
VOI.UME )9, NUMBER 10 PH YSICAL RKVIK%~ LKTTKRS 5 SEPTEMBER 1977

our cross section for Alo production in Reaction
(2) comes out to be 11.6 +1.6 pb. '

Several analyses have used an unitarized model
to describe the diffractive data in terms of an A,
resonance in the presence of a Deck background. "
Their results are indicative of the presence of
anA, resonance of mass ranging between 1300
and 1500 MeV and width of 200-400 MeV. If such
a resonance exists, it should be visible in the non-
diffractive 1' (pg) s amplitude (Fig. 4). There is
no evidence in our data for a high-mass A, '. The
highest upper limit in the interval w„-1,5 GeV
can be set at 1.3 GeV: v, , &3 pb, consistent with
the cross section expected for an A, resonance
of this mass. 'o The phase of the 1' (pw) s wave
shows no evidence for a resonant increase at 1.3
GeV, however, the absolute value of the ampli-
tude is too small below nz, „=1.2 GeV for an ac-
curate measurement. For the A,', the 10 upper
limit in Reaction (2) is a„,e &1 pb.

In conclusion, we have isolated for the first
time the wave responsible for the A4 enhance-
ment: 3' (gg) s. Within the framework of our
analysis, none of the A„A„orA, enhancements
is associated with the Breit-%igner type of phase
variation which characterizes the well-established
resonances such as the A, . Also none of the A, ',
A3, or A4 is produced by charge exchange in
Reaction (2). Our upper limit for A, o production

at a mass of 1.1 QeV is more than one order of
magnitude smaller than the cross section for A,
production in the same process. However, our
data do not rule out a higher-mass A„i.e., rn „,-1.3 QeV.
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Multifragment reactions are directly observed in heavy-ion —induced reactions using
mica track detectors in 2g geometry. Sequential fission is found to be the major reaction
channel in the reaction 800-MeV Kr+U; however, binary decay can still be identified.
A small contribution of reactions with four fragments is observed for the first time in
4Kr- and '3 Xe-induced reactions with uranium.

Fission at low and moderate excitation energy
is essentially a binary decay process. Theoreti-
cal arguments have been presented over a long
period of time suggesting that ternary fission
should be a possible reaction channel too. Fleis-
cher etal. describe the discovery of such a decay
mode for Ar-induced reactions. ' The measured

cross section v» has always been small: 0»
«0.050~, 0~ being the total reaction cross sec-
tion. '

Recently, heavy ions like Kr or Xe became
available for nuclear reaction studies. A new

type of reaction was observed, very often named
"strongly damped collis ion. "' Radiochemical
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studies on the systems U+ Fe, U+ Kr, ' and U

+Xe' confirmed the existence of such a new pro-
cess. The interaction between the two heavy ions
often leads to targetlike and projectilelike frag-
ments, both being excited. In a second step, fis-
sion of the targetlike fragment can take place,
thus yielding for uranium targets a high cross
section for "quasiternary fission' "' or "sequen-
tial fission"' (the latter term will be used in this
contribution).

Here we report on a direct study of reactions
with two, three, or four fragments in the exit
channel using mica track detectors. Based on the
registration threshold for mica we empirically
define a "fragment" to be heavier than approxi-
mately 30 amu. ' We confirm that binary decay is
a minor reaction channel and show that sequential
fission is the major reaction channel. For the
first time, reactions with four fragments (&30
amu) have been observed as a new reaction chan-
nel in heavy-ion-induced nuclear reactions on
uranium ta', rgets.

We studied the reactions

800-MeV '4Kr+U„,-(n fragments),

and, in less detail,

1080-MeV '"Xe+U„„-(nfragments).

The irradiations for Reactions (1) and (2) have
been carried out at the linac in Manchester and
at the SuperHILAC in Berkeley, respectively.
We employed the 2z-geometry mica technique:
Mica covered with a thin UF4 layer is irradiated
normal to its surface with approximately 2 &&10'

(Kr) cm ' and fragment tracks are made visible
by etching. The observed single dots as shown in

Fig. 1 are due to individual Kr ions. By counting
their number, one can obtain the heavy-ion flux. '
Additionally, one observes two-, three-, and
four-pronged events due to interactions of heavy
ions with the U target nuclei. Thus, we see di-
rectly the number of fragments from an individu-
al interaction going into the forward hemisphere
of the laboratory system and, to some extent,
we can estimate the total number of fragments in
the 4z geometry. An exact measurement of track
lengths l and angles ( between tracks and beam
direction allows a classification of events as be-
ing due to either elastic scattering or nuclear in-
teractions. "

From the events attributed to elastic scatter-
ing, a laboratory quarter-point angle of $„4
= 35.3 +1.8' and a total reaction cross section of
os"' = 2.7 + 0.3 b was determined for Reaction (1);

15 pm

FIG. 1. Nuclear reactions as observed with a micro-
scope. The black dots are due to bombarding heavy
ions. The angle o, is the angle between the projection
of tracks onto the mica surface (i.e., the plane of ob-
servation) for two-pronged events (e-180'). The angle

p is similarly defined for three-pronged events; how-
ever, p is the largest angle between two neighboring
tracks. (a) Two-pronged event due to binary reactions
(2E), n&165'; (b) two-pronged event due to sequential
fission (BE), o-165'; (c) three-pronged event due to
sequential fission (35'), P&180'; (d) three-pronged
event due to reactions with four fragments (4E), P-180';
(e), (f) four-pronged event due to reactions with four
fragments (4&). In (a), (c}, and (e) the focus is on the
mica plane, thus giving a defocused picture for some
parts of steep tracks. (b), (d), and (f) are composite
pictures to show the tracks well in focus all the way.
(a), (c), (e), and (f) are due to Reaction (1); (b) and (d)
are due to Reaction (2).

for Reaction (2) we find $,«= 40 +4' and az(' = 2.4
+0.5 b. The corresponding c.m. angles are 47.0
+ 2.3' and 61 + 5, respectively. The methods for
calculations are given elsewhere.

Here we discuss the events attributed to nuclear
reactions and their classification in terms of ob-
served fragment multiplicities, mostly for Reac-
tion (1). 389 two-pronged events due to nuclear
interactions were observed in Reaction (1). Typi-
cal examples are shown in Figs. 1(a) and l(b).
Events due to binary decay of the composite sys-
tem have been selected by the following criteria:
(1) Collinearity in the c.m. system, i.e., the ang-
le o. (defined in Fig. 1) between two tracks must
be nearly z (o.&165'). The less than rigorous
condition e&165 reflects the uncertainty in the
angle measurement. (2) The measured track
length l and angles ( should nearly meet calculat-
ed track lengths l„,and angles $„,based on two-
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body kinematics for the binary breakup of the
composite system. Here, the total kinetic ener-
gy of the outgoing two fragments is assumed to
correspond to complete damping of the kinetic en-
ergy of the relative motion in the entrance chan-
nel.

As our measurements are limited in accuracy
(bl &2 pn; b$ &10') and the range-energy rela-
tions used" are known to be accurate only within
20%, we accepted all events in this class where
the fragment mass ratio m~/m~ is within the
range 84/238 &m~/m„& 161/161 and the total ki-
netic energy in the c.m. system is between 240
and 300 MeV.

26 out of 389 events fulfill criteria (1) and (2).
Despite the limited accurary [b,(m~/m„) &0.2;
DE&20 MeV] we think that those events are of bi-
nary nature, or have at most a third partner of
yn &30 amu. Neutron and charged-particle emis-
sion are neglected. The total cross section for
binary reaction (2E) is then 136 +30 mb in the 2w

geometry, and gives the following lower limit on
the total binary cross section (in 4m geometry)
for Reaction (1): o,~~" ~136+30 mb. Thus our
results are in agreement with the radiochemical
results of Ref. 5, that binary decay of a compos-
ite system is observed in Reaction (1). (40+14)/p
of (T,„'"is due to reactions yielding fragments in
the mass range 140 to 180.

Events due to sequential fission can be recog-
nized either directly or indirectly. As direct evi-
dence we have the following: 98 three-pronged
events are observed in Reaction (1) [see Figs. 1(c)
and 1(d)]. 97 of those events with p &180' are con-
sidered to be due to sequential fission, while the
remaining one event with p ~ 180' will be dis-
cussed later (p is defined in Fig. 1). As indirect
evidence we have the following: 235 two-pronged
events do not show collinearity (n& 165') [see
Fig. 1(b)]. Because of momentum conservation,
they are considered to be due to sequential fis-
sion with a third fragment yn& 30 amu, emitted at
an angle not accessible to our 2p geometry. The
limit o. ~165' is somewhat arbitrary, but it has
been shown that track-length (l) and angular ($)
distributions of these events are similar to those
observed as direct three-pronged events. " This
yields the following lower limits for sequential
fission (3E) in the 4p geometry for Reactions (1)
and (2), respectively:

vs+~'~ ~ 1640 + 150 mb = (0.61 a 0.05)g~~",

03~~2' ~ 2460 + 480 mb.

This large contribution is in agreement with ra-
dio-chemical results: The components (B/2) and

(D/2), as defined in Ref. 5 give v»= (0.51+0.08)o~
for the interaction of 605-MeV Kr with a thick
uranium target.

This large contribution of sequential fission is
due to more or less inelastic collisions of the Kr
ion with an uranium nucleus, followed by a binary
decay of the excited uranium nucleus, as can be
shown in a qualitative manner by the observed
angular and track-length distributions of 97 three-
pronged events [Figs. 2(a) —2(c)]. Here, the dis-
tributions of the longest track and two shorter
tracks in each individual three-pronged event are
shown separately [Fig. 2(b)]. One observes al-
ways one rather long track and two short tracks.
The long tracks are rather well focused around
the quarter-point angle $«, [Fig. 2(a)], and we

associate them with "projectilelike" ions; they
can be as long as tracks from 800-MeV Kr ions
(64 pm). The two short tracks are similar in
length to fission tracks from U(n, f) reactions,
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FIG. 2. {a) Distribution of the angle ( between track
and beam direction for three-pronged events due to
sequential fission [Reaction {1)]. The distribution of
the longest track (solid line) in each event is shown
separately from the distribution of the two shorter
tracks of each event (dashed line). The experimental
cutoff for the registration of tracks is at cos$ = 0.1
(b) Distribution of the track length L for the same
events (solid line, the longest track; dashed line, the
two shorter tracks). (c) Correlated representation of
the longest track and its angle $ for these three-pronged
events. (d) Distribution of l and ( for events due to
reactions with four fragments (open areas: 4I indirect;
hatched areas: 4I', direct). Asterisks indicate the ( for
the longest track. Each square represents one track.
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TABLE I. Number of observed events due to reactions with four frag-
ments. N(4F) is the number of events due to reactions with four frag
ments (direct: four-pronged events in the 2z geometry; indirect: three-
pronged events in the 2z geometry with P -180'). A"(3F) is the number of
three-pronged events (in the 2z geometry) due to sequential fission.

Reactions
X(4S)

Direct Indirect x(4F) /1v(as)

(320—400) -MeV Ar + U
540-MeV 6Fe + U
800-MeV 84Kr+ U
1080-MeV Xe + U

0/500 = 0 '
1/100 ~0.01 "
2/97 =0.02
4/100 =0.04 '

'Refs. 2 and 13.
bRef. 14.
'This work.

as indicated in Fig. 2(b); additionally, they are
distributed nearly isotropically in space [ Fig.
2(a)j. So we interpret our three-pronged events
as being due to inelastic collisions where the
"projectilelike" ion is scattered at angle around

$,«~s has been observed in counter experi-
ments- while the excited heavy fragment under-
goes fission. Figure 2(c) shows the angle $ and
track length f of only the longest track for three-
pronged events in a correlated form: For the
limited number of events available we think that
the clustering at $»~ for relatively long tracks
(- 50 pm) is possibly due to a rather short inter-
action time between Kr and U, while the broader
angular distribution for relatively short tracks
(-25 Ium) is possibly due to longer interaction
times. The continuous transition from relative-
ly long tracks down to relatively short tracks in-
dicates a rather smooth distribution of energies
damped during the heavy-ion collisions. How-
ever, Our analysis does not allow any conclusion
on whether or not we have seen any "ternary fis-
sion" events, as postulated recently by Diehl and
Greiner for such heavy systems. "

Figures 1(e) and 1(f) give an example of a four-
pronged event. The probability of an accidental
overlap of two binary events is &10 '. Figure
1(d) gives an example of a three-pronged event
with P ~ 180'. Because of momentum conserva-
tion, at least one more reaction partner was pro-
duced but not registered with our geometric ar-
rangement. Such events are also considered as
being due to reactions with four fragments. Ta-
ble I gives a summary of reactions with four
fragments (4F) in heavy-ion —induced reactions.
Ions heavier than Ar are needed to induce this
novel decay channel. For Kr- and Xe-induced re-

actions the lower limits on the cross sections are

0 ~'~ ~ 8 + 6 mb =0.0030

0 &" ~ 40 + 20 mb =0.016g ~'&

for Reactions (1) and (2), respectively. For the
sake of completeness, the distributions of /and

$ for all events with four fragments are shown
in Fig. 2(d). Because of the small number of
events observed, it appears to be premature to
discuss the reaction mechanism involved in the
framework of recent theoretical considerations
by Moiler and Nix. "
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Eighteen M1 transitions to the Pb ground state have been identified and their radia-
tive widths measured in a study of the reaction OVPb{n, y} combined with the results
from recent neutron transmission and elastic scattering measurements. In the excita-
tion region between 7.37 and 8.23 MeV, - 50% of the expected total M1 strength in 8Pb

has been located.

In a simple shell-model picture, ' ' two 1+ states
are expected in 'Pb at - 7 Me& resulting from
the one-particle, one-hole (1p-1h) configurations
v(i, »2 ', i»») and m(h», 2 ', g»2). These states are
expected' to nearly exhaust a transition strength
of B(M 1)0 =36@ 2. The inclusion of 2p-2h r onfigu-
rations4' results in the splitting of these two
states into many components. Several measure-
ments have been carried out to locate this 181
strength. In the unbound region, the techniques
have been primarily angular distributions, ' and

polarization measurements~" in the (y, n) reac-
tion. In the bound region, there have been reso-
nance fluorescence measurements" and particle-
y directional-correlation measurements utilizing
the (p, p'y) and (d, d'y) reactions. " At present,
the overall experimental situation concerning the
location of the MI strengths is very unclear be-
cause many of the previous claims have not with-
stood subsequent scrutiny. ' " In particular, the
original claim of finding a large concentration of
M1 strength spread over seven states in the 7.4—
8.3-Me V excitation region has been whittled away
to the extent that a recent Letter" states that the
only significant 1 strength in this region occurs
in a single state, although three others, previous-
ly unresolved, have small 1' components. We
will show that this is not the ease. However, only
three of the seven original 1' assignments remain
intact. In a new approach, we have studied the

reaction ' 'Pb(n, y) at the Oak Ridge Electron Lin-
ear Accelerator (ORELA) in the neutron energy
region up to 1 MeV (7.4-8.4-MeV excitation ener-
gy). We have obtained absolute radiation widths

for a large number of dipole transitions to the
Pb ground state. Eighteen transitions were

identified as M1 on the basis of parity assignments
from recent neutron transmission and scattering
measurements'4 also carried out at ORELA and

from polarization measurements at Argonne. ~"
We have located nearly half of the expected total-

M1 strength in 'O'Pb. Our results are expel ted
to influence future theoretical calculations of this
strength significantly.

Prompt y-ray emission from a 92.4'-enriched
249-g 'O'Pb metal target was detected at 40 m

from the ORELA pulsed neutron source as illus-
trated by Macklin and Allen. " To minimize sen-
sitivity to scattered neutrons, fluorocarbon-based
liquid seintillators were used with a bias set just
above the 197-keV, second inelastic y ray from
"F (the threshold for the third is above 1.4 MeV).
The sensitivity itself was evaluated with a sam-
ple of 'O'Pb which has very few resonances. The
observed pulse height and time-of-flight informa-
tion was transformed" to neutron captures per
sample nucleus as a function of neutron energy.
The observed resonance peaks were fitted with
single-level parameters by a least-squares com-
puter code" which takes into account effects such




