
2
4

producing false reaction events. As mentioned above, de-
tector 5 significantly reduced the nuxnber of such events.
In order to estimate this correction a separate experiment
was perforxned to measure the reaction rate for alpha par-
ticles in detector 6 using the same technique reported in
Ref. [50] for protons. The correction was negative and
less than 1%.

(v) EfFects such as finite target thickness and finite
beam size did not contribute significantly to the experi-
xnental error.

closing signal from either detector 5 or 6. The experi-
mentally measured cr„„was corrected by subtracting the
elastic differential cross section integrated between 30'
and 180'. These elastic cross sections were taken from
published data [20—45]. The correction subtracted was
always less than 2% of 0„.

(ii) The second correction was for nuclear reactions
producing charged particles which missed detector 5, but
entered detector 6 (9' ( tII ( 30') with energies above the
discriminator level for that detector. These were thus
falsely counted as elastic events. A correction was ap-
plied for these missing reaction events. In most cases the
discriminator level for detector 6 was set 10 MeV (b,E)
below the elastic peak. The appropriate cross sections
(Refs. [33,34,38,40—42,44—48]) were integrated to give the
charged particle reaction correction,

30 E
2' sin 8 d8 dE.

90 E—b,E
(4)

This positive correction was always less than 2.5% of 0„„.
(iii) Reaction products which triggered detector 5 were

registered as nonreaction events. This correction was in
general quite small, since the solid angle subtended by
detector 5 &om the target was only 0.077 sr. It was
measured using a method suggested by an Oak Ridge
group [49]. The correction added was typically less than
0 6%.

(iv) Some alpha particles were elastically scattered out-
side detector 5 but into detector 6 and then lost energy
through nuclear reactions in the detector material, thus

III. EXPERIMENTAL RESULTS

The reaction cross sections obtained at the five en-
ergies are presented in Table II. The quoted errors are
statistical. The beam energies were deterxnined with a
time-of-Bight technique with uncertainties less than 0.5
MeV.

The results are shown in Fig. 3 by the solid circles.
Proton reaction cross sections are shown by the open cir-
cles at the same energy per nucleon. Besides data taken
from the compilation of Bauhoff [51] results for s Ca [52],
and unpublished results for MNi and oNi [53], and i24Sn

[54] are shown. As expected the values are considerably
larger for alpha particles than for protons. It is some-

what surprising, however, that the energy dependence
is so difFerent in the two cases. For i2C the reaction
cross sections for protons are almost constant whereas

the values for alpha particles decrease with energy. For
Pb the values for alpha particles stay almost constant,

whereas the values for protons increase with energy. Op-
tical model calculations have shown that the increase in
the proton reaction cross sections for heavy nuclei may
be well understood as a Coulomb efFect [19,55]. This en-

ergy dependence is represented by Eq. (5) (in the next
section) in which the Coulomb barrier acts to inhibit the
reaction cross section at lower energies for heavy nuclei
such as 20sPb. Since the slope due to the Coulomb inter-
action is proportional to the charge product and inversely

proportional to the incident energy, the slope for the re-
action cross sections for alpha particles should be half
as large as for protons if it was a pure Coulomb efFect.
Apparently this is not the case.
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TABLE II. Experimental results for the reaction cross sec-
tions (mb) for alpha particles.

Target

12'
16O
28S.
40C
48C
58N.
60N.

124S
208pb

74.5
848+14
945+10

1161+14
1361+24
1626+65
1511+21
1551+16
2127+30
2653+85

Incident energy (MeV)
103.2 129.3 159.?
745+20 685+15 597+11
849+17 809+15 718+11

1083+14 1042+1? 938+15
1280+20 1262+20 1093+32
1421+47 1393+46 1341+47
1468+25 1465+15 1381+46
1459+21 1523+30 1429+45
2084+30 2182+36 1971+52
2574+48 2545+75

192.7
544+14
663+21
885+20

1039+33
1282+34
1329+14
1384+14
2016+40
2476+52

IV. PARAMETRIZATION OF THE
EXPERIMENTAL RESULTS

The reaction cross section is a measure of the proba-
bility that an incident particle will undergo an inelastic
reaction anywhere in the nucleus, and it is therefore natu-
ral to asume that it is closely related to the size and shape
of the nucleus. In Ref. [56] calculations using the Glauber
approximation showed that the reaction cross section is
proportional to the number of nucleons, A or R, when
the nucleon-nucleon interaction is very weak. When the
strength increases, the dependence on R becomes weaker,

and when the total cross section is just below 40 mb the
calculated reaction cross section was found to be pro-
portional to A ~ or R2. The isospin average value of
the nucleon-nucleon interaction varies smoothly around
this value in the energy region 200—1000 MeV. This ex-
plains why it was possible in a previous experiment to
parametrize [57] the reaction cross section for protons in
the energy range 200—800 MeV with the formula

2 Zzc
OR =& rpA +A 1 — 1 —T. 5

In this equation, rp is the efFective reduced nuclear
radius, A the reduced wavelength of the incident particle,
z and Z the charge of the incident particle and the target
nucleus, respectively, and T is the transparency which
may be related to the mean &ee path of the projectile
in nuclear matter. It should be mentioned that such a
parametrization was suggested by Bethe as early as 1940
[58].

The successful parametrizations for protons have im-
plied that the dependence on R be used also for other
more strongly interacting particles. There is a wide vari-
ety of parametrizations which take into account different
efFects. The microscopic theory behind these was recently
discussed by Hussein, Rego, and Bertulani [5].

As mentioned above, experimental results for the reac-
tion cross sections for alpha particles for several nuclei are
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O'R = 7r(R~AT, + 1.12A~~ ), (6)

where AT and A are the mass numbers of the target
and the incident alpha particle, respectively. They found
that this parametrization, with R~ ——1.30, was more suc-
cessful than sophisticated expressions with Coulomb and
other corrections. Such a parametrization also worked
well for protons at 60.8 and 100 MeV, for C at 30, 83,
2QQ, and 300 MeV per nucleon, for 0 at 30 MeV per
nucleon, and for Ne at 100 and 300 MeV per nucleon.

We coxnpare our results at 103.2 MeV with the 100
MeV data &om Kiev in Fig. 4. The reaction cross sec-

tions are plotted versus (A& +A ) . One observes that&/3 &/3 2

the two experiments are in fair agreement, and that there
is an almost linear relation between the reaction cross
sections and (A& + A~ ) . The two experiments areZ/3 X/3 2 r

also in good agreement with the energy averaged value
for Si, 1170+55 mb, obtained by Warner et aL [13] in
the energy region 27—92 MeV. The dashed line shows
the parametrization according to Eq. (6) which devi-
ates smoothly from a straight line. The solid line shows
the parametrization with the usual heavy-ion relation be-
tween the reduced and the efFective radius, given by

only available at 40 MeV and 100 MeV. Recently Dubar
et aL [ll] parametrized the 100 MeV data successfully
with the expression

(Az + A ) are rather constant. However, for light
nuclei one observes a deviation &om this trend. At 74.5
MeV these values are slightly higher while they are lower
for the three highest energies. In an attempt to take this
e6ect into account we also parametrized the data with
two parameters according to

On = x(rAA~~ +r AJ ) .

The solid curves in Fig. 5 show the parametrization ac-
cording to Eq. (8) and the dashed lines according to Eq.
(7). The values of the parameters are given in Table III.

It is surprising that it is possible to reproduce the re-
action cross section data so well with only one or two free
parameters at each energy. As discussed in Ref. [59] the
real potential for alpha particles in this energy region is so
strong that it has a considerable efFect on the imaginary
phase shifts and the absorption. It was mentioned above
that Coulomb corrections to the parametrization do not
give better agreement with the experimental data. This
fact indicates that there is a cancellation between the cor-
rections due to the real and the Coulomb potentials. This

0

oR = vrro(A~ +A ) .2 1/3 1/3 2 (7)
74.5 MeV

This parametrization was found to give essentially the
same y2 value as Eq. (6) for our data at 103.2 MeV.

The AT dependence at the other energies is rather
similar as shown in Fig. 5. In general, for all energies
and values of AT, the reaction cross sections, divided by
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FIG. 5. Experimental reaction cross sections divided by
(Ar + A ) plotted versus the atomic number Ar. The
dashed and solid curves show the parametrizations with Eq.
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TABLE III. Best 6t parameter values obtained with the
reaction cross sections parametrized according to Eqs. (7)
and (8).

(MeV)
Eq (7) Eq. (8)

74.5
103.2
129.3
159.7
192.7

Pp

(fm)
1.296
1.251
1.251
1.175
1.183

119.4
36.4
22.4
53.8
125.5

TA

(fm)
1.112
1.159
1.344
1.321
1.371

(fm)
1.693
1.464
1.047
0.895
0.739

15.1
14.9
7.4

20.2
47.2

is supported by the results for the scattering of 140 MeV
alpha particles in Ref. [60], where exact optical model
calculations with and without the Coulomb interaction
give a difference of 8'%%, or 125 mb. The Glauber cal-
culations, however, without any noneikonal corrections,
deviate only 27 mb from the optical model value.

V. DISCUSSION OF THE RESULTS FOR i~C

In the case of C there exist a few measurements at
energies higher than those studied here. There is thus a
possibility to investigate the energy dependence of reac-
tion cross sections over an extended energy region. Fig-
ure 6 presents experimental reaction cross section data
for alpha particles, protons, deuterons, and C ions. The
horizontal axis denotes energy per nucleon on a logarith-
mic scale. Our results are shown as solid circles. The

solid triangles show the experimental results for alpha
particles at 40 [6], 100 [8], 348, and 648 MeV [12]. We
have also included the result &om a measurement of the
alpha particle absorption cross section at 3480 MeV [61],
since it should be very similar to the reaction cross sec-
tion at this energy [61]. The open circles show the results
for protons, the open triangles represent two results for
deuterons [62,63] and the stars the results for ~2C ions

[64,65]. The solid curves show the p-p and n pto-tal cross
sections and their sum. We observe that whereas the re-
action cross sections for alpha particles over this region
are much greater than those for protons, they are essen-
tialy the same as those for deuterons but considerably
smaller than those for C.

DeVries and Peng [66] have discussed the relation be-
tween the nucleus-nucleus reaction cross sections and the
total cross section for the nucleon-nucleon system. We
observe in Fig. 6 that the energy dependences of the re-
action cross sections for alpha particles and C ions are
very similar with a falloff up to about 100 MeV per nu-

cleon followed by a smooth leveling off. The same be-
havior is characteristic also for the nucleon-nucleon total
cross section as seen in Fig. 6. It should be remarked,
however, that the falloff for low energies becomes less
pronounced for heavier nuclei as shown in Fig. 3. It is
quite natural, however, that the geometrical effects have
a larger effect than the nucleon-nucleon interaction for
heavier nuclei. The fact that the reaction cross sections
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FIG. 6. Experimental reaction cross sections for C ob-
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Ref. [67].
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have about the same magnitude for deuterons and al-

pha particles, in spite of the fact that the radius of the
deuteron is larger than the radius of the alpha particle,
indicates that the geometrical efFects and the strength of
the fundamental interaction are both very important in
the case of C.

VI. OPTICAL MODEL CALCULATIONS

We calculated the reaction cross sections in the optical
model using a conventional Woods-Saxon parametriza-
tion of the potential. Figure 7 shows the results obtained
for C. The potentials were obtained from a fitting pro-
cedure to Karlsruhe data at 104 MeV [29], Jiilich data
at 120, 145, and 172.5 MeV [35—37], Maryland data at
139 MeV [42], and Orsay data at 166 MeV [34]. The
calculated values are shown as open circles, and our ex-
perimental data as solid circles. As can be seen the calcu-
lations overestimate the reaction cross sections, and the
difkrence seems to increase with energy. At 172.5 MeV,
where the elastic scattering data are quite accurate, the
interpolated experimental value is 577 mb whereas the
optical model value is 747 mb. It turned out that it was
impossible to reproduce simultaneously the elastic angu-
lar distribution and the reaction cross section with the

Woods-Saxon parametrization of the optical potential.
When a new search, constrained to reproduce the reac-
tion cross section was performed, the diKraction pattern
in the angular distribution at small angles was shifted in
an unacceptable way.

Most optical model codes do not take into account the
eEects of relativistic kinematics on the Rutherford cross
section [60]. Since this quantity is often used in the ab-
solute normalization of the diHerential cross sections, we
decided to investigate to what extent a renormalization
of the experimental angular distributions affected the re-
action cross section. It turned out, however, that even
with a renormalization of 10%, the reaction cross section
varied less than 5%. This indicates that a simultane-
ous reproduction of the elastic angular distribution and
the reaction cross section requires a more sophisticated
optical potential.

In Ref. [67] some of the present authors analyzed the
elastic scattering by several nuclei using a simple single-
folding model for the real and imaginary potentials. For
difFerent values of the range of the real folding param-
eter P„, the imaginary folding parameter P;, the radius
and the difFuseness of the matter distribution, and the
strengths of the Gaussian interactions were determined
to give a best fit to the angular distributions. The result-
ing angular distributions were found to be very similar for
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different values of P„. The variation in the reaction cross
sections for values of P„between I fm and 2 fm is shown
by the vertical lines in Fig. 7. The fact that these values
vary with P„and differ from those obtained with Woods-
Saxon potentials show that the reaction cross section is
sensitive to the shape of the potentials.

In Ref. [12] DeVries et al. compare the energy de-
pendence of the reaction cross section for alpha particles
on C with a calculation in the Glauber approximation.
Their curve is in good agreement with the experimental
results. This is due to the fact that they did not take into
account the noneikonal effects due to the real potential,
which are very large. In our optical model calculations,
the reaction cross section was reduced by 125 mb at 104
MeV and by 70 mb at 172.5 MeV when the real potential
was omitted in the calculations.

Also for the other nuclei the optical model calculations
with Woods-Saxon potentials overestimate the reaction
cross sections. This is illustrated in Fig. 8. In all cases
the difference is at least 10%. In the case of ssNi the
calculations in Ref. [65] were performed with both the
real and imaginary potentials folded (ff-case) as well as
with the real potential folded and the imaginary potential
of the Woods-Saxon shape (fms-case). It turned out that
the reaction cross section varied much more in the furs
case than in the ff-case For v.alues of P, between I fm
and 2 fm the reaction cross section varied between 1671
and 1686 mb in the ff-case and between 1584 and 1680
mb in the fws-case.

All these results indicate that the reaction cross section
is very sensitive to the shapes of the optical potentials.
The fact that our models strongly overestimate the re-

action cross sections may be taken as an indication that
more sophisticated potential models need to be used to

reproduce simultaneously angular distributions and reac-
tion cross sections.

VII. CONCLUSIONS

The reported reaction cross-section data for inter-
mediate energy alpha particles could be very well
parametrized with one single parameter. We believe that
the efFects &om the attractive nuclear potential to a large
extent cancel the effects &om the repulsive Coulomb po-
tential.

The values of the experimental reaction cross sections
are considerably smaller than values calculated &om the
simple optical models we have used. We have shown
that reaction cross sections are sensitive to the shape of
the potentials, but more sophisticated calculations are
required to obtain a detailed knowledge of them. Thus,
the data should be studied with potentials obtained by
double-folding including density dependence and other
efFects. The data also offer an interesting possibility to
compare the nonrelativistic and relativistic approaches.
The fact that the simple models fail so drastically makes
us believe that our data will play a decisive role in fu-
ture analyses of scattering of intermediate energy alpha
particles.
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