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A. Aucel R. F. Carlsorf, A. J. Cox? A. Ingemarssori;®* R. JohanssohP. U. Renberd,O. Sundberd,and G. Tibelt
1Department of Radiation Sciences, Box 535, S-75121 Uppsala, Sweden
2University of Redlands, Redlands, California 92373
3The Svedberg Laboratory, Box 533, S-75121 Uppsala, Sweden
(Received 20 February 1996

Reaction cross sections for deuterons have been measuretBégri’C, 0, 28sj, 404%Ca, 5860,
112,116,120.124 13 and?%%Pp at 37.9, 65.5, and 97.4 Me}S0556-281@6)03806-X]

PACS numbe(s): 25.45.De, 24.10.Ht

[. INTRODUCTION partially of experimental character. We therefore plan to re-
peat our measurement féHe.
Partial wave analyses of elastic scattering angular distri-
butions result in sets of phase shifts which also uniquely
determine the reaction cross sections. In spite of the fact that [l. EXPERIMENTAL METHOD

the analyses of the angular distributions often result in am- The experimental procedure consisted of a variation of a

biguities for the optical potential, experimental efforts in thestandard attenuation technique. The method and experimen-

past have mainly concentrated on measuring angular distriz| annaratus, originally designed for measuring proton reac-

butions for more target nuclei and at new energies, while U5, cross sections, are described in detail in 8. This
'f_0 now very feyv measurements of the complementary reaGechnique was recently applied by the Redlands/Uppsala col-
tion cross sections have been performed. laboration in a measurement of reaction cross sections for
Some years ago we embarked on a program to measurgje [1], and the reader is referred to these two reports for
“He reaction cross sections in the energy region 20—50 Meéxperimental details.
per nucleon for different nuclei. The original motivation for A well-collimated, momentum analyzed deuteron beam
these measurements was to determine a further constraint éfom the Gustaf Werner cyclotron at the Svedberg Labora-
the optical model in the analyses of elastic scattering. It wasory was directed into our apparatus, a schematic diagram of
found[1]; however, that the optical model calculations sys-which is given in Fig. 1. The beam energies were determined
tematically overestimated the reaction cross sections. Weith a time-of-flight technique. The beam energy spread was
suspected at that time that the discrepancy was due to trapproximately 300 keV[full width at half maximum
fact that oversimplified models were used and that in thigFWHM)], and the intensity was typically 210* particles
case the Woods-Saxon parametrization was inadequate. per second. Two thin passing scintillatgdetectors 1 and)2
turned out[2], however, that the discrepancy increased inand two annular scintillator¢detectors 3 and )4served to
analyses using the folding approach, which in detail reproidentify properly directed deuterons incident on the thin,
duced the shape of the elastic scattering angular distribwsolid, circular targets, which were approximately 1 cm in
tions. diameter. They were mounted on a wheel accommodating 14
These results were very surprising and we therefore detargets and an empty space for target-out measurements. Tar-
cided to perform the same set of measurements for deuteget characteristics are given in Table |I. Beyond the target
ons. It was our hope that results for deuterons would givevas the stopping detector telescope, comprised of detector 5,
complementary information to those @He. The fact that a small thin plastic scintillator, and the stopping detector 6,
the deuteron is so loosely bound caused us to make a moseibtending an angle af 30° as seen from the beam spot on
detailed study of particles emitted in the forward direction.the target.
As will be seen later in this report, the results of this experi- The electronic logic is shown schematically in Fig. 2. The
ment suggest that the earlier discrepancy fete may be incident beam intensity, was determined by the signal 12
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TABLE |. Target specifications. wheren is the number of nuclei per unit volume in the target
: : : : _andx the target thickness.
Target  Enrichment  Thickness  Thickness nonuniformity  |n the following paragraphs the corrections applied to the

(mg/cn) (%) raw data are described. They are mostly small and of differ-
°Be 100% 35.6 1 ent _signs, so that in t_he end they almost_ cancel.
120 Natural 78.9 05 (i) The flrst correction concerned elastically scattered deu-
Sio Natural 62.0 01 terons which emerged at angles greater than 30° and thus
285i2 Natural 77'4 0'1 missed detector 6. These nonreaction events were falsely
104 Nafural 49‘0 4 counteq as reactions since there was no gate-closing signal
sy 90.8%¢ 10'9 ) from either detector 5 or 6. _The experer_\enftaIIy m_easured
o % 79(; 40'5 ) Oyp Was .corrected by subtracting the elastic dlﬁerenthl Cross
o : : 00 : section integrated between 30° and 180°. The elastic cross
11’2\15' 99-07f 39.5 2 sections were taken from published dgta23 or calculated
o 80.04% 40.8 2 from optical potentials in these reports. The correction was

’sn 95.74% 41.5 2 negative and less than 9% in all cases.

1205n 98.05% 42.5 2 (i) The second correction was for nuclear reactions pro-
124sn 96.71% 38.5 2 ducing charged particles which entered detectop€ 80°)
20%pp 99.86% 67.4 4 with energies above the discriminator level for that detector.

These were thus falsely counted as elastic events. A correc-
- . . . tion was applied for these missing reaction events. In most
(3+4), and the transmitted, nonreacting beam interisly  ¢ases the discriminator level for detector 6 was set 8 MeV
12(3+4)(5+6). A pile-up rejection scheme prohibited both (AE) below the elastic peak & MeV for deuterons. Pro-
of two consecutive deuterons from producing lnlogic  tons produce larger signals in detectaiB&400 plastic scin-
signal if they arrived within lus of each other. The correc- tjllator) than do deuterons and hence the discriminator level
tions necessary to determine the reaction cross section frofar protons was about 2 MeV lower at the highest energy and
these raw data are described in the next section. about 4 MeV lower at the lowest energy. The contribution
A series of target-in and target-out measurements, eadfr inelastically scattered deuterons, obtained from appropri-

consisting of either 10or 5X 10° incident deuterons, was ate published cross sectiof$-23), was integrated to give
performed. The uncorrected reaction cross sectighwas  the charged particle reaction correction,

determined from the difference between the tetgi{l) and

the corresponding quantity {—i) obtained from target-out 30° E d?c
277[

measurements. sing d Hj dE. 2

0° e-aedEdQ

A. Corrections to the raw data . . . . .
Since cross sections for stripping reactions to low-lying lev-

The uncorrected reaction cross sectigg, was obtained els are generally smaller than those for inelastic scattering,

from no correction was made for protons producing signals above
1T (] L the discriminator level.
o= (o= D) _ (io—1) (1) This correction was positive and always less than 3.5% of
x| o o [ Oun-
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FIG. 2. Schematic diagram of the electronic logic.
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(iii) Reaction products which triggered detector 5 are, as TABLE Il. Experimental results for the reaction cross sections

mentioned above, registered as nonreaction events. In Rdfnb) for deuterons.

[1] this correction was measured using a method suggested

by an Oak Ridge group24], based on the assumption that Target Incident energiMeV)

the reaction products are isotropically distributed. Since the 37.9+0.2 65.5:0.5 97.4:0.3
Ioosel_y boun_d deuteron_ ha_s a Iarge_ proba_bility for breaku;:gB 811+35 633+23 536-26
and since this process is highly nonisotropic, we decided tq 836+24 678+15 600-17
study the effect of the finite size of detector 5 by measuring 962+27 811-19 796:91
the reaction cross sections with three different sizes of deteg8 1199+35 1083-21 1023-25
tor 5, covering the angular regions up to 6.0°, 7.2°, and4

8.9°, respectively. It turned out that the effect of the detecto 143%-43 1338-28 1260-30
size increased with energy, but within the experimental er 165375 1564:71 1424c47
rors the correction was the same for all nuclei at a given, 1625-51 157133 1524-45
energy. At each energy the percentage cross section changd 1698+49 1619-34 158840
for a given nucleus was proportional to the change in solld91 213076 2156-47 2212£59
angle and did not exhibit any dependence @nTherefore 2174769 225749 2254853
we extrapolated to zero size of detector 5 by applying a208 224069 2346-51 235155
correction proportional to the solid angle of detector 5. The'*‘Sn 2282:90 2332:57 234359
correction to the largest size of detector 5 was as large a8®b 2844142 304871 325082

2.0%, 4.9%, and 12.4% at the three energies. In our previous
measurement faw particles only the 8.9° size was used. It is
because of the importance of this correction that, as men-
tioned in the Introduction, we have decided to repeat our
measurements fa particles.
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FIG. 3. Experimental values for deuteron and proton reaction cross sections.
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FIG. 4. Experimental values for deuteron reaction cross section divided\#&’/-k(Aé’% plotted versus the atomic humbAx . The
dashed and solid curves show the parametrizations wit{3and Eq.(4), respectively.

(iv) Some deuterons were elastically scattered outside de- Ill. EXPERIMENTAL RESULTS

tectlor 5 but t'.nto d_etetﬁtor d6t arld thent IO.S: etEergy thJou'gh The reaction cross sections obtained at the three energies
nuclear reactions in the detector material, thus producing, .o presented in Table Il. The quoted errors are statistical.

false reaction events. The presence of detector 5 3|gn|f|cantl_-yhe results from this experiment are shown in Fig. 3 by the
reduced the number of such events. In order to estimate thigeq circles. The open triangles show the results obtained by
correction a separate experiment was performed to measWgjikins and Igo at 22.4 Me\[26] and by Maycet al. at 26.5
the reaction rate for deuterons in detector 6, using the techyey [27]. It should be noticed that these two measurements
nique reported in Re{25]. The number of deuterons enter- ere performed with natural targets. Proton reaction cross
ing detector 5 was counted during the experiment for theections are shown by open circles at the same energy per
purpose of this correction. The correction was negative an@ucleon. Data were taken from the compilation by one of the
less than 1.5% for all nuclei. present author§28]. As seen our data are in reasonable
(v) Corrections due to finite target thickness and finiteagreement with those obtained at 22.4 and 26.5 MeV. As
beam size were estimated to be negligible. expected, the reaction cross sections are generally larger for



53

REACTION CROSS SECTIONS FOR 38, 65, AND 97 MeV ...

2923

TABLE llI. Best fit parameter values obtained with the reaction there is a general trend that the reaction cross sections de-

cross sections parametrized according to Egsand (4) for deu-

terons.

Eq. (3 Eq. (4)
E o XZ o X2
(MeV) (fm) (fm)
22.4[26] 1.291 596 0.680 3.118 66.2
26.5[27] 1.302 614 0.773 3.119 76.2
37.9 1.411 58.2 1.213 1.978 11.2
65.5 1.369 355 1.445 1.150 19.7
97.4 1.347 120.8 1.580 0.671 8.6

. _an
deuterons than for protons. The difference, however, varies

crease with energy for light nuclei and increase for heavy

nuclei.

IV. PARAMETRIZATION
OF THE EXPERIMENTAL RESULTS

We found in Ref[1] that the reaction cross sections for
“He were surprisingly well described by the two parametri-

zations

and

from nucleus to nucleus with respect to amplitude as well as
energy dependence. For protons as well as for deuterons
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FIG. 6. Experimental values for deuteron reaction cross sections divided\#%{AéB) compared with predictions by the global
potentials in Refs[14] (*) and[22] (O).

where Ar and A, are the mass numbers of the target andfrom a decrease to an increase with increasing atomic num-
projectile, respectively. As mentioned in the Introduction,ber appears at about the same energy per nucleon.
there may be systematic errors in our previous measurement
for “He. We believe, however, that these errors are princi-
pally related to the energy dependence and only to a small
extent to the dependence on atomic number. Most reports on the elastic scattering of deuter@hs23]
Figure 4 shows the results for the reaction cross sectionsontain one or more optical potentials which reproduce the
divided by (A¥3+A%X3)?2 for our results as well as for those angular distributions. With some of these potentials we cal-
from Refs.[26] and[27]. The solid lines show the best fits culated the reaction cross sections f&fC, “°Ca, and
obtained with Eq(3) and the dashed curves those obtained?°®h, The results obtained are shown in Fig(aSterisks
with Eqg. (4). The resulting best fit values are given in Table together with our experimental valuésolid circles as well
1. Figure 4 shows that the reaction cross sections divided bws those from Refd26] and[27] (open triangles In some
(AF*+AY?)?2 decrease with increasing atomic number at lowcases several potentials have been obtained from the same
energies and increase at high energies. Exactly the same offata set and it is seen that the difference in the calculated
servation was made fofHe in Ref.[1] and the transition reaction cross sections using these potentials is considerably

V. OPTICAL MODEL CALCULATIONS
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larger than the experimental errors. The agreement betwedrad not been studied earlier. We have observed that the re-
the experimental and theoretical values is satisfactory, and #dction cross section decreases with increasing energy for
is evident that the reaction cross section gives a very impotight nuclei whereas it increases for heavy nuclei. The reac-
tant constraint on optical model calculations. In the case ofion cross sections tend to be proportional fort+AL3) 2
20%pp, the solid curve shows the result obtained by Wanground 40-60 MeV. At lower energies and for light nuclei
et al. [29] using a dispersive optical model potential. As the reaction cross sections are underestimated by such a pro-
seen, our values obtained at the two lower energies are igortionality; at higher energies the situation is the opposite.
excellent agreement with their prediction. The results obtained are reasonably well reproduced by op-
Daehnicket al. [14] and Bojowaldet al. [22] have de- tical model calculations. Also, the global potentials derived
rived global potentials for the elastic scattering of deuteronspy Daehnicket al. [14] and by Bojowaldet al. [22] repro-
Figure 6 shows our experimental values divided B#{+  duce the experimental values well. We believe that the re-
A§’3) 2 (solid circles together with the results obtained with sults we have reported have considerably improved the pos-
the global potential by Bojowal@t al. [22] (O) and those sibilities to derive more reliable potentials for the elastic
obtained with the potential by Daehniek al.[14] (*). With  scattering of deuterons.
respect to the large variation in the values for the reaction
cross section for potentials reproducing the same angular dis-
tributions, the results obtained with the global potentials are ACKNOWLEDGMENTS
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VI. CONCLUSIONS
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