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Multistep direct mechanism in the (p,3He) inclusive reaction
on *°Co and **Nb at an incident energy of 100 MeV
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The inclusive p,3He) reactions orP®Co and **Nb were investigated at an incident energy of 100 MeV.
Emission-energy distributions for cross sections as well as analyzing powers, were measured from a threshold
of ~35 MeV, determined by the detector configuration, up to the kinematic maximum. An angular range from
15° to 140°(lab) was covered. The experimental distributions were compared with a multistep direct theory in
which a reaction mechanism based on deuteron pickup is employed. Reasonable agreement between experi-
mental double differential cross sections and analyzing powers and the theoretical expectation is obtained.

PACS numbds): 25.40.Hs, 24.50:g, 24.60.Gv, 24.76:s

[. INTRODUCTION butions. Consequently it is of importance to confirm the va-
lidity of the conclusions derived from the work of Cowley
The identification of the reaction mechanisms leading tcet al. with an investigation of the analyzing power distribu-
the emission of complex ejectiles initiated by medium-tions.
energy protons has been the object of many studies in recent |n this work we investigate the inclusivg GHe) reaction
years. Apart from the fundamental importance of insight intogy 59co and 3Nb at an incident energy of 100 MeV, and
the mechanisms, the needs of applications such as medicghjssion-energy distributions are measured for cross sec-

therapy with proton beams, require a complete understandingy s as well as analyzing powers. The choice of incident

of the physical process. . . - .
) . . ... energy is determined by the existing analyzing power results
After the earliest studies of cross section angular distribu- 9y y 9 yzIng p

tions, the advent of polarized proton beams of high quality Jor the inclusive 0,3He) reaction that. are_available below 7_2
number of years agél,2], promised a new tool with in- and above 200 MeV. The e'xpectatlon is that thg analyzmg
creased sensitivity to the details of the reaction mechanisnPowers should become negligible the closer the incident en-
For example, it was shown by Bonei al.[3] that, whereas €rgy is to 200 MeV, thus favoring a much lower incident
the experimental cross section angular distributions for th@€nergy value for reasonably rapid collection of data with
58,\”(5,0[) inclusive reaction were in agreement with either ggood statistical accuracy. The two targ.et nuclei that were
cluster knockout or a pickup mechanism, the analyzingS@lécted are assumed to be representative examples.
power distributions could only be reproduced by calculations The experimental procedure is described in Sec. Il. The
based on the former model. Clearly the analyzing power disexperimental distributions are analyzed in terms of a multi-

tributions are more sensitive to the details of the reactiorstep direct theory that assumes a deuteron pick-up reaction
mechanism than the cross sections alone. mechanism, as detailed in Sec. lll. In Sec. IV the results are

The inclusive f,a) and (,3He) reactions at incident Presented and Sec. V contains a summary and conclusion.

energies of 651] and 72 MeV[2] show unexpectedly large

analyzing powers up to large scattering angles. The energy

and angular distributions for these two studies were gener- Il. EXPERIMENTAL PROCEDURE
ally consistent with the expectation of a simple multiple scat- . .
tering model in which very few steps appear to participate. The cross sections and analyzing powers were measured
The work of Renshawet al.[4], on the other hand, measured at the NatLonaI Accelerator Centre, Faure, South Africa, for
zero analyzing power of*Ag-+p at 200 MeV for a variety inclusive (0,%He) reactions Qrf’QCo and?3Np at an incident

of ejectiles withZ=<7, thus concurring with the conclusion €nergy of 10&:0.5 MeV, with the projectiles polarized to
from studies at even higher incident enefgythat a simple approximately 80%. The polarization of the incident beam
mechanism such as direct cluster knockout, or a similar one¥as switched from up to dowmi5s s intervals in order to
step reaction, is excluded. The two classes of contrastinggduce systematic errors on the analyzing power measure-
results could perhaps be reconciled with the findings of Cowments. The difference in the polarization between the two
ley et al. [5] who investigated inclusive emission dHe  orientations was always less than 8%. The accelerator and
from %°Co and'®’Au at incident energies between 120 andthe main details of the experimental equipment have been
200 MeV. This later study, however, was based only on thereviously described elsewhelg].

comparison of theory with experimental cross section distri- Two detector telescopes, each consisting of a 208
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silicon surface barrier detector followed by a KE) crystal  thicknesses in the range of 1 to 5 mgfciihe uncertainty in
connected to a photomultiplier tube, were used. Particlehe thicknesses of the targdtsp to 8% is the main contri-
identification was achieved with a standa&-E technique.  pution to the systematic error on the cross section data.
This allowed the reliable separation of thele particles of

interest from other ejeCt”eS, eSpeCiaIIy the adja(‘&rﬂ)ar- IIl. THEORETICAL ANALYSIS

ticles.

The two detector telescopes were collimated to the same The (p,®He) double differential cross section and analyz-
nominal solid angle acceptance by means of Ta collimatorsng powers were calculated using the multistep direct theory
and used at symmetric scattering angles on opposite sides 6f Feshbach, Kerman, and Koor{i] assuming that the re-
the beam. This arrangement, together with the switching o&ction mechanism is deuteron pickup. The formalism is
the polarization state, is the standard method to minimize thgiven in our previous papef$,10,11. The extension of the
systematic error on the analyzing power measurement.  theory to give analyzing powers is described by Boredttl.

Energy calibrations of the silicon surface barrier detector§12]. The analyzing power is defined by
were made with the aid of #°Th a-particle source, and the
calibrations of the NdT'l) detector elements were based on 0L~ O0R
the kinematics of the elastic scattering reactior§p,p)*H A
and °C(p,p)*%C from a thin polyethylene target. These cali-
brations for protons in the telescope also provide energy vawhere o, and or are the double differential cross sections
ues for He, if the difference in the response of these ejecfor the emission of the helions to the left and right of the
tiles with the Na(Tl) assembly is taken into accoul]. incident particle beam, respectively.

Gain drifts in the photomultiplier tubes of the Nal detectors Previous calculations of p(®He) cross sectiond5]
were monitored by a light-emitting diode pulser systemshowed considerable sensitivity to the helion optical poten-
which allowed corrections to be made during analysis. Thessgals, which were obtained by optical model analyses of elas-
procedures lead to a 4% uncertainty in the energy scale fdic scattering from similar nuclei at similar energies. There is
*He. thus considerable uncertainty about the best phenomenologi-

The self-supporting targets were metals of natural elecal parameters to use. In addition, even if optical potentials
ments (100% occurrence of the isotope of intejestith obtained from analysis of data at the correct energy on the

@

y_O'L+O'R’

064605-2



MULTISTEP DIRECT MECHANISM IN THE (pHe) . . .

analyzing power

PHYSICAL REVIEW C62 064605

) e-ooMev | OB

0.4 1 04

02 ] i 4 02

0.0 0.0

-0.2 VL 4 -02

04 {1 -04f ' . -

06 | e ] 0.6 FIG. 2. Experimental analyz-
) E'=78 MeV 1 ing powers as a function of scat-

04 0.4 tering angled for 5°Co(p,3He) at

0.2
0.0
-0.2

0.0

0.2

100 MeV incident energy and
various outgoing energiesg’
(data points with statistical error

bars where they exceed the sym-

[ -0.2 [ ] bol sizg compared with calcula-
0.4 04} i tions for one step { ——) and
. 1 N s N N 1 N 1 N 1 1 1 1 N 1 one + two step ( . ) contribu-
06 E'-70 MeV 06| E'-38 MoV tions. The sum of the contribu-
- tions from three steps is given by
04 N 4 04} - >
/ ] continuous curves.
0.2
0.0
-0.2
-04 / 4 04} .
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
0 (deg)

correct nucleus were available, they would not necessarily bgicroscopic optical potential fofHe obtained by the double
the best ones to use for reaction calculations, as elastic scabiding model[13,14] defined by

tering and reactions are sensitive to different matrix ele-
ments. We therefore sought to solve this problem by using a

cross section (ub MeV ™)
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FIG. 3. Experimental lab angle-integrated cross sections for

80 90

Vpe(R) = J drqdropspd(ry) pa(r2)vesi(ri+R—=ry),
(2

wherepsye(r;) andpa(r,) are the local density ofHe and
the target nucleus, respectively, an@d u(r;+R—r5) is an
effective nucleon-nucleon interaction. In the present calcula-
tions we use the DDM3Y effective nucleon-nucleon interac-
tion originally introduced by Kobost al.[15]. The DDM3Y
effective interaction is real and energy dependent. Thus the
helion potential is real and to this we added an imaginary
part of the optical potential of the volume Woods-Saxon
form. The double folding potentidlp(R) thus has the form
Vpe(R)=U2F(R)+USHR)L-S+iIWWSR),  (3)
whereU2F(R) andUSH(R) are the central and the spin-orbit
parts of the double folding potential, respectively, and
WWS(R) is the imaginary part of the potential.
To calculate the double folding potential we used the code

59Co(p,%He) (solid circles compared with the theoretical results MOPHE3Of Katsuma and Sakuraffl6]. For the>Co(p,*He)

for one step ¢—-), two step -—-—), and three step

reaction we used the following parameters for the imaginary

(= —-- —) processes. The sum of the three contributions is giverpart of the double folding potentialvV=96 MeV, r;

by the continuous curve.

=1.0 fm, anda;=0.6 fm which we found to give a good fit
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to the cross sections and the analyzing powersi6o at 90  at 90 MeV, which is approximately the highest outgoing en-
MeV outgoing energy. For the protons we used the Walteerdy allowed by the kinematics of the reaction, the cross
and Guss[17] optical model parameters. The,p’) and  Sections and the analyzing powers are both well reproduced
(p,p’,p") double differential cross sections which are by the_ first step of the pickup Prgcess. For lower outgoing
needed for calculating the contributions of the second- an§nergies  the two-step p(p’.°He) and three-step
third-step processes were taken from R&g]. p,p’,p",°He) processes contribute increasingly to the total

. > . cross sections and analyzing powers. The calculations de-
3 3
The calculations for thé*Nb(p,°He) reaction were made ¢¢ipe very well the shape of the double differential cross

in a similar way. The best fit of the theorEticaI res_ults tq thésections over the whole range of outgoing energies. The
experiment was found when the centtsg” and spin-orbit  quality of the fit is also demonstrated by comparing the cal-
partugg of the potential were scaled by factors of 0.5 andculated and experimental angle-integrated cross section
35, respectively. The imaginary paN'’s was parametrized shown in Fig. 3.

as follows: V=36 MeV, r;=1.5 fm, and a;=0.3 fm. It was previously conjecturgl®0] that the shortfall in the
Since suitable data for th&Mo(p,p’) cross sections at 120 Cross section in the lower energy region could be due to an
MeV are available[19] we use them to approximate the underestimate of the two-step cross section. The calculated
(p,p’) cross sections which are needed to calculate the twdotal cross section can indeed be brought into agreement with

o ENTIV . experiment by multiplying the two-step cross section by a
step contrlbutlon to the Np(p, .He) reaction. Becguse th'e substantial factor. However, further calculations showed that
deuteron formation probability is not known, the differential

this destroys the agreement with the first peak of the analyz-
fhg power, so this explanation is excluded. It is possible that
the shortfall is due to the sequential emission process, which
is not included in our calculations.
IV. RESULTS The analyzing power is much more sensitive to the reac-
. . ) _tion mechanism, the nuclear structure information involved
The double differential cross sections and analyzingand the accuracy of the numerical calculations than the reac-
power angular distributions for the reactifCo(p,°He) at  tion cross section. At lower outgoing energies the magnitude
100 MeV incident energy and outgoing energi€sranging  of the analyzing power decreases rapidly, due to the contri-
from 90 to 38 MeV are shown in Figs. 1 and 2. It is seen thabutions of the higher steps. A more detailed study of the

perimental data at an outgoing energy of 90 MeV.
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multistep processes is needed to describe the experimentahd multistep processes. The one-step process dominates for
shape of the analyzing power at low outgoing energies.  the reactions with the smallest energy ldsghest outgoing

The results for the®*Nb(p,3He) reaction are compared €nergies and shows relatively large analyzing powers, well
with the experimental data in Figs. 4 and 5. As before the€produced by our calculations. As the energy loss increases
theoretical calculations reproduce quite well the shape anfower outgoing energigsthe contribution of the one-step
the magnitude of the double-differential cross section, espg?rocess falls rapidly and the two-step process, and then the
cially at the higher outgoing energies. The data for the anathree-step process, become dominant. Since these multistep
lyzing powers at energy losses up to 30 MeV are also welProcesses have small analyzing powers, the total analyzing
described. At low outgoing energies the magnitude of thePower falls with outgoing energy, and this also is well repro-
analyzing power decreases rapidly and the calculations reduced by the calculations. The analysis of data from the two
produce this trend, although they do not describe accuratelgactions give very similar results, showing that our results
the angular variation of the analyzing power. Note that indre characteristic of nuclei in general.
Fig. 5 we do not show the one-step theoretical analyzing We have thus attained a good overall understanding of the
power at an emission energy Bf =38 MeV, as it clearly physics of the reaction. The fits to the experimental data,
becomes irrelevant towards lower outgoing energies. At thifiowever, are not perfect, but it is difficult to see how the

lowest emission energy of 38 MeV the sum of the variousc@lculation can be meaningfully improved, mainly because
steps is seen to be essentially zero. of the lack of an accurate knowledge of the optical poten-

tials. Further parameter variation could well improve the
overall agreement between theoretical and experimental re-
sults, but such a procedure would be of doubtful physical
significance. Clearly a better understanding of the optical
The study of the differential cross sections and analyzingotentials would then allow the introduction of further re-
powers of the ,3He) reaction on®Co and *Nb to the finements to the theory, such as an evaluation of the contri-
continuum at an incident energy of 100 MeV has supportedPution of a sequential pickup process.
and extended the previous analy$&s of the differential The results of this study are similar to, but more exten-
cross section alone. The analyzing powers prove to be a sefilve, than those of the recent analyfi] of the data of
sitive measure of the contributions of the various one-stefrewandowskiet al. [2] for the *®Ni(p,3He) reaction at 72

V. SUMMARY AND CONCLUSIONS

064605-5



A. A. COWLEY et al. PHYSICAL REVIEW C 62 064605

MeV. Naturally it would be desirable to extend this type of the (p,p’) and (p,p’,p"”) cross sections. S.S.D. thanks

investigation to higher incident energy. the Royal Society and the Bulgarian Science Foundation
for financial support(Contracts No.®—809 and®—905
ACKNOWLEDGMENTS and the Nuclear and Astrophysics Laboratory of Oxford

University for its hospitality. A.A.C. also thanks the
We thank M. Katsuma and Y. Sakuragi for kindly provid- South African National Research Foundation for a research
ing their double folding code&opPHE3 and P. Demetriou for grant.

[1] H. Sakai, K. Hosono, N. Matsuoka, S. Nagamachi, K. Okada[11] P. E. Hodgson and S. S. Dimitrovanpublishegl

K. Maeda, and H. Shimizu, Nucl. PhyA344, 41 (1980. [12] R. Bonetti, L. Colli Milazzo, I. Doda, and P. E. Hodgson,
[2] Z. Lewandowski, E. Loeffler, R. Wagner, H. H. Meuller, W. Phys. Rev. @26, 2417(1982.

Reichart, and P. Schober, Nucl. Phy&89, 247 (1982. [13] G. R. Satchler and W. G. Love, Phys. R&8, 183(1979.
[3] R. Bonetti, F. Crespi, and K. Kubo, Nucl. Phy&499, 381 [14] J. Cook, Nucl. PhysA465, 207 (1987).

(1989. [15] A. M. Kobos, B. A. Brown, P. E. Hodgson, G. R. Satchler, and

[4] E. Renshaw, S. J. Yennello, K. Kwiatkowski, R. Planeta, L. A. Budzanowski, Nucl. PhysA384, 65 (1982.

W. Woo, and V. E. Viola, Phys. Rev. &, 2618(1991). [16] M. Katsuma and Y. Sakuragprivate communication

(5] A'_ A. Cowley, G..J._Arendse, G.F. Stgyn, J. A. Stander, W. A. [17] R. L. Walter and P. P. Guss, iRroceedings of the Interna-
Richter, S. S. Dimitrova, P. Demetriou, and P. E. Hodgson,
Phys. Rev. (55, 1843(1997).

[6] R. E. L. Green, K. P. Jackson, and R. G. Korteling, Phys. Rev.
C 25, 828(1982.

[7] J. V. Pilcher, A. A. Cowley, D. M. Whittal, and J. J. Lawrie,

tional Conference on Nuclear Data for Basic and Applied Sci-
ence Santa Fe, New Mexico, 1985, edited by P. G. Young
(Gordon and Breach, New York, 1986. 1079.

[18] A. A. Cowley, G. J. Arendse, J. W. Koen, W. A. Richter, J. A.

Phys. Rev. C40, 1937 (1989 Stander, G. F. Steyn, P. Demetriou, P. E. Hodgson, and Y.
[8] D. M. Whittal, A. A. Cowley, J. V. Pilcher, F. D. Smit, S. V. Watanabe, Phys. Rev. 8, 778(1996.

Fortsch, and J. J. Lawrie, Phys. Rev.42, 309 (1990). [19] W. A. Richter, A. A. Cowley, G. C. Hillhouse, J. A. Stander, J.
[9] H. Feshbach, A. Kerman, and S. Koonin, Ann. Phs.Y.) W. Koen, S. W. Steyn, R. Lindsay, R. E. Julies, J. J. Lawrie, J.

125, 429 (1980. V. Pilcher, and P. E. Hodgson, Phys. Rev4g; 1001(1994).

[10] S. S. Dimitrova, P. Demetriou, and P. E. HodgsorPinceed- [20] P. E HodgsonProceedings of a Conference in Honor of Pro-
ings of the Eighth International Conference on Nuclear Reac-  fessor K.-I. Kubp Tokyo, 1999(World Scientific, Singapore,

tion Mechanisms Varenna, 1997, edited by E. Gadioli 1999.
(Ricerca Scientifica ed Educazione Permanente, Milan, 1997 [21] K. Spasova, S. S. Dimitrova, and P. E. Hodgson, J. Phy26G.
Supp. 111, p. 60. 1489(2000.

064605-6



