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Fragmentation of ' N Nuclei at 29 GeV: Inclusive Isotope Spectra at 0'*
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We report the first results of a Bevatron heavy-ion experiment on the inclusive spectra
of isotopically identified nuclei, 3- g- 7, produced by the fragmentation of 29-GeV N

ions in carbon and hydrogen. The preliminary values of the partial differential cross sec-
tions at 0' give evidence that the modes of fragmentation of '4N projectiles are indepen-
dent of the target nucleus.

We report in this Letter the results of a Beva-
tron experiment on the single-particle inclusive
spectra of secondary nuclei, A ~6, Z ~3, pro-
duced at 0' by the fragmentation of 29-GeV (2.1-
GeV/nucleon) "N ions in carbon and polyethylene
(CH, ) targets. " Isotopic identification of the nu-
clear fragments was obtained by measurements
of magnetic rigidity, rate of energy loss, and
velocity. The external beam transport system
was used as a rudimentary magnetic spectrom-
eter to analyze the rigidity of the fragments. An
on-line computer-controlled counter telescope'
consisting of nine 500-mm' lithium-drifted silicon
detectors, 3 and 5 mm thick, yielded dE/dx and,
hence, charge information. The time-of -flight
measurements mere made over the 40-m distance
betmeen the target and the counter telescope,
which mere located at the first and second focal
points of the beam transport system, respective-
ly. Salient properties of the spectrometer-de-
tector system were (a) rigidity resolution o(R)/R
=1 to 2%%uo for R ~6.7 GV/c; (b) absolute charge
resolution o(Z) = + 0.12e; (c) time-of-flight resolu-
tion o(t) =+0.5&&10 ' sec; and (d) acceptance cone
angle of the spectrometer, 4 mrad, estimated
from conventional beam-trace methods. The
thicknesses of the carbon and polyethylene targets
were 4.36 and 3.76 gm cm ', respectively.

Qur initial observations demonstrated that the
0 fragments heavier than He (Z = 2) have veloci-
ties that differ little from the velocity of the
primary "N beam. ' Hence, tbe rigidity R (in
GV/c) at which a secondary fragment is trans-
mitted by the magnetic spectrometer is R =M pyc/
Ze, where M is the mass of the fragment in GeV/
cs, Z is its atomic number, and Py&„z

—Pyb„——3.1
for the 29-GeV ' N beam. In the present experi-
ment, the rigidity spectra of the 0' fragments
were examined in the range 4.1 &R &6.7 GV/c

at intervals AR =0.1 GV/c, minimum. The detec-
tion of nuclei was therefore limited to a range of
charge-to-mass ratio 0.43 ~ Z/A ~ 0.71. Within
this range of Z/A all of the known nuclides that
could be produced by the fragmentation of the
"N nucleus mere in fact observed. Furthermore,
the maximum intensity of each nuclide (M, Z) oc-
curred at the expected value of R (GV/c) = 3.1Mc/
Ze. This is demonstrated in Fig. I, which pre-
sents the rigidity spectrum of the carbon isotopes
'C through "C. Where determined, the signal-
to-background ratio was unity to within +12%%uc

rms, independent of the rigidity of the isotopes.
The most apparent feature of the spectrum is the
predominance of "C. Relative to "C, the inten-
sities of each carbon isotope diminish by about
one decade per unit mass number. Illustrated in
Fig. 1 is the complete separation of the isotopes
by magnetic analysis alone, an observation veri-
fied by the time-of-flight data. Evidence that
charge-exchange interactions occur between the
incident 'N and "C target nuclei is exhibited by
the detection of '4C. We also found tentative evi-
dence for "Q and "Q, isotopes whose production
also involves charge exchange. An upper limit
of 10 ' is placed on the "Q to "C production
ratio. '

The central problem in obtaining the rigidity
spectrum for each element of the type shown in
Fig. 1 was the evaluation of background. There
were tmo sources of background: First, a 1 to
5/o beam contamination was produced by fragmen-
tation at restrictive apertures in the Bevatron,
and was extracted with (having a rigidity equal
to) the "N beam. Second, and most important,
was the background of beam fragments produced
in the vicinity of the target and in the walls of the
evacuated beam pipe.

To determine the signal-to-background ratios,
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FIG. 1. Rigidity spectrum of carbon isotopes pro-
duced by the fragmentation of 29-GeV N nuclei. The
differential intensity has been normalized to give the
observed count-rate per incident '

N beam particle on
the carbon target (4.86 g. cm ~).

we measured at each rigidity setting the Z (i.e.,
d&/dx) and time-of-flight (TOF) spectra, with
and without the target in place. The shape of the
observed Z spectra at any given rigidity was in-
dependent of target, whether C, CH„orback-
ground target material. The target-in, target-
out TOF data exhibited conspicuous spectral dif-
ferences, however, and made possible the separa-
tion of background (a broad TOF spectrum) from
target-produced fragments (a narrow TOF spec-
trum consistent with the resolution of our TOF
measurements).

Because of the near equality of the beam and
fragment velocities, a natural frame of reference
to examine the fragmentation process is one at
rest with respect to the "N beam, i.e., the pro-
jectile frame of reference. %e illustrate in
Fig. 2 normalized spectral distributions of the
longitudinal velocities pl~ for the fragments of
"N nuclei in the projectile frame. Two distinct
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FIG. 2. Distribution of longitudinal velocities and
energies/nucleon of N fragmentation products in the
projectile frame. (a) Nuclei with mass numbers 12
-A-14. The resolution function is the apparent N(pll)
for the monoenergetic N beam. (b) Nuclei with mass
numbers 7-A- 11. Solid curve drawn through data
represents a composite of the pII spectra for these
nuclei.

velocity distributions are obtained when the mass-
es of the fragments are grouped as follows:
(a) 12«A &14 and (b) 7&A&11. The N(p„) spectra
are, within our experimental errors, the same
for CH, and C targets, the carbon target data
being used for Figs. 2(a) and 2(b).

Although the data are limited, the N(P~~) distri-
butions for "N, "C, and "C, Fig. 2(a), are con-
sistent with the experimentally determined res-
olution function. Thus, within the precision of
the measurements, these secondary nuclei have
dynamic properties indistinguishable from the
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primary beam. We conclude from this that the
total cross sections for the fragmentation of "N
into "N, "C, and "C are being observed, since
these nuclei are apparently confined to forward
angles within the acceptance cone of the spectrom-
eter. We note that these isotopes are produced
by the removal of a neutron, a proton, or both,
from the '4N nucleus —a fragmentation that fig-
uratively leaves intact the "C "core."

For product nuclei with 7(A «11, the "C "core
is disrupted and we observe the N(P, t) distribu-
tion shown in Fig. 2(b). Here, the standard de-
viation of the distribution is 3 times the experi-
mental resolution, indicating the presence of
larger momentum transfers and, possibly, of
final-state interactions. '

The detected number of the i th isotope, cor-
rected for background, is

n, = KNn J Id(x'/'dpi, d+~ dpi, do,

where w is the transmission of the magnetic
spectrometer, 5' is the number of '4N incident on
the target during the sensitive time of the counter
telescope, and n is the number of target nuclei
per centimeter squared. The value of the inte-
gral is, except for a normalization factor, equal
to JÃ, (Pii)dpi'. The spectral shape of A,.(P„)used
to carry out the integration appropriate to the
ith isotope was either the resolution function,
Fig. 2(a), or the curve representing the mean of
the composite data, Fig. 2(b).

Table I lists in columns 1 and 2 the measured
partial differential cross sections at 0' for the
fragmentation of "N nuclei in carbon and hydro-
gen (obtained by CH, -C differences) integrated
over the solid angle of acceptance. Errors in
the cross sections are typically +30% rms, ex-
ternal error, and are due to uncertainties in the
corrections for background and counter telescope
dead time, and in the evaluation of the integral
fN(Pii) dPii for each isotope. Column 3, o„*,
shows the semiernpirical estimates of the partial
total cross sections by Silberberg and Tsao'; .

and column 4 gives previously measured values
of the partial total cross sections of the inverse
reaction p+ "N-radioactive nucleus for energies
above 1 GeV, tabulated in Ref. 6. But for several
exceptions, a comparison of the hydrogen cross
sections (columns 2, 3, and 4) reveals that the
cross sections measured in this experiment are
about one half of the total for 'I i through "C,
and are compatible with the total cross section
for "C, "C, and "N. If we assume that the frag-
ments are produced isotropically and possess a

OH(expt)
(mb)(mb)(mb)

Li
Li
Be
Be

8B
10m

11B
12B

9C
10C
11

N
12C

13C
13

&2,9
9,1
8„0
3.0
5.1

j4 4
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11.3
0.63
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+1.3
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+ 0.3
+ 0.6
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+ 0.02
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4.5 +1.0
6,6 +1.3
1.5 & 0.3

6.2 + 1.2
1.3 +0.4

5.2 + 0.9
0.43+ 0.09

4.5 +1.5
3.6 + 0.7

10.2
10.8
10.3

3o2
2.9
9.7

12.5
3.0
0.44
3.4

13.0
3.0

22.2
17.8
4.2

25+6, 11+4

4.5+ 0.5

Gaussian momentum distribution in the projectile
frame, we deduce from these cross section re-
sults that the characteristic transverse momenta
(P,) of the 'Li through "C nuclei are = 25 to 30
MeV'/c and (12 MeV/c for ""Cand "N.

Of particular interest is the observation that
the ratios of the differential cross sections for
the production of the ith isotope in carbon and
hydrogen targets are, within their errors, con-
stant. Figure 3 presents the ratios v H(0')/v~(0 )
for the respective isotopes. The mean ratio,
0.62+0.07, is in accord with the ratio of the geo-
metric cross sections of the (p, "N) and ("C, "N)

I.O—
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l

0.62&0.07

O2 Z:3 4 4 5 5 6 6 7 7
A:7 7 9 II I2II I3 I2 I3

FIG. 3. Plot of the measured ratios of the partial
differential cross sections, oz(0') /o&(0'), for the pro-
duction of isotopes by the fragmentation of 29-GeV 4N

nuclei in hydrogen and carbon targets.

TABLE I. Fragmentation cross sections for N nu-
clei in carbon and hydrogen targets. Cross sections at
0 are from the present experiment; the OH* are semi-
empirical estimates of the total cross sections given
by Silberberg and Tsao; and OH(expt) are existing total-
cross-section data obtained by proton bombardment
above 1 Gev (see H,ef. 6).

(T (0')
(mb)

928
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systems. The ratio is sustained though the mag-
nitude of the cross sections varies by a factor of
20. We thus have evidence that the modes of
fragmentation of the "N nucleus are the same in
hydrogen and carbon.

A possible interpretation of this result comes
from the theory of multiparticle reactions at high
energy. ' Applicable to single-particle inclusive
spectra are the concepts of limiting fragmenta-
tion (scaling) and factorization of cross sections.
Limiting fragmentation states that, at high ener-
gy, the production cross section for the jth frag-
ment is independent of energy. ' Factorization
states that O„~C,C„i.e., the total cross sec-
tion for interaction between a and b can be fac-
tored into quantities that are functions of a and b

only. A direct consequence of factorization in
the region of limiting fragmentation is the pre-
diction that the modes of fragmentation of the
projectile ("N in our case) are independent of the
target nucleus.

The underlying result of this experiment, then,
is the implication that the concepts of limiting
fragmentation and factorization are applicable to
hadron systems of large baryon number.
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Time-differential attenuation coefficients of the y-ray angular distribution of Coulomb-
excited Hf nuclei recoiling into vacuum have been measured using a plunger technique.
The data have been interpreted in terms of a new model which assumes a stochastic pro-
cess with Gaussian probability distribution of the perturbing magnetic field strengths and
arbitrary correlation times. Reasonable fits to all existing applicable measurements
are obtained with a correlation time considerably larger than previously assumed.

In a first attempt to understand the perturbation aL. applied the theory of Abragam and Pound
of the y-ray angular distribution in the decay of (AP) for randomly fluctuating interactions. In a
heavy nuclei recoiling into vacuum, Ben Zvi et recent investigation3 we found some evidence that


