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Evidence for sideward emission of Sc fragments

*
in the interaction of 238U with 400 GeV protons
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Thick-target recoil properties of Sc fragments produced in the interaction of
238U with 400 GeV‘prqtons have been determined. The anisotropy parameter, b/a,
was obtained from measurements on targets oriented either parallel or perpen-
dicular to the proton beam on the assumption that the angular distribution of
the fragments in the moving system has the form a + b cosze. The weighted

average value of b/a for four Sc nuclides is -0.6710.12 indicating that the

angular distribution must show strong sideways peaking.
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In a recent gtudy of the energy dependence of the recoil properties of Sc
nuclides formed in the interaction of 238U with high-energy protonsl it was
found that the ratio of forward-to-backward emission (F/B) decreased practically
to unity at 300 GeV. This result was surprising as it implied that at the
highest bombarding energies available the struck nucléi which eventually formed
Sc products acquired virtually no forward momentum. Although the F/B values of
products requiring high deposition energies for their fdrmation generally2’3
peak at approxiﬁately 3 GeV and decrease continuwusly thereafter, the Sc nuclides
appeared to have unusually low F/B at 300 GeV. It was suggested1 that these low
F/B might be associated with sideways peaking of the angular distribution, poss-
ibly due to a shock wave 1nitiateq by the ultra-relativistic proton4. Recgnt
measurement35 of the angular distribution of light fragments emitted in réactions
of U and Au with 28 GeV protons do in fact reveal a peak near 90°.

In order to obtain additional information about this novel phenomenon
angular distributioh measurements must be performed at 300 GeV. While we plan
to perform such measurements in the future it appeared desirable to obtain some
qualitative information about the angular distributioﬁ'as rapidly as possible.
The thick-target recoil technique, in which the fraction of products recoiling
out of a target placed perpendicular to the beam is compared with that recoil-

6,7

ing out of a target oriented parallel to the beam, yields such information .

We have performed such an experiment on Sc nuclides formed in the interaction

of 238

U with 400 GeV protons.

Three replicate irradiations of a target stack oriented parallel to the
beam8 and one irradiation with the stack perpendicular to the beam were per-
formed with 400 GeV protons in the meson hall at Fermilab. The target stack

consisted of a 20 um thick depleted uranium foil surrounded by a pair of 20 um

thick 99.999% pure Al catcher foils and was sealed in an evacuated plastic bag.
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Following irradiation scandium was separated from the target and catcher foils
and assayed by a Ge(Li) spectrometer. The details of the experimental pro-
cedure have been publishedl.

The results are summarized in Table I. Since the data obtained in the
perpendicular experiment agreed with the results of two experiments previously
performed at 300 GeVl we have averaged the three sets of data in order to ob-
tain the greatestbstatistical accuracy. The tabulated quantities, all of which
are expressed in mg/cm2 of uranium, are defined as R+ = 2W(F+B), R_ = W(F-B),
and R, = 2WP. R+ and R_ are obtained from the perpendicular orientation experi-
ments and F and B are the fraction of the total radioactivity due to a given
nuclide observed in the forward or backward catchers, respec;ively, Ry is
obtained from the parallel experiment and P is the sum of the fractional radio-
activity collected in the two sideward catchers. The target thickness is desig-
nated W. The quoted uncertainties are based on the agreement between replicate
determinations and are consistent with the precision of ghe data. A 6% cor-
rection for scattering at the target-catcher interface has been applied?; it is
seen that the values of R, are substantially larger than those of R+ indicating
preferential fragment emission at sideward angles.

The data may be analyzed by equations based on the tﬁo-step velocity vector
mode16’7 to yield the average range of the fragments in the moving system, R,
the ratio of the forward component of velocity of the moving system to the velocity
of the fragment in the moving frame, ny » and the anisoiropy parameter, b/a,
where the angular distribution of the fragments in the moving system is assumed
to have the form a + b coszﬂ. The equations relating the measured recoil pro-
perties to.these parameters have been published elsewhere7 and we have used an
iterative procedure to obtain the solutions. In addition to the measured re-

coil properties the analysis requires the value of the exponent in the range-
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velocity relatioﬁ for the fragments. This relation can be expressed as R = kVN
where N = 1,54 for Sc fragmentsl. One remaining parameter that enters into the
analysis is the value of n,, the ratio of the transverse component of velocity
of the moving system to the velocity of the fragment. Our previous analys:ls1

suggested that n, might perhaps be five times larger than n, . However due to

the very small values of ny obtained in this experiment n, is sufficiently
small so that the results are virtually identical with those obtained for n, = 0.

The results of this analysis are summarized in Table I. The values of b/a
are of special interest. Within the limits of error the values are the same
for all four Sc nuclides, the weighted average being -0.67%.12. These negative
anisotropy coefficients are far larger in magnitude than any other previously
reported values for high—-energy reaction products7’9 and indicate that the angu-
lar distributions must show strong sideways peaking. As an example, Figure 1
shows the laboratory angulgr distribution expected for 488c on the basis of the
measured b/a and n, values. The expected ratio of differential cross sections
at 90° and 0° to the beam is 2.6. Included in this figure is the angular dis-
tribution of Mg fragments emitted in the reaction of 238U with 28 GeV protonss.
It is apparent that the increase in energy and/or fragment mass leads to a sub-
stantial increase in anisotropy. It must, of course, be ﬁointed out that the
angular distribution of 488c at 400 GeV need not necessarily look exactly like
the curve in Fig., 1 since the latter is derived from a thick-target experiment
and an assumed parametrization of the angular distribution. Our results do
indicate that angular distribhtion measurements at ultra-high energies will prove
to bg of great value to an understanding of these reactions.

The present analysis of thick-target recoil data in which the effect of
anisotropy is included reveals that the recoil ranges in the moving system are

1,3,10

some 15Z larger than the measured R+ values. Previous studies have shown



that the R+ of a large number of 238U reaction products decrease by 5-10% between
11.5 and 300 GeV. The present results suggest that this decrease may actually
be a reflection of possible changes in the angular distribution rather than a
range effect. Angular distribution data are necessary>before such relatively

small effects can be definitively interpreted.
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Nuclide

Aéscm

46Sc

47Sc

48Sc

Table 1.

action of

Ry

(mg/cmz)

8.14%.23
8.79+.62
8.89+.38

9.10+.29

Recoil properties and parameters of Sc nuclides formed in the inter-

238

R-

2
(mg/cm™)
0.098t.087
0.29+,46
0.11+.14

0.070%.024

U with 400 GeV protons

R,
(mslcmz)

10.45%.43

10.88%,48

11.12+.38

11.16+.38

R
2
(mg/cm™)
9.68+.30
10.18+.78

10.38+£.48

110.47£.36

Ny

0.0090+.0079
0.0025%, 0040
0.0096%.0119

0.0059+.0020

b/a

-0.72%,.11
-0062t. 20
-0.66%.12

-0.62+.11



Figure Captions

Figure 1. Laboratory angular distribution of 488c formed in the interaction of
2385 with 400 Gev protons as expected from the measured b/a and n, values. The
error bars show the uncertainties expected from that in b/a. The dashed curve

represents the measured angular distribution of Mg fragments from the inter-

action of 238U with 28 GeV protonss. The two curves have been normalized at 90°
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