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Differential cross sections and density-matrix elements in p decay have been mea-
sured at 6 GeV/c for pp- ~'p and its line-reversed partner n p-pp in the range t
& t & —1.5 (GeV/c) . The reactions satisfy line-reversal symmetry and the p decay is
consistent with isotropy for —t %0.5 (GeV/c)2. For —t & 0.5 (GeV/c)2, the differential
cross sections show a weaker t dependence, and the decays become anisotropic.

The line-reversed reactions (1)pp - v'p and

(2) m p-pp proceed via 4 exchange in the t chan-
nel. ' A simple Regge-pole model' would predict
identical angular-distribution shapes and p den-
sity-matrix elements for the two reactions. Fur-
thermore, such models relate Reactions (1) and

(2) to other pure b, -exchange reactions such as
(3) pp-m'~ and (4) v p-p~ .

We report here new data on Reactions (1) and

(2) at 6 GeV/c and compare them to the line-re-
versal prediction. At 6 GeV/c, correcting for
two-body phase space' and scaling to the same
available s,~ the line-reversal prediction is'
do(pp-m'p )/dt =0.51dc(m p-Pp )/dt. We also
comment on the comparison between Reactions
(1) and (2) and Reactions (3) and (4) using our
measurements of Reactions (3) and (4) at 6 GeV/c
reported' elsewhere. The simultaneous measure-
ment of Reactions (1)-(4) provides a powerful
constraint on the 6 trajectory used to describe
these processes. For example, different forms
of the 6 trajectory which give adequate fits to the
differential cross sections yield quite different
predictions for the density-matrix elements in p
decay. ' In addition, absorption effects may alter
the relative normalization and affect the density-
matrix elements particularly at large momentum
transfer, as in the case of forward p production. '

These data represent a preliminary sample
[40% for (1) and 100% for (2)] of our data set at
6 GeV/c. They are part of a comprehensive study
of two-body and quasi-two-body reactions which
proceed via baryon exchange at 4, 6, and 8 GeV/
c. Previously"' we have presented data on pp- s's' and m'p-pm'.

The experiment was performed at the Brook-
haven National Laboratory multiparticle spec-
trometer (MPS). Experimental details of the set-

up are given in Ref. 9. For these data additional
spark chambers downstream of the MPS magnet
were employed to reduce the momentum error on
the forward track to 5P/P =+ 1%. The spark cham-
bers subtended nearly the complete solid angle,
so that the p-decay angular distribution was es-
sentially unbiased. However, at present the pat-
tern-recognition algorithm misses some tracks
going parallel to the field lines. For this reason
a cut of + 0.025 rad was made in azimuthal angle
about the vertical (field) direction, up and down.

The triggers for Reactions (1) and (2) were
identical save for Cherenkov counter require-
ments identifying the incident and forward-scat-
tered particles. Other trigger requirements
were identical to those of Ref. 6. In the analysis,
only one slow recoil track was allowed in order
to reduce multiparticle background. Losses be-
cause of accidental extra tracks were determined
using forward-elastic-scattering data, which
were taken simultaneously. Events were required
to be noncoplanar by ~ 15 mrad in order to ex-
clude events from Reactions (3) and (4) from the
sample.

The recoil mass, M, and four-momentum trans-
fer, t, were calculated from the forward- and
beam-track information. M' spectra for Reac-
tions (1) and (2) are shown in Fig. l. A promi-
nent p signal is evident in both cases. These
spectra were fitted with a Gaussian p distribution
plus a polynomial background. The resulting p
mass and width, which were insensitive to the
order of the polynomial, were consistent with ac-
cepted values" modified by experimental resolu-
tion, as determined from the forward elastic
scattering.

The p parameters were then fixed and fits were
made to the M' spectra for various t' (t'=t -t ~)
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TABLE I. Corrections to the data. 10.0

Correction

Beam reconstruction
Beam leptons
Absorption
Decay
Track reconstruction
Single forward track
Single recoil track
Forward Cherenkov
Cuts

7t P-PP (%)

20+ 0.5
4+2

13+ 1.5
0+0

10+ 10
12+ 2
9y4
1+ 0.5
5+2

pp-7t'p (%)

22+ 0.5
0+0

18+ 1.5
1+0.5

10+ 10
12+ 2
9+ 4
4+1
5+2
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FIG. 1. M spectra fit (solid line) to p plus back-
ground (dashed line). (a) pp —7t+x; (b) 7l. p px.

bins, assuming a p signal plus a second-order-
polynomial background. Reaction (1) [(2)j yielded
222+ 33 [(248+25)j events. The fits were accept-
able in all t' bins. We emphasize that relative
systematic errors between (1) and (2) are mini-
mized by the similarity of the trigger and analy-
sis procedure. Additional systematic corrections
(t' independent) are summarized in Table I. How-
ever, because of the uncertainty in the form of
the background, a conservatively estimated over-
all normalization error of + 30% has been as-
signed. The geometric acceptance as a function
of t', 8, End y was determined by the Monte Car-
lo technique where 8 and y are the decay angles
of the p in the Jackson frame as defined in Ref.
4. Differential cross sections corrected for ac-
ceptance are shown in Fig. 2 for (1) and (2). For
the purpose of these plots isotropic p decay was
assumed (this procedure is justified below)

0.1—
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FIG. 2. Differential cross section for (a) pp —7t+p

and (b) m p- pp . The solid curve in (a) is a fit de-
scribed in the text. The dashed curve in (a) represents
the data of Ref. 6 for Pp- ~+7t . The solid curve in (b)
is the line-reversal prediction using the fit of (a). The
dashed curve in (b) is from Ref. 12. The datum point
(open circle) in (a) is from Ref. 13.

The most significant features of the data are the
following: (a) dc/dt' varies rapidly with t' for -t'
~ 0.5 (GeV/c)'. The logarithmic t' slope is -5
(GeV/c) '. (b) The shapes for (1) a,nd (2) are very
similar. The smooth curve in Fig. 2(a) is a fit to
the form" do/dt' =AD'(R,v t') +BJ, (—R,v -t ') with
A = 2.4 + 0.7 pb/(GeV/c)', & = 3.5 + 0.9 pb/(GeV/c)',
R, =1.1+0.1 fm and R, =1.1+0.1 fm. This fit is
also shown in Fig. 2(b) scaled by the line-rever-
sal factor. Clearly for -t'~ 0.5 (GeV/c)' the
line-reversal prediction agrees with the data.
(c) For larger ~t'~ the data indicate a weaker t'
dependence in both Reactions (1) and (2). This is
indicated by the fact that fitting with a simple ex-
ponential to the entire t' range yields shallower
logarithmic slopes than for ~rt'~ ~ 0.5 (GeV/c)',
1.70+ 0.32 (GeV/c) ' for Reaction (1) and 2.84
a 0.35 (GeV/c) ' for Reaction (2), and significant-
ly poorer fits, for which the X' per degree of
freedom is 1.6. A break in the t distribution is
predicted by a strong-absorption model, which
fitted a variety of baryon exchange data.

For Reaction (2) accurate data exist" at 8 GeV/
c for -t 'c 0.4 (GeV/c)'. With use of s ' sealing,
these data agree well with the present data both
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FIG. 3. Density-matrix elements for p decay in

pp- 7r+p (closed circles) and 7I- p —pp (open circles).
The dashed lines indicate isotropic decay.

in shape and normalization as indicated in Fig.
2(b). Previous measurements of Reaction (1) ex-
ist at 5 GeV/c ' and 8 GeV/c, "although with very
poor statistics (c 30 events). Within the large
errors, the agreement with our data is adequate.

The p density-matrix elements' were fitted
as a function of t' using the Monte Carlo efficien-
cy and the maximum-likelihood method. All data
with 0.3&M'& 0.9 GeV' were used so that roughly
equal numbers of background and p events were
included. Background events, defined as 0.9
&M &1.3 GeV, were consistent with isotropy for
both reactions. The results are shown in Fig. 3
where the errors are statistical only. They are
consistent with isotropic decay at small t' for
Reactions (1) and (2) although one cannot rule out
some angular dependence because it is difficult
to estimate interference effects reliably with the
large background. Also, for —t's 0.5 (GeV/c)'
they provide another independent verification of
line-reversal invariance. For —t' a 0.5 (GeV/c)',
the angular distribution is anisotropic. In partic-
ular pg y increases smoothly with -t'. In the con-
text of strong-absorption models, ' one can inter-
pret both the weaker t' dependence and the aniso-
tropic decay for -t'&0. 5 (GeV/c)' as due to the
increasing importance of absorptive terms at
large -t'.

Isotropic decay of p's produced via baryon ex-
change has been observed in n'p-pp' at 5.2

GeV/c, "n p —np' at 4 GeV/c, "and in m+n-pp'
at 8 GeV/c. " The previous experiment on pp- n'p at 5 GeV/c had insufficient data for a
study of the p decay.

In summary, the t' distributions for Reactions
(1) and (2) have a slope of -5 (GeV/c) ' for -t'
s 0.5 (GeV/c)' as compared to a slope -2.7 (GeV/
c)' for Reactions (3) and (4). The dashed line in
Fig. 2(a) represents a fit to our data' for Reac-
tions (3) and (4). The magnitude of dc/dt' for Re-
action (3) is roughly 40% less than that of Reac-
tion (1) at t' = 0.0 (GeV/c)'. All four b, -exchange
reactions obey line-reversal predictions for the
differential cross sections. At larger —t' [-t'
~ 0.5 (GeV/c)'], p production shows a weaker t'
dependence while n production is featureless.
The density-matrix elements for Reactions (1)
and (2) provide an additional test of line reversal.
Moreover, the data imply that the exchanged 6
is unaligned for -t ' ~ 0.5 (GeV/c)' and aligned
for —t' ~ 0.5 (GeV/c)'. We anticipate that our
study of the s dependence of these reactions will
assist in limiting existing models with many free
parameters. ' In particular, the strong-absorp-
tion-model prediction" of a break in the t' dis-
tribution for Reaction (2) also predicts that this
break is s dependent.
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Mass and total-kinetic-energy (TKE) distributions of fission fragments from the spon-
taneous fission of [105] and Fm have been obtained. No events with anomalously
high TKE were observed, contrary to theoretical expectations. The mass distribution
from the fission of 6 [105] is very probably asymmetric and similar to distributions ob-
tained from all spontaneously fissioning systems with the exception of 'VFm and '5~Fm.

Numerous measurements of mass and of total-
kinetic-energy (TEE) distributions from sponta-
neous fission of nuclei with 92 &Z -100 have been
made in the last fifteen years. ' ' With the ex-
ception of the spontaneous fission of "'Fm and"Fm, the mass distributions were all found to
be peaked at asymmetric mass divisions, and
the averaged TKE was found to increase gradual-
ly with increasing Z. The monotonic increase in
the averaged TEE can be understood in terms of
the liquid-drop model, "while theoretical calcu-
lations indicate" "that shell structure of the
nascent fragments and/or shell effects in the
region of the second peak in the fission barrier
are responsible for the asymmetric mass dis-
tributions. In sharp contrast, fission of the
heavier fermium isotopes"'" results in mass
distributions that are peaked at symmetric mass
divisions and in TKE's that show an increase for
near-symmetric mass splits. This behavior can
also be understood on theoretical grounds" "'"
and is qualitatively attributed to the preferred
formation of nuclei in the region of the doubly
magic '»Sn nucleus.

As a consequence of the spherical shape of
closed-shell nuclei, Schmitt and Mosel" predict
substantially increased total kinetic energies (as
much as 50 MeV higher than those predicted by
semiempirical fission systematics'0) for fission-

ing systems with A between about 260 and 275.
The practical importance of the validity of
Schmitt-Mosel predictions lies in the possible
use of high TKE as a signature for superheavy
elements and/or elements with 260 ~A a 275.
Studies aimed at testing the theory and at deter-
mining if symmetric fission occurs for sponta-
neously fissioning nuclei with Z &100 are difficult
because of the short half-lives of the fissioning
species, as well as due to difficulties involved
in synthesizing them. "'No is the only known
case studied with Z &100, and it was found to
have, as expected, an essentially normal TKE
and an asymmetric mass distribution. " Fission
studies of excited compound nuclei are easier,
but may not be relevant, since the high excitation
energy may eliminate shell effects.

We report here results from the fission of
"'[105], the second heaviest known nuclide. The
TKE predicted by Schmitt and Mosel is about 250
MeV for near-symmetric mass splits, while the
averaged TEE expected from fission systematics
is about 200 MeV. In our experiments the recoil-
ing "'[105]nuclei, obtained from the reaction
'4'Bk("0, 5n)"'[105], were deposited onto 40-
p, g ~ cm ' carbon foils using a helium jet tech-
nique. " In a given cycle, the target was bombard-
ed for 80 sec; the collection foil was then rotated
between two surface-barrier detectors (detectors
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