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events with A, " —~ An* since this sample has the
smallest background. The values obtained are

m(A,*)=2257+10 MeV,
m(E,**)=m (A,*) =168+ 3 MeV.

It is interesting to note that one of the 20 events
is probably an example of quasielastic charmed-
baryon production. Kinematics and track identi-
fication suggest that the reaction is v ,Ne
- u” Ar*r*r*r” with no missing particles. The
event thus has the AS =— AQ signature of charm
production. Examination of the masses then indi-
cates that the event is another example of the re-
action

5 4 ++ +_+
vp -~ K Z;c ’ zc "Ac T,
A =Y*rtnm, Y* ~ AT,

Two of the three 7*’s in this event are overstopped
as K* and the interpretation of the third positive
track heavily favors 7* over K™ by geometrical
reconstruction, ionization, and longitudinal-mo-
mentum balance. Transverse momentum is bal-
anced to within 70 MeV/c. There is no visible
evidence for stubs at the primary vertex or addi-
tional neutrals in the downstream 7 radiation
lengths and 2.5 interaction lengths. The proba-
bility that this event is associated strange-parti-
cle production with a missing K; has been calcu-
lated to be less than 3%. The two relevant mass-
es arem(A,*)=2276+ 25 MeV and Am=163+5
MeV.

In summary, we have presented evidence for
the existence of both the Z,** and A, ™ baryons,

a measurement of their masses, as well as the
first observations of two-body decay modes of the
A" AT~ A" and, with less significance, A, *
-K%.

We would like to thank the people at FNAL and
the scanning and measuring groups at BNL and
Nevis Laboratories, Columbia University, whose
efforts made this experiment possible. This work
is supported by the U. S. Department of Energy
and by the National Science Foundation.

@ present address: Rutgers University, New Bruns-
wick, N. J. 08903.

13, J. Aubert ¢t al., Phys. Rev. Lett. 33, 1404 (1974);
J.-E. Augustin et al., Phys. Rev. Lett. 33, 1406 (1974).

%A. Benvenuti ¢ al., Phys. Rev. Lett. 34, 419 (1975),
and 35, 1199 (1975); B. C. Barish ef dl., Phys. Rev.
Lett. 36, 939 (1976); J. Blietschau et al., Phys. Lett.
60B, 207 (1976); P. Bosetti et al., Phys. Rev. Lett. 38,
1248 (1977); C. Baltay et al., Phys. Rev. Lett. 39, 62
(1977 ; M. Holder e al., Phys. Lett. 69B, 377 (1977).

SE. G. Cazzoli et dl., Phys. Rev. Lett. 34, 1125 (1975).

B. Knapp e al., Phys. Rev. Lett. 37, 882 (1976).

A. M. Cnops ¢ al., Phys. Rev. Lett. 42, 197 (1979).

8G. Goldhaber et dl., Phys. Rev. Lett. 37, 255 (1976).

'C. Baltay et al., Phys. Rev. Lett. 41, 73 (1978);
M. Deutschmann and D. R. O. Monison, private commu-~
nication (CERN Big European Bubble Chamber wide-
band H, experiment).

8The two BNL charmed-baryon events (Refs. 3 and 5)
have a Y*(1385) and K*(892), respectively, in their A;*
decay products.
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Recent elastic p-p C; measurements and other p-p data indicate the existence of 'D,,
3F,, and !G, resonances at energies of about 2140, 2260, and 2430 MeV, respectively.
These resonances accurately correspond to nuclear-physics—type rotational levels of a

virtual ppm(2020) bound state.

In a recent paper,' Auer etal. reported the pos-
sible existence of 'D,, °F,, and 'G, proton-proton
dibaryon resonances at energies of approximately
2140, 2260, and 2430 MeV. These energies cor-
respond to the positions of dips in the elastic C;
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spin-correlation data.! Other evidence for this
p-p resonant structure is obtained from cross-
section differences between parallel and antipar-
allel longitudinal (Ac;) and transverse (Aoy) total
cross sections, and from Legendre expansions of
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differential-cross-section and polarization data.?
The central C,; dip was first identified as a °F,
resonance by Hidaka efal.® The resonant nature
of this structure in the p-p data is also indicated
by the phase-shift analyses of Hoshizaki,* the
dispersion-relation analysis of Grein and Kroll,’
and the early work of Arndt.® Structure has also

been observed in the neutron-proton amplitudes.>™®

These experimental results were unexpected, be-
cause phase-shift analyses of lower-energy p-p
and n-p elastic scattering data® failed to reveal
any dinucleon resonances.

The reported 'D,(2140), °F,(2260), and 'G ,(2430)
p-p dinucleon resonances' correspond toj=1=2,
3, and 4 excitations, respectively, where j and [
are the total and orbital angular momentum quan-
tum numbers, and where the notation **'7; is
used to define the dinucleon phase shifts. The
observed correlation between increasing ener-
gies and increasing angular momentum values
suggests a form of rotational motion. Since the
dinucleon state is the lightest example of a multi-
nucleon (nuclear) system, we logically expect the
excitations of this p-p system to follow the rota-
tional systematics of nuclear physics. In order
to pursue this idea in detail, we must first con-
sider the nonadiabatic nature of the rotations that
take place in very light nuclei., Quantum mechan-
ically, the rotational energy of a rotating system
is characterized by the Hamiltonian H = (722/2I ) L2,
where L is the orbital angular momentum opera-
tor and I is the effective moment of inertia.'® In
nuclear physics, it is customary'®!! to write
L=J -§, where J is the total angular momentum
operator and S is the spin angular momentum
operator. Thus the rotational energy is given
(schema’acally) by the expectatlon value of opera-
tor L2=(f-8)2=J2+82-2J+8. The usefulness
of this representation lies in the fact that the
“Coriolis term” J +§ tends to vanish if the rotat-
ing system satisfied the following conditions:

(A) The system is markedly aspherical, so that
the rotational axes are clearly delineated; (B) the
rotational velocity is “slow” (the adiabatic ap-
proximation?); (C) the spin S does not have the
value 3. If the Coriolis term vanishes, which is
often the case for heavy atomic nuclei, then the
rotational energies follow an equation of the gen-
eral form

E(j)=Eq+@*/2D)j(j+1)=E +E.j(j +1). (1)

However, near closed shells, where condition
(A) fails, and for nuclei with §— z, where condi-
tion (C) fa,lls the j(j+1) interval rule of Eq. (1)

is no longer valid.

In the case of light atomic nuclei, where the
small masses lead to very rapid rotations, con-
dition (B) is violated. Also, the broad widths of
some of the low-mass rotational levels indicate
that these levels last for very brief periods of
time,'® so that the rotational motion (condition A)
is not well defined. Thus the J+8 Coriolis term
does not vanish for rotational levels in very light
nuclei, and the rotational energies depend essen-
tially just on the quantum number !, as given by
the equation

E(1)=E +(1%/2D)1(1+1)=E+E o [(1+1).  (2)

The three p-p resonances that have been report-
ed! (and also the one possible n-p resonance’*®)
are all j=1 excitations, so that in this special
case Eq. (1) and (2) reduce to the same equation.

If the 'D,, °F,, and 'G, p-p resonances are
members of a nonadiabatic nuclear-physics-type
rotational band, then their energies E(1), as de-
fined in Eq. (2), should yield a linear curve when
plotted against an I(I+1) abscissa. This plot is
shown in Fig. 1, where the observed linearity of
the curve demonstrates that these resonances do
in fact obey the I(I+1) energy interval rule of
Eq. (2).

The C,;, Ao;, and Ao, measurements reported
in Ref. 1 unfortunately extend down only to 1.0
GeV/c, which corresponds to a center-of-mass
p-p energy of 2082 MeV. Thus the j=I=0and 1
excitations that correspond to the 'S, and °P,
levels in this p-p rotational band are not observed
(see Fig. 1). However, by using the F-=D=D-S
equal-energy-interval rule of Eq. (2) to extrapo-
late to 1=0, as shown in Fig. 1, we can pinpoint
the mass of the p-p S-state bandhead at the value
2020 MeV. Since the mass of two unbound protons
is 1877 MeV, the excitation energy of this p-p
bandhead is about 143 MeV, which is just the
mass of a pion. Hence the three observed p-p
resonances phenomenologically correspond to the
j=1=2,3, and 4 rotational levels of a virtual ppr
dibaryon bound state. In support of this conclu-
sion, we note that a similar dibaryon excitation,
AAm, accurately reproduces the mass value of a
weak strangeness S =- 2 dibaryon resonance,
E*(~2367), that has been observed in two experi-
ments.'* Furthermore, the occurrence of the 7
as a mass-shell (zero binding energy) excitation
quantum has also been observed in a completely
different hadronic system—the ‘“charmed” D and
D* kaon system—as is demonstrated by the fol-
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lowing strikingly similar decay modes':

pp(2020)~pp(1877) + 143 MeV Kkinetic energy;

D**(2009) ~ D* (1868) +7°(135) + 6 MeV kinetic energy; (3)

D**(2009) ~ D*(1868) +y(141).

In the ppm decay a virtual pion is transformed
into kinetic energy, whereas in the D* decays
the pion is either emitted directly or else trans-
formed into a photon.

In addition to its mass, there is one other piece
of information about the ppm bandhead that we can
obtain from Fig. 1 and Eq. (2)—namely, its mo-
ment of inertia I, or equivalently its rotational
energy parameter E,,=%%/2I. The experimental
3F,-'D, mass difference of 120 MeV corresponds
to the value E, ;=20 MeV. We can compare this
p-p E,, value with the E,; values of neighboring
light nuclei by using Eq. (2) to obtain experimen-
tal E, ., values for nonadiabatic rotational bands
in light nuclei as a function of the atomic weight
A. The rotational bands that we select for this
purpose are the following: the “molecular” **C
+12C rotational band'? in #*Mg; the J*=0%,2",...
ground-state yrast bands'®**® in 2%Si, **Mg, **Mg,
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FIG. 1. The experimental p-p rotational band, plotted
against an I(I +1) or j(j+1) axis [Egs. (2) and (1)]. The
slope of the curve corresponds to an E  value of 20
MeV.
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[ #2Mg, #*Ne, *Ne, 'C, and ®Be; two “excited-state”
yrast bands in O and *He; four rotational bands
(including the yrast band) in ?**Ne; two yrastlike
rotational bands in °B and °Be; and several frag-
mentary rotational bands in °Li, °He, and *He.
Applying Eq. (2) to these experimental’® rotational
bands gives the average values for E,,, that are
displayed in Fig. 2. We can obtain a scaling law
for the rotational energies in these light nuclei
by noting that E, ,,=#2/2l < 1/I « 1/MR?x A™%/3,
Two different A™3/® curves are shown in Fig. 2;
one that corresponds to expanded “molecular-
type” geometries’®, and one that corresponds to
compact or prolate geometries. These two curves
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FIG. 2. Average experimental values of the rotational
energy parameter EmtEh'Z/ZI for nonadiabatic [Eq. (2)]
rotational bands in light atomic nuclei (Ref. 16), plotted
as a function of atomic weight A.
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serve as an envelope that brackets the observed
values of E, ;.

It can be shown'” that the results displayed in
Fig. 2 follow from Eq. (2), but not in general
from Eq. (1). Thus a knowledge of the nonadiabat-
ic nature of the rotations in light nuclei is essen-
tial for a proper understanding of these results.

Figure 2 can be used to delimit the value of
E, . that is expected in the case of the A=2 dinu-
cleon system. However, we can obtain a more
precise value if we extend Fig. 2 so as to include
nonadiabatic rotational bands in baryons and
mesons, which lie in the mass range that corre-
sponds to A < 2. These hadronic rotational bands
can be formally defined,'®*'® and their E, values,
together with those of the light nuclei of Fig. 2
and the p-p rotational band of Fig. 1, are dis-
played in Fig. 3. As can be seen in Fig. 3, all
of these experimental values for E,, are in agree-
ment with one another.®

Preliminary experiments?*’ show some struc-
ture in the n-p amplitudes. If this structure is
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FIG. 3. Average experimental values of E , for non-
adiabatic [Eq. (2)] rotational bands in mesons (open cir-
cles), baryons (small solid circles), the p-p dibaryon
system (square), and light atomic nuclei (large solid
circles) (see Refs. 18—20 and Figs. 1 and 2), plotted as
a function of the mass of the rotating bandhead.

interpreted in the context of an isotopic spin I=0
resonance, then it indicates a mass, width, and
elasticity that closely resemble those of the °F,
p-p resonance,” and its quantum numbers seem
to be either 'P, or 'F,. From the systematics of
Eq. (2), we expect °F, and 'F, resonances, if they
exist, to appear at the same mass value (as we
have indicated in Fig. 1). Thus the phase-shift
assignment 'F, is suggested for this I=0 struc-
ture in the n-p amplitudes.

Uncertainties still exist in the p-p data analysis.
However, it seems apparent from the results
achieved thus far that the p-p resonances serve
as a direct and unique experimental link between
the domains of nuclear physics and hadron phys-
ics: The p-p votational levels, which ave nuclear
in ovigin, can be used to pinpoint the mass of the
p-p bandhead excitation, which is hadvonic in
origin.
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Kinematically complete experiments have been performed on the three-body exit chan-
nels in 7.5 MeV/amu 2°8Pb and 2°8U on *®Ni and %Zr. The bulk of the events (>99%) can
be interpreted as sequential fission following deeply inelastic collisions. From the an-
gular correlations, oriented-spin values up to 45% are deduced for the heavy fissioning
fragment. Their constancy at large energy losses points to strong fluctuations in the
correlation between energy loss and angular momentum.

One of the outstanding problems in the mechan-
ism of deeply inelastic heavy-ion collisions is
associated with the angular momentum trans-
ferred from orbital to intrinsic rotation. Besides
y and light-particle emission, sequential fission
has already proven a useful probe sensitive both
to the magnitude and orientation of the spin trans-
fer.”* We report in this Letter results from the
first exclusive experiments in this field.>® By
use of heavy-particle beams and large-area de-
tectors, the two- and three-body exit channels in
the reactions 2°®Pb, 2%¥U —*Ni, °°Zr have been in-
vestigated in a way which is complete both kine-
matically and in the total phase-space distribu-
tion of the events, including all correlations be-
tween the observables. We show that the bulk of
the three-particle data can, in fact, be inter-
preted as sequential fission following quasielas-
tic and deeply inelastic collisions. From the
fission-fragment angular correlations, oriented-
spin values up to 45% and rather isotropically dis-
tributed nonoriented components of (10-15)% are-
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deduced for the heavy fissioning nucleus. Follow-
ing an initial rise, the former are observed to
remain constant up to the largest energy losses,
possibly indicating strong fluctuations in the cor-
relation between energy loss and angular momen-
tum.

Ni and Zr targets of 100-200 ug/cm? were
bombarded with Pb and U beams of 7.5 MeV/amu
from the UNILAC at Gesellschaft fiir Schwerionen-
forschung. The targetlike fragments were anal-
yzed in a 40 x12 cm? position-sensitive AE-E gas
ionization chamber.” A lab acceptance angle of
~30° in the reaction plane together with the kine-
matic concentration for forward c.m. angles and
the focusing property of the deeply inelastic reac-
tion allowed us to measure the major part of the
cross section with one angle setting for each sys-
tem. The beamlike surviving fragment or its
two fission products were detected in coincidence
in a 1X 1 m? position-sensitive parallel-plate
avalanche counter® with an overall time-of-flight
resolution (in connection with the bunched beam)
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