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gration can be found in terms of elliptic func-
tions, which naturally include the possibilities of
periodic solutions in time.

If dissipative effects are included, an oscillat-
ing structure of the solution for »(f) will be ex-
pected to appear instead of the described solu-
tion. Besides, dissipation will affect the time
scale of the problem so as to delay*®:*° the phe-
nomenon and contribute to the saturation.
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The cross section for producing ¢ from carbon irradiated by 270-MeV/nucleon Uy
has been found to be 90.0 £4.6 mb. The measurement was made using internal counting
in plastic scintillators of three different thicknesses; the nitrogen beam was monitored

by nuclear emulsions.

The recent successful acceleration of nitrogen
ions to several hundred MeV/nucleon at both the
Princeton Particle Accelerator (PPA)! and the
Berkeley Bevatron? has ushered in a new era of
research using these high-energy heavy ions. In
this paper, we report an absolute determination
of the cross section for producing !'C from car-
bon irradiated by 270-MeV/nucleon N ions. The
process under study is an interesting one not only
because it illustrates the collision between two

typical medium nuclei but also because it will
very likely be used as a convenient primary mon-
itor for the intensity of nitrogen beams.

The experimental technique is similar to that
used by Cumming and co-workers,® Poskanzer
et al.,* and Radin,® Briefly, a packet consisting
of a plastic scintillator and a pellicle of nuclear
emulsion was exposed to the PPA nitrogen beam,
with the beam axis perpendicular to the emulsion
surface. The pellicle monitored the nitrogen
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TABLE I. Experimental data and results.
Run 2 Run 3 Run 6 Run 4 Run 5
(1) Scintillator thickness (cm) 0.4 0.4 0.4 2.5 5.1
(2) Scintillator weight (gm) 4,270 4,323 4,291 30.010 59.863
(3) No. of 11C nuclei in scintillator  4.25x10% 1.34x10° 4, 09x10§ 1.99x10° 4. %1)(105
at end of exposure 192, 2% 1%%, 2% 1%2, 2% 1%%, 2% 1%, 3%
(4) No. of sampling areas 139 197 259 146 163
on emulsion
(5) Total No. of tracks counted 4382 19089 9999 4369 3470
(6) Flux through scintillator 26.6x106 81. 9x106 26. 2x106 16. 8x106 15. 8):106
l -
("N ions) 6%, 3P 3% 3%b 5% 3qb  eq® 39 792 39D
(7) Track overlap correction (0. 9£0. 92y, (2. 8%2. Sb)% (0. 9+0. 9b)% (0. 60, Gb)% (0. 6+0. éb)%
(8) Measured 11C production 92.3 91.2 89.7 97.7 106. 4
crass-section (mb) 6. 1% 3.2%2 5.1% 6.1%2 7.19%2
4.2%P 5.0% 4.2% 4.29%P 4.7%

11 .
(9) C production cross-~section
in thin target

90. 0 + 4.6 mb

2Random-error estimate.

flux while the carbon constituents of the scintilla-
tor served as the target. After exposure, the
scintillator was mounted on a photomultiplier and
the induced activity counted for 2 to 3 half-lives
of '1C. Table I gives the relevant experimental
data and results.

For all five successful runs of the experiment,
the cylindrical scintillators used had a diameter
of 3.81 cm; their thicknesses are given in Table
I, row 1. The scintillators (Pilot B)® were of an
almost pure hydrocarbon containing 91.5% carbon
by weight.

The emulsions used were Ilford L-4 pellicles,
100 pum thick. Each emulsion was firmly wrapped
in a single layer of light-tight paper, and the
scintillator was fastened to the paper with dou-
ble-sided Scotch tape. The circular outline of
the scintillator was then traced on the paper caus-
ing the emulsion underneath to be “pressure ex-
posed” along the outline. This outline later
served to indicate the position of the scintillator
on the developed emulsion. Before each run, a
Polaroid film was exposed in order to determine
the position of the beam, The scintillator-emul-
sion packet was then placed on the beam image;
centering was not required for the experiment.

The exposures, each lasting several seconds,
were made in the PPA 0° external beam cave,
with the emulsion at the upstream side of the
packet. The counting of the induced radioactivity
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bSystematic—error estimate.

in the scintillator was undertaken at a site ap-
proximately 100 m from the cave, starting about
10 min after the end of each exposure.

After exposure, the scintillator was detached
from the emulsion, optically coupled to the pho-
tomultiplier using a small contour-fitted light
pipe, and counted within a shield constructed of
low-activity Pb. An ?**'Am source was used to
set the discriminator of the multichannel analy-
zer at the 60-keV photopeak. After the ?*!Am
source had been removed, counts were contin-
uously recorded and tallied at one-minute inter-
vals. Background was low and remained constant
for each run; it amounted to 4%, 1%, 4%, 6%,
and 6% of the total counts in the first 20 min of
counting for runs 2, 3, 6, 4, and 5, respectively.
The decay curves were analyzed using standard
least-squares techniques to obtain the activity
of the scintillator at the end of exposure. The
effect of the short but finite exposure time was
taken into account in the analysis. The calculated
value for the activity was then corrected for light
outputs below the 60-keV photopeak by interpolat-
ing from the efficiencies of Cumming, Friedland-
er, and Katcoff®; this correction never exceeded
6% for our scintillators.

By fitting the decay curves with the half-lives
of both *N (10.0 min) and '!C (20.4 min), we
found that at the end of exposure the number of
13N nuclei in each of the three 0.4-cm-thick scin-
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tillators amounted to (0% 1)% of the number of ''C
nuclei present. Corresponding values for the 2.5
and 5.1-cm-thick scintillators were (1+1)% and
(2+2)%, respectively. Thus, little or no *N was
present. Now '®N, if present, would include the
13N ions which resulted from the breakup of N
ions and which happened to stop in the scintilla-
tor. Since little or no **N contribution to the
scintillator activity was found, the contribution
to the scintillator activity by stopped ''C ions
from the breakup of *N ions cannot be much
greater. In any event, the extrapolation to thin
target to be discussed later removed any possible
contamination due to ''C produced as a result of
the breakup of the N ions. The number of *'C
nuclei in the scintillators at the end of exposure
along with the estimated errors are given in
Table I, row 3.

The pellicles were mounted on glass slides and
developed in Kodak D-19., The number of tracks
in many “sampling areas” on each emulsion was
then counted under a microscope. These sam-
pling areas, each a square with (38.6+ 1)- um
sides, were distributed fairly uniformly within
and slightly beyond the scintillator contour on
the emulsion surface; their number within the
contour per emulsion (i.e., per run) ranged from
139 to 259, as given in Table I, row 4. The use
of a large number of sampling areas was desir-
able because the flux in the beam was neither uni-
form nor perfectly symmetrical. The track
counts of the scanners were cross checked re-
peatedly and were found to agree to within 1%.
The emulsions were also analyzed by the Joyce-
Loebel microdensitometer of Yale University
Observatory, and digitized isodensity contours
obtained. This improved the interpolation be-
tween the sampling areas and served as a con-
firmation of the relative counting rates among
them, Table I, row 6, gives the total flux of ni-
trogen ions through the scintillator. The esti-
mated random error is based mainly on the total
number of tracks counted and on the uncertainties
introduced by the smoothing between adjacent
sampling areas. The estimated systematic error
is based on the track-scanning efficiency and on
minor changes in the shape of the emulsions dur-
ing processing. Table I, row 7, gives the per-
centage correction for track overlap, made on
the assumption that tracks whose centers are
separated by less than the track radius have
been erroneously counted as a single track.

The diameter of foreshortened N tracks in
the developed emulsion was 1.0+0.1 um. On the

basis of dE/dx, we estimate that tracks of fore-
shortened He (down to 200 MeV/nucleon) and H
(down to 30 MeV/nucleon), if present, would be
easily distinguishable from those of “N. We
looked for such tracks in all the emulsions but
found none. This is consistent with the fact that
upstream matter totaled only ~0.5 g/cm? (6 mils
of Al, 10 mils of paper, and 69 mils of plastic at
the beam portal; 4.6 m of air between the portal
and the experimental packet).” Based on the col-
lision cross section of Bradt and Peters,® we es-
timate that only about 3% of the initial beam suf-
fered inelastic nuclear collision of some kind in
this matter and in the wrapped emulsion. Among
the secondary ions thus produced, only Li, Be,
and possibly B could have had an effect (second-
order effect at that) on the measured 'C produc-
tion cross section, whereas C, N, and O secon-
daries would have cross sections very close to
that of N, Furthermore, although local irreg-
ularities of the emulsion surface caused the beam
to strike slightly nonperpendicularly in various
regions of the emulsion, the tracks in any given
region always showed the same direction of in-
cidence, indicating the virtual absence of highly
scattered particles in the beam. However, the
0.5 g/cm?® of upstream matter did cause the 280-
MeV/nucleon nitrogen beam from the PPA to be
slowed down to approximately 270 MeV/nucleon,
the actually incident energy of this experiment.
Since beam contamination by protons was negli-
gible down to at least 30 MeV, the same must be
true of contaminating neutrons. In any case, the
reaction *C(n, 2rn)''C has a high practical thresh-
old of about 20 MeV, and its cross section does
not rise much above 20 mb out to at least 300
MeV, except for a possible peak between 40 and
80 MeV.® We estimate that beam contamination
of all kinds introduced a systematic error of +2Y
to the measured cross sections.

Table I, row 8, gives the !'C production cross
sections obtained from the five successful runs,
using scintillators of various thicknesses. The
cross sections are seen to increase with thick-
ness. This increase can be due to ''C produced
by secondary interactions in the targets and to
stopped ''C from the breakup of *N ions. In or-
der to remove these unwanted contributions, the
cross sections obtained with the 0.4- and 2.5-cm-
thick scintillators are used to linearly extrapo-
late the cross section to zero thickness. The cor-
rection to zero thickness amounted to (0.32+0.1)%
per 100 m/cm? of scintillator; this is to be com-
pared with Radin’s value® of (0.26 £0.1)% per
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100 m/cm? using 230-MeV/nucleon « particles.
The extrapolated thin-target cross section for
producing 'C from carbon irradiated by 270-
MeV/nucleon N ions is therefore found to be
90.0+4.6 mb. As noted earlier, within the cited
error this cross section does not include any
contribution from the '!C ions which resulted
from the breakup of the moving N ions them-
selves,

It is important to realize that there are two
parts to the cross section of the reaction C(*N,
X)!C, We propose that the first part, the part
we measured, be called the cross section for
producing ''C from C interacting with *N, or the
cross section of the reaction C(**N,X)!C[C]. The
second part, the part we did not measure, may
be called the cross section for producing 'C
from ™N interacting with C, or the cross section
of the reaction C(**N,X)!'C[!*N]. Distinctions of
this kind will become important as experiments
using high-energy heavy ions proliferate.

Prior to our experiment, Schimmerling and
co-workers had, in the first days of the PPA “N
beam, made an independent preliminary measure-
ment of the C(**N, X)'!C[C] cross section at 270
MeV/nucleon at the PPA using Lucite targets of
a single thickness (0.6 cm), and they quoted a
preliminary result of 103+ 9 mb.® Their nitrogen
beam was monitored by a counter telescope, and
the Lucite target was counted by -y coincidence
using two Nal scintillators.® We believe that our
experimental technique, which is similar to that
used in previous definitive determinations of 'C
production cross sections,®® is more likely to
lead to results with a small percentage error
estimate.

The cross section of 2C(p, pn)''C is 36 mb at
270 MeV (and 28 mb at 3.8 GeV).® The cross
section of 2C(«, an)''C measured by Radin has
been revised,'' and is 48.9+1.8 mb at 230 MeV/
nucleon. Our experiment now finds the cross
section of C(*N,X)!C[C] to be 90.0+4.6 mb at
270 MeV/nucleon (or 3.8 GeV total energy). Cal-
culations based on our Monte Carlo code RENO'?
for nucleus-nucleus reactions show that the cross
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sections of C(a, X)''C at 230 and 270 MeV/nucleon
are equal to within a few percent. If we assume
this equality, then it can be seen that the various
HC production cross sections just cited increase
as A% for incident particles having 270 MeV/
nucleon.
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