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The feasibility of populating high spin states using reactions induced by a 10 MeV/nucleon 2Ne
beam on '°Er was studied. The experiment was carried out using a multidetector array for high
resolution y-ray spectroscopy, a 14 element sum-multiplicity spectrometer and six AE-E telescopes.
Detailed information was obtained concerning the reaction mechanisms associated with various re-
action channels. Deep inelastic collisions are shown to be a promising tool for high spin spectrosco-
py in regions of the chart of nuclides which are not accessible by other reactions.

I. INTRODUCTION

In the past, high spin states in nuclei have been studied
primarily through the use of fusion evaporation reac-
tions' induced by heavy ions. This type of reaction is
well understood and can be used to create compound sys-
tems with a large amount of angular momentum (up to
1007i). Due to the nature of the reaction, some nucleon
and/or a evaporation takes place until the system be-
comes stable with respect to particle (primarily neutron)
emission. Because of this, it is not possible to study high
spin states in neutron-rich nuclei using this type of reac-
tion.

Recently, Guidry et al.? have demonstrated that high
spins states in neutron-rich nuclei can be populated using
transfer reactions induced by heavy projectiles (Ni,Sn) at
bombarding energies slightly above the Coulomb barrier.
In this type of reaction, the final nucleus receives a
significant fraction of its angular momentum via multiple
Coulomb excitation before and after the nucleon transfer
takes place.

Here we present the results of the reaction 2?Ne+ "°Er
at a bombarding energy of 10 MeV/nucleon, which cor-
responds to about twice the Coulomb barrier energy.
The purpose of the experiment was to study in detail the
reaction mechanisms associated with various exit chan-
nels, in order to assess the usefulness of such reactions for
the study of high spin states. On the basis of extensive
previous work,>~% one expects the dominant reaction
mechanisms to be quasi-elastic collisions, including in-
complete fusion, massive transfer or “breakup” fusion,
and deep inelastic collisions (DIC). One anticipates, par-
ticularly in the case of DIC, a significant amount of the
orbital angular momentum between the projectile and the
target to be converted into high spin excitation. The high
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value of the angular momentum brought to the system is
reflected in the observed high multiplicity of y rays.”?
Quasi-elastic reactions (QE) at these energies are predom-
inantly governed by transfers of nucleons that can range
from few nucleons up to massive clusters (e.g., "He, °He)
and also by possible breakup channels.® The transfer of
such neutron-rich clusters can be attractive technique to
populate high spin states in nuclei on the neutron-rich
side of the valley of stability.

In the present experiment, both types of reaction
mechanisms, quasi-elastic and DIC, were investigated us-
ing an array containing y-ray and particle detectors, al-
lowing identification of both the targetlike fragment
(TLF) and projectilelike fragment (PLF) in a given reac-
tion. Both PLF-y and y-y coincidence events were col-
lected.

II. EXPERIMENTAL

Enriched (99%) 'Er targets of thickness 1 mg/cm?
were bombarded with a 220-MeV 2’Ne beam obtained
from the K-500 Superconducting Cyclotron at Michigan
State University. The target was mounted at 55° with
respect to the beam direction and a shielded Faraday cup
was used to measure the beam current incident on the
target. The average beam current was about 20-30
charge nA.

To detect both y rays and ejectiles, the Pittsburgh
Multidetector Array'® was used together with six silicon
E-AE telescopes. Figure 1 shows a schematic diagram of
the apparatus. The y-ray-detector array was composed
of five high-purity, Compton-suppressed germanium
(HPGe) detectors and a 14-element bismuth germanate
(BGO) Sum Energy and Multiplicity Spectrometer (SMS).
The Ge detectors in this experiment were placed at 72.3,
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FIG. 1. Horizontal cross section of the apparatus showing
the various types of detectors and their arrangement.

92.3, 101.2, 142.2, and 145.0 degrees with respect to the
beam direction. The SMS elements were distributed
seven above and seven below the target chamber and
covered a total solid angle of ~30% of 4. The silicon
telescopes were mounted at 6=30° with respect to the
beam direction, near the classical grazing angle for this
reaction. The AE and E Si detectors had thicknesses of
74 and 500 pum, respectively. All telescopes were cooled
to —20°C in order to improve isotope resolution.

The energy resolution and the peak-to-total ratio (num-
ber of counts under the full energy peak, divided by the
total number of counts) for the Ge detectors, measured
with a ®°Co source, were about 2.5 KeV and 55%, respec-
tively. The average resolution of the SMS elements was
15% for the 667-keV line of a '*’Cs source. The energy
and efficiency calibration of the Ge detectors were carried
out with ®Co, #Y, "2Eu, !®2Ta, and ??Na radioactive
sources in the target position. The mass separation ob-
tained in the telescopes was one mass number at 4=22.
Energy calibration of the telescopes was done using the
elastic scattering peak and an **'Am a source. The
linearity was checked with a precision pulser. The solid
angles of the germanium detectors were defined by
heavy-metal collimators and averaged 25 msr. The solid
angle for each telescope was 13 msr.

With this arrangement, two types of events, namely,
particle-y and y-y coincidences, were acquired. For
particle-y events, a particles and lighter ions were reject-
ed. In either case, the energy and timing relative to the
event trigger were recorded for each element of the SMS
for later analysis. The data were recorded on magnetic
tape event by event.

III. RESULTS AND DISCUSSION

A. General features of the data

The first step in the data analysis was to characterize
different reaction mechanisms responsible for producing
the many outgoing channels. In order to identify
different PLF channels and to survey their degree of
inelasticity, the data from the silicon telescopes were used
in conjunction with the y-ray multiplicity information
from the SMS.

A resolution of about one mass unit for 4 =22 was ob-

H. TAKAI et al. 38

'-—I LI ' LI A ‘ T1rT l-|‘~' |-,:| T I LA |'
- 22Ne +170Er . —
I~ E, = 220 MeV ]
100 "+ =
C f- 50 o
3 F o
© - LA
= N e ]
w sof M ]
4 r .
O_er.ll‘cllll‘l.llllllllllllll-

0] 100 200

Energy (MeV)

FIG. 2. AE vs E plot showing the Z identification of the
PLF’s. This plot does not have sufficient resolution to show the
mass separation. The horizontal structure is related to the in-
tense elastic peak and is due to the low energy tail that is associ-
ated with the detection of heavy ions in Si detectors.

tained with the surface barrier telescopes. This allowed
us to identify PLF’s from °Li to 2*Mg. Figure 2 shows a
two-dimensional scatter plot of E vs AE for inclusive data
(i.e., no ¥ coincidence requirement). Because of size limi-
tations, this figure does not reveal the isotope resolution.
The dominant exit channels are the elastic channel and
the one- and two-neutron stripping channels, which ac-
count for about 48% of the total observed fragments.
The figure also shows the predominance of “stripping”
channels over “pickup” reactions. Inclusive relative
yields for all exit channels, normalized to the elastic
channel, are listed in Table I.

TABLE I. Column 2 lists the relative inclusive cross sections
in percent of the elastic channel. The numbers in brackets
represent the uncertainties in the last quoted digit.

Isotope Relative yield
24Na 0.26(3)
BNa 1.9(2)
BNe 8.0(1)
2Ne 100

2INe 7.0(1)
ONe 2.0(5)
AR 3.5(4)
0p 2.7(3)
3 1.92)
20 0.6(1)
°0 1.4(2)
30 2.6(3)
70 1.7(2)
150 1.5(2)
N 0.49(7)
16N 0.7(1)
BN 2.3(3)
UN 0.43(7)
B¢ 1.7(2)
2c 1.9(2)
e 1.5(2)
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The evolution of the various reaction mechanisms as a
function of the number of transferred protons and neu-
trons can best be seen from two-dimensional contour
maps of the intensity as a function of fold (K) and PLF
energy. These maps are shown in Fig. 3. The corre-
sponding PLF energy spectra, i.e., the projections of
these maps onto the PLF-energy axis, are shown in Fig.
4. Included in the latter are the spectra for some of the
weaker channels for which we did not produce contour
maps. Using standard calibration procedures, it is possi-
ble to derive from the fold the y-ray multiplicity (M).'!!?
Both quantities are indicated in Fig. 3. It should be un-
derstood that K and M refer to the sum of the folds and
multiplicities of cascades from the TLF and the PLF
fragments.

For PLF’s close to the projectile mass, one observes in
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each of Figs. 3 and 4 a well-defined maximum corre-
sponding to quasi-elastic processes. This maximum
broadens as more and more nucleons are transferred, and
a sudden disappearance of the QE peak occurs when one
moves from oxygen to nitrogen isotopes. The QE peak is
not observed for any of the lighter ions (Z <7), but the
expected positions are indicated in Fig. 4 by arrows.
Starting with 'O, a second maximum appears at a con-
siderably lower PLF energy, but with higher multiplicity,
corresponding to DIC processes. The onset of DIC pro-
cesses can already be observed in '*2°F and 2°0 through
the appearance of a “plateau” in the region where DIC
processes are expected. For the lightest PLF’s (1°N, !2C,
and ''B) one observes only the DIC maxima with a ridge
extending towards the quasi-elastic region.

The positions of the maxima in the Ep; g vs M plane
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FIG. 3. PLF Kkinetic energy (Ep ¢) vs fold plots for various PLF’s, with an approximate multiplicity scale. This figure clearly
shows the transition from almost completely quasi-elastic reactions for heavier PLF’s to mainly DIC’s for lighter PLF’s. It also
shows the greater y-ray multiplicity induced by DIC’s. The low-fold, low-energy peak in '°F and some of the oxygen isotopes is asso-
ciated with the strong elastic channel as noted in the caption in Fig. 2.
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FIG. 4. Eppf spectra for various PLF isotopes. The gaps in some of the plots occur where the spectrum is distorted by the elastic
channel as noted in the caption to Fig. 2. Note the abrupt disappearance of the quasi-elastic peak between oxygen and nitrogen. The
arrows at low and high PLF energies represent the Coulomb repulsion of the fragments and PLF kinetic energy at the beam velocity,

respectively.

are tabulated in columns 2 and 3 of Tables II and III for
QE and DIC, respectively. Column 4 lists the excitation
energy [E, =E,(TLF)+E,(PLF)] [see Eq. (9)] of the final
system before any particle or y-ray emission has taken
place.

B. y-ray multiplicity and angular momentum transfer

From the measured multiplicities, it is possible to esti-
mate the fraction of the initial orbital angular momentum
that is transformed into the spin angular momentum of
the final fragments (TLF and PLF). The first stage in the
decay of the highly excited states of the TLF’s and PLF’s
consists of the evaporation of nucleons and a particles,
until the fragments reach a state that is stable against

particle emission. The average amount of angular
momentum carried away by nucleon evaporation can be
written as

AIL=(N,){l,) , (1)

where (N, ) and (I, ) designate the average number of
nucleons emitted and the average amount of angular
momentum carried away per nucleon. Statistical calcula-
tions using the code JULIAN-PACE (Ref. 13) as well as a
considerable body of experimental data'* indicate that
(1,) ~0.7. The average number of nucleons emitted can
be estimated from the excitation energy E, of the TLF
according to

TABLE II. Columns 1 and 2 list the experimentally determined values of the PLF energy and the
multiplicity of the quasi-elastic maxima. Columns 3 and 4 give the experimental and theoretical values
for the excitation energy of the PLF immediately after the collision. For the meaning of the last four

columns we refer to the text.

TQE EX Ex,lh

PLF (MeV) Mgy (MeV) (MeV) Aly Al I;,exp I
%Na 200 5.6 12 5 0 )

BNa 205 5.4 7 5 0 5

2F 190 5.4 13 14 5 0 5 45
R 180 5.6 22 20 5 1 6 9.0
YF 172 5.7 30 26 5 1 6 13.5
%0 177 6.0 28 28 6 1 9.0
%0 166 7.3 32 34 9 2 11 13.5
30 168 9.3 34 40 13 2 15 18.0
70 154 10.3 46 45 15 3 18 22.5
150 144 8.9 58 51 12 3 15 27.0
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TABLE III. Columns 1, 2, and 3 list the kinetic energy, multiplicity, and the excitation energy corresponding to the DIC maxima
of Fig. 3. Columns 4 and 5 give the angular momenta carried away by evaporated nucleons and ¥ rays, respectively. Column 5 lists
the experimentally derived angular momentum of the (TLF + PLF) system immediately after collision. Columns 7 and 8 list the an-
gular momenta of the PLF and TLF as predicted by a friction model in the rolling limit (see text). Column 9 contains the sum
I oy=1IpLr+I1Lr and should be compared with I;.,, in column 7. The last three columns list the analog quantities in the sticking

limit.
Tpic E, Rolling Sticking
PLF (MeV) Mpicy (MeV) Al AI}/ T exp Tp r Irr I, Ty r It Licr
VF 130 15 71 4 23 27 11 23 34 2 75 77
F 127 14 75 5 25 30 11 23 34 3 77 79
00 113 17 86 5 28 33 11 23 34 2 75 77
(o) 109 17 88 6 28 34 11 23 34 2 77 79
80 105 15 96 6 24 30 11 24 35 2 80 82
0 111 14 88 6 23 29 11 24 35 2 79 81
N 91 18 103 7 32 39 10 24 35 1 85 86
2c 85 19 105 7 32 39 10 25 35 1 91 92
g 73 20 106 7 33 40 10 25 35 1 93 94
E.,—B,—(K,) E,—10MeV Coulomb repulsion as they approach the target. At the
(N,)= = 2) top of the barrier, n nucleons are transferred from the

B,+(K,) 10 MeV

where B, is the binding energy per nucleon and (K, ) is
the average kinetic energy of an evaporated nucleon. For
the present analysis we obtained (K,)=2 MeV from
PACE calculations and we assumed B, =8 MeV.

Once the two fragments are stable against particle
emission, the remaining angular momentum is carried
away by y emission. Most of the decays proceed via
stretched E2 transitions (corresponding to a spin change
AI=2), while a small number N, proceed by dipole tran-
sitions which, according to our statistical calculations,
correspond to an average spin change of AI close to 0.5.
Thus, we have AI, =2(M —N,)+N,/2, where M is the
total ¥ multiplicity. In the present analysis we assumed
N,=4.0. The total amount of orbital angular momentum
transformed into intrinsic angular momentum I; is

L=AI,+AIL, . 3)

The values for Al,, AI,, and I; corresponding to the
quasi-elastic and deep inelastic maxima are listed in
Tables II and III. In the following two sections we com-
pare our experimental results with theoretical models for

quasi-elastic and deep inelastic processes.

C. Quasi-elastic processes

In the simplest picture of a quasi-elastic transfer (QE)
reaction, the velocity of the PLF equals that of the pro-
jectile. The corresponding PLF energies, indicated by ar-
rows in Fig. 4, are systematically higher than the energies
E o of the experimentally observed quasi-elastic maxima.
The systematic trend of Eqg as a function of the PLF
mass is, however, well reproduced.

A better understanding can be obtained if one invokes
trajectory matching conditions. In the following analysis,
the most probable experimental PLF velocities are ex-
tracted from the most probable PLF energies and com-
pared with the predictions of a model by Siemens et al.'®
According to this model, the projectiles are slowed by

projectile to the target, while m nucleons are picked up
by the projectile from the target. The model furthermore
assumes that these nucleons had, before the exchange, an
average velocity equal to that of their parent nucleus
(projectile or target). After the transfer, the PLF is ac-
celerated by the Coulomb field in the exit channel. The
relative velocity v 4, between projectile and target just be-
fore the nucleon exchange is related to the relative veloci-
ty vg, between PLF and TLF just after the exchange ac-
cording to

n m
I=5"%

B ) 4)

Upp =V 44

where a, A4, b, and B are the mass numbers of the projec-
tile, target, PLF, and TLF, respectively.

Energy conservation considerations allow one to pro-
vide the equations

%#Aavia=Ti—Ui—ei ’ &)
%‘uBbvlng—_—Tf—Uf-*-ef N (6)

where p;; is the reduced mass of the /,j system and T;
and T, are the center-of-mass Kinetic energies in the en-
trance and exit channels. U; and U, designate the bar-
rier energies and are given by the sum of the Coulomb
and nuclear potentials and can be written as follows:

U—U Z,Z,e?
,': +——_ ’
0 rO(A“3+a“3)
) (7)
U U ZBZbe
=Ugy+——F77"7 .
f 0 rO(B1/3+b1/3)

In our analysis, we use for the nuclear potential U, and
the radius parameter r, the values of Siemens et al.:
Uy=—28 MeV and r,=1.2 fm. The quantities e¢; and e,
represent the excitation energy imparted to the collision
partners before and after particle transfer. It should be
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noted that e; and e, constitute only a small part of the ex-
citation energy of the final system. In Siemens et al.'’
these quantities are treated as adjustable parameters, typ-
ical values being e,-=ef=3 MeV. In our case, they are
small enough to be neglected. In Fig. 5 a comparison is
made between values of vg, derived from Egs. (4) and (5)
and experimental values derived from Eq. (6) using mea-
sured values of the PLF energy. The most probable PLF
energies for fluorine and oxygen isotopes correspond to
the quasi-elastic maxima in Fig. 3 (see also Table II). For
the nitrogen isotopes, the quasi-elastic peak is not well
defined in the total spectrum. Quasi-elastic peaks were,
however, observable in spectra gated on low fold (K < 2),
and these were used to find the most probable energies.
The results of this analysis indicate that transfers with
Aprr < A projectile COTTEspond to pure stripping reactions
(n£0, m=0). Figure 5 also shows the most probable ve-
locity for 2»?*Na and shows good agreement with a pure
pickup hypothesis. Thus, all observed QE channels cor-
respond to pure stripping or pure pickup reactions.

The model can be extended to make predictions con-
cerning the transformation of orbital angular momentum
into intrinsic angular momentum and the transformation
of kinetic energy into excitation energy. To estimate the
amount of angular momentum transferred to the target in
a stripping reaction we assume, as before, that the
transformed nucleons are left on the target surface with
velocity v, inducing the rotation of the TLF. Using this

0.120 T T T T T T
+
0115 - //‘:J -
0 .
N + -, A"'/ F
. Ve
YA
2 N /'
o O.110 | N e
o e .
m=0,n#0 ./-/
o m={,n#0
0.105 + -
0.100 . L . L
10 15 20

Fragment Mass

FIG. 5. The experimental QE PLF velocities for F, O, N, and
Na isotopes are shown as a function of the fragment mass. The
experimental points associated with the isotopes of a given ele-
ment are connected by solid lines. The dot-dashed lines
represent the velocities expected from a simple trajectory
matching model (see text) for a pure stripping process (m=0,
n==0), a pure pickup process (m=0, n=0) and a “mixed” pro-
cess (m=1, n0) as indicated.
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assumption, the angular momentum transfer to the target
is

Ii’th=nmURTLF =4.5n# ’ (8)

where n is as before the number of nucleons transferred
from the projectile to the target, m is the nucleon mass, v
is the speed of the projectile, and Ry p=1.24 1% is the
radius of the TLF. The values for I, are listed in the
last column of Table II. Comparison with the experimen-
tal values shows that this simple model accounts for the
gross features of the angular momentum transfer as a
function of the mass transfer.

It is also possible to determine the excitation energy E,
of the TLF. The experimental value of E, corresponding
to a given kinetic energy T, of the PLF can be obtained
from the Q-value equation

T,=T;+Q,,—E,, 9)

in which T; is the kinetic energy in the entrance channel.
A theoretical value for the excitation energy can be de-
rived by calculating 7, from Eq. (6) using theoretical
values for vg,. These quantities are compared in Table
II, column 5, with values of E, derived using the mea-
sured values of Tf. As can be seen, the theoretical and
experimental values are in good agreement.

D. Deep inelastic collisions

There exists a considerable literature dealing with deep
inelastic processes. '*~1® Here we are primarily interested
in the transformation of orbital angular momentum into
intrinsic angular momentum and the sharing of the latter
between the TLF and the PLF. The models that deal
with these questions can be divided into two major
classes, i.e., microscopic and macroscopic models. In mi-
croscopic models, the exchange of angular momentum
and excitation energy is viewed in terms of the diffusion
of nucleons between the two fragments during the time of
significant overlap.

The present analysis is based on a classical, macroscop-
ic model and follows the general treatment given by
Tsang'® to deep inelastic collisions. According to this
model, the microscopic degrees of freedom are replaced
by four collective parameters, namely, the distance be-
tween the two colliding nuclei, the angle of rotation of
the line joining their centers, 6,,, and the angle of self-
rotation of the two nuclei, Op; g and 61 . The shape of
both nuclei are taken as spherical. The inclusion of Op; ¢
and 61p g, however, allows the treatment of the angular
momenta Ip g and I g in the model.

Briefly, the model describes the collision using equa-
tions of motion obtained from the Lagrange-Rayleigh
method, in which a first-order velocity-dependent fric-
tional force is introduced. During the initial stages of the
collision, the sliding friction results in the transfer of ini-
tial orbital angular momentum (L) into spin angular
momentum (Ip;r and I g). As the system evolves in
time the two nuclei start to roll against each other, and
the so-called “rolling” friction begins to dissipate energy.
This can eventually bring the nuclei to the “sticking’ lim-



it where they move together as a whole. Thus, the
amount of orbital angular momentum transferred to the
internal degrees of freedom is dictated by how far the sys-
tem has evolved before the separation of the PLF and
TLF.

For the limiting cases it is possible to give closed form
expressions for the fraction of the initial orbital angular
momentum that is transformed into the spin angular mo-
menta of the PLF and TLF. For the rolling limit,

I R I R
PLF _ 2 CPLF and —TLF _2 TF , (10)
for the sticking limit,
I J
PLF _ PLF (11a)
Ly  Jn+Iprt Itk
and
1 J
TLF TLF (11b)

Lo  Ju+Ipr+Irie

where Jpr and Jpp g are the rigid moments of inertia of
the fragments, Ji =2M;R?, and J,=pR?%,. The radii
are given by R;=1.24,/%,and R, =Rp; p + R 11F-

The values obtained using the above expressions are
shown in columns 7, 8, 10, and 11 of Table III. Columns
9 and 12 show the total amount of orbital angular
momentum that is transformed into intrinsic angular
momentum. These values can be compared with the ex-
perimentally derived angular momentum I, ., of the sys-
tem, which is given in column 6. In the sticking limit,
one expects the amount of L transfer to increase with in-
creasing mass transfer. In the rolling limit, the total
amount of transferred angular momentum is constant for
all TLF’s. The latter picture better describes the experi-
mental results obtained for DIC in this work, which
shows an angular momentum transfer of about 337 for all
the investigated TLF’s. This can be better seen in Fig. 6
where the average It g for several PLF’s is plotted to-
gether with the values from both the sticking and the rol-
ling limits.

The selection of the rolling limit is favored in our ex-
periment because all the PLF detectors were placed near
the grazing angle for the reaction. A gradual shift to the
sticking limit can be expected as the detectors are moved
to mcl)gre backward angles, as described by LeFort and
Ngb.

E. Exclusive and inclusive cross sections:
Spectroscopy and reaction mechanisms

Due to the ability to completely identify both the PLF
and the associated TLF’s, it was possible to obtain de-
tailed information concerning the reaction mechanism.
Figure 7 shows the ¥ spectra in coincidence with each
PLF isotope with Z >6. In each case, the spectrum is
the sum of the spectra from all five HPGe detectors. The
spectra were Doppler corrected on the basis of the reac-
tion kinematics. The most prominent lines are labeled
according to the TLF isotope of origin.

Tables IV and V summarize the exclusive relative cross
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FIG. 6. Average amount of orbital angular momentum that
is transferred into intrinsic angular momentum in deep inelastic
collisions, as a function of PLF mass. The circles represent the
experimentally derived values. The theoretical values for the
rolling and sticking limit are also shown. The dashed line indi-
cates the grazing angular momentum in the present experiment.

sections for the production of TLF’s in coincidence with
16,17,18,19,200 and 1:!213C. The yields are given in percent
of the elastic cross section. These yields were derived
from the lowest observable transitions and were corrected
for the HPGe-detector efficiency, internal conversion,
and branching ratios. For the even-even isotopes, the
61T —47 transition was used. In cases where this transi-
tion was a member of a poorly resolved doublet, the
8%t 6% transition was employed instead. Odd isotopes
were identified on a case-by-case basis using transitions
that provided the most unambiguous assignment.

Figure 7 shows that in all oxygen channels, the Yb and
Er isotopes are populated. The !"!>!3C channels are in
coincidence with Hf and Yb nuclei. The population of
the Yb (Hf) isotopes in coincidence with oxygen (carbon)
PLF’s is best understood in terms of a binary transfer re-
action followed by the evaporation of neutrons. Below
we present calculations which show that the population
pattern of the Yb isotopes associated with 30 PLF’s can
be well understood in terms of such a picture.

The last row in Tables IV and V lists the average num-
ber of neutrons emitted in the binary channels and illus-
trates that this number increases with the number of par-
ticles transferred. This is as expected, since the inelastici-
ty of the reaction, and hence the excitation energy of the
final system, increases with the number of particles
transferred. The increase in average excitation energy
with the number of particles transferred is also evident
from the PLF energy spectra in Fig. 4 and is consistent
with results by Wilczynski et al.> for the system
YN 4+1Tb. Row 8 in Table IV lists for each oxygen
PLF the total cross section for populating Yb isotopes,
while row 14 gives the total cross section for the forma-
tion of Er isotopes. In both cases the cross section
reaches a maximum for '30 which corresponds to the a
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transfer and a breakup channel, respectively. It is well
known from shell-model calculations that the *Ne wave
function contains a significant a-cluster component.?
This seems to be the most likely explanation for the dom-
inance of these channels.

The observation in Table IV (V) and Fig. 7 of transi-
tions in the Er (Yb) isotopes in coincidence with
16,17.18,19.20g (1L1213C) must be associated with the emis-
sion of unobserved charged fragments. Statistical calcu-
lations using the code JULIAN-PACE indicates that less
than 2% of these cross sections can be attributed to
charged particle evaporation from the TLF’s and there-
fore show that these fragments must be associated with
projectile breakup.

A question of considerable interest concerns the time
scale for projectile breakup. Two limiting regimes are
typically considered and referred to as a direct breakup
and sequential breakup. Direct breakup refers to the
breakup of the projectile while it is still interacting with
the target nucleus. Utsunomiya et al.® have argued that
this mechanism is associated with very little excitation of
the TLF and hence small y-ray multiplicity, and it is then
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referred to as cold breakup. Later in this section we
present evidence that cold breakup is not a significant
component in the present experiment. Sequential decay
refers to a two-step process in which the projectile is
given a significant amount of excitation energy during its
interaction with the target and decays later after it is well
outside the range of interaction.

Experiments by Homeyer et al.?' show that 15-
MeV/nucleon Ne ions impinging on '’Au dissociate
via sequential decay into '*O+a. Similar results were
obtained in a recent experiment by Shimoda et al.,?* who
investigated the system 2°Ne+ “°Ca at several energies be-
tween 4.6 to 10.7 MeV/nucleon.

Our experiment does not yield direct information
about the time scale of the breakup mode, but in view of
the results of Refs. 21 and 22 it must be assumed that
sequential breakup is the dominant mode. The second-
and third-to-last rows in Tables IV and V show the
division of the cross section between binary (transfer) and
projectile breakup processes. For the oxygen PLF’s, we
find that binary processes are dominant, accounting for
~80% to 90% of the total exclusive yield. This is con-
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TABLE IV. Exclusive relative cross sections in percent of the elastic cross section for the oxygen
PLF’s. The third- and second-to-last rows give the division of the cross section between binary and
breakup processes. The last row lists the average number of neutrons emitted in binary reactions.

PLF 160 170 180 190 200
TLF
112y 0.17(1) 0.11(1) 0.21(1) 0.056(8) 0.096(4)
7yp 0.094(9) 0.16(1) 0.20(2) 0.13(1) 0.049(4)
170y 0.075(6) 0.17(1) 0.22(1) 0.17(1) 0.066(3)
169yp 0.067(5) 0.078(8) 0.14(1) 0.077(6) 0.032(3)
168y 0.027(5) 0.073(6) 0.10(1) 0.030(5) 0.11(2)
167y 0.020(2) 0.033(3) 0.040(4) 0.030(7) 0.017(2)
166yb 0.026(5) 0.032(5) 0.038(6) 0.017(2)
Total Yb 0.453(16) 0.642(21) 0.95(29) 0.537(20) 0.228(8)
168 0.033(5) 0.036(5) 0.047(6) 0.008(1)
167Er 0.050(4) 0.015(2) 0.050(4) 0.011(1) 0.007(1)
166E 0.023(4) 0.032(5) 0.050(7) 0.030(5) 0.011(1)
165Er 0.015(2) 0.047(4) 0.020(2) 0.018(3) 0.008(1)
164Er 0.012(3) 0.021(4) 0.020(4) 0.013(3) 0.005(1)
Total Er 0.133(8) 0.151(9) 0.187(11) 0.072(7) 0.039(2)
Binary (Yb) 79% 79% 82% 86% 88%
Sequential breakup (Er) 21% 21% 18% 14% 12%
{(n) 5.5 5.1 40 3.2 22

TABLE V. Exclusive relative cross sections in percent of the
elastic cross sections for the carbon PLF’s. The third- and
second-to-last rows give the division of the cross section be-
tween binary (i.e., transfer) and breakup processes. The last row
gives the average number of neutrons emitted in binary reac-
tions.

PLF i¥s) 12¢ BE
TLF
174Hf 0.040(3)  0.029(3)  0.032(3)
13Hf 0.076(6)  0.114(9)  0.074(7)
12Hf 0.1004) 0.111(4)  0.086(4)
ITHf 0.114(9)  0.131(10) 0.101(9)
170 £ 0.032(4) 0.078(4)  0.100(4)
169 0.033(3) 0.012(1)  0.063(7)
18 f 0.020(2) 0.013(2)  0.009(2)
Hf total 0.415(13) 0.488(15) 0.464(15)
174yb 0.018(2) 0.016(3)  0.015(3)
113Yb <0.025 <0025 <0.024
12yp 0.034(3)  0.037(3)  0.029(3)
7'yp 0.035(3)  0.039(3)  0.034(3)
10yp 0.040(3) 0.051(3)  0.045(3)
199yb 0.036(3) 0.051(3)  0.055(4)
168y 0.028(3)  0.054(6)  0.058(3)
166Yp 0.025(3)  0.031(2)  0.034(3)
166Yh 0.018(2)  0.035(5)  0.036(3)
165Yp <0.20 <0.025
164Yyb 0.007(2) <0.010
Yb Total 0.26(1) 0.37(1) 0.37(1)
Binary (Hf) 62% 57% 56%
Sequential breakup (Yb) 38% 43% 44%
(n) 9.5 8.4 7.8

sistent with qualitative results by Diinweber, >* on the sys-
tem 2°Ne+!'*Er at a bombarding energy of 13.5
MeV/nucleon. For the carbon PLF’s, we find that 56%
to 62% of the yield is associated with binary reactions.
This is in sharp contrast to the work of Ref. 23 which
identified only Yb isotopes (corresponding to PLF break-
up) but shows no evidence for populating Hf isotopes.

The conditions in the experiment of Diinnweber and
our own experiment essentially differ in three respects,
namely, (a) the initial system: 2’Ne+!'®Er vs
2Ne+ "°Er; (b) bombarding energy: 13.5 MeV/nucleon
vs 10 MeV/nucleon; and (c) the scattering angle: 25° vs
30°. The two experiments also differed in some techno-
logical aspects. Our use of five Compton-suppressed Ge
detectors resulted in superior peak-to-total ratios for the
y-ray spectra with considerably better sensitivity to weak
transitions, and our use of surface barrier telescopes gave
good isotope resolution. It is not clear at this point
whether the observed differences are due to any of these
factors.

A much-debated question concerns the ratios of ex-
clusive to inclusive cross sections. Our results are given
in row 4 of Table VI and show that, on average, the ex-
clusive cross section is only about half that of the in-
clusive cross section. Thus, roughly half of the inclusive
cross section is not associated with identified discrete y
rays. Table VI also summarizes the results of several oth-
er experiments. The work of Wilzcynski et al. ,> and Ut-
sunomiya et al.,’ was based on PLF-y-coincidence ex-
periments similar to our own. In the first three rows of
Table VI, our ratio of binary to inclusive cross section for
the carbon and oxygen isotopes is compared with the
fraction of binary reactions, determined by Wald et al.,?*
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TABLE VI. Row 1 lists the ratio of binary to inclusive cross sections measured in the present experiment. Row 2 lists the same ra-
tio corrected for missing ¥ rays (see text). Row 3 gives the results of Ref. 24. Columns 4 and 10 list the average overall carbon and
oxygen isotopes, respectively. Column 11 gives the average overall PLF’s. Rows 4, 5, and 6 list the ratios of exclusive to inclusive
cross sections obtained in the present experiment and similar experiments by Refs. 9 and 5.

Average
overall
e 2¢c B (¢c) %0 "0 Bo Yo 0 (0O) PLFs System Energy Reference
Binary/inclusive  27% 26% 28% 27% 31% 39% 36% 39% 371% 36.5% 2Ne+'"Er 10 MeV/u Present
Measured work
Binary/inclusive 61% 56% 56% 57% 75% 80% 80% 87% 713% 79% Present
Corrected work
Binary/inclusive 57% 78% 2Ne+'"7Au 10 MeV/u Ref. 24

Exclusive/inclusive 44% 46% 50% 47% 42% 49% 45%

Exclusive/inclusive

Exclusive/inclusive

45% 51% 46% 47%

2Ne+'"Er 10 MeV/u Present

work

10% 14N+164Dy
10% |4N+165H0 20 MeV/u Ref. 9

20% “N+'Tb 10 MeV/u Ref. 5

for the system *°Ne+!’Au at 10 MeV/nucleon. In that
experiment, the fraction of the charge binary cross sec-
tions and the charge breakup cross section (i.e., more
than two charged fragments in the final state) were deter-
mined using a 47 charged particle detector array.

It should be noted that the exclusive-to-inclusive ratios
presented here are considerably larger than those of Refs.
5 and 9. This may, in part, be due to differences in the
systems considered and, in the case of Ref. 9, to the
difference in bombarding energy. The difference between
our results and those of Ref. 5 by a factor of 2 to 3 calls
for some discussion. It should be noted that exclusive
cross sections determined by particle-y coincidences
represent lower limits, since some y rays associated with
sufficiently weak channels will always be missed. Just
how much cross section is missed will depend on the
technology used and on the amount of statistics accumu-
lated. Thus at least part, and possibly all, of the
difference may be attributable to the better peak-to-total
ratios that were obtained in the present experiment by us-
ing Compton-suppressed Ge detectors.

The ratios of binary to inclusive cross sections obtained
in the present experiment (line 1 in Table VI) are still
considerably lower than the results obtained by Wald
et al.* for the system °Ne+'’Au (line 3 in Table VI).
Part, and possibly all, of this difference may again be at-
tributed to missing y rays associated with weak channels.
If one assumes that all of the missing exclusive cross sec-
tion is due to missing y rays, one can construct from our
data a ‘“‘corrected” binary to inclusive cross section by di-
viding the measured binary-inclusive ratios (row 1, Table
VI) by the measured exclusive-inclusive ratios (row 4).
The results of this procedure is shown in row 2 of Table
VI and can be compared with the results of Wald et al.?*
in row 3. The excellent agreement between the two sets
of data suggests that the projectile breakup mechanism
depends on the projectile only and is independent of the

target.

It has been suggested’ that the difference between in-
clusive and exclusive cross sections may be due to “cold”
breakup, in which the TLF is given very little or no exci-
tation energy. This seems rather unlikely, since one
would expect in such close encounters a considerable
amount of inelastic excitation (including Coulomb excita-
tion). Figures 8(a) and 8(b) show the fold-multiplicity dis-
tributions for 30 corresponding to inclusive and ex-
clusive events. Figure 8(c) shows the difference between
the two (inclusive minus exclusive) which corresponds to
the fold-multiplicity distribution of the ‘“missing” cross
section. The average multiplicity of the missing cross
section is only slightly less than for the exclusive cross
section (7.3 vs 9.4). This is inconsistent with the assump-
tion that cold breakup is the dominant mode in the miss-
ing cross section. The multiplicity associated with the
missing cross section is sufficiently high that the corre-
sponding y rays should manifest themselves in the high-
resolution HPGe spectra. The fact that they cannot be
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FIG. 8. Fold-multiplicity distributions for (a) inclusive data,
(b) exclusive (PLF-y) data. Panel (c) shows the difference of
inclusive-exclusive data. The average fold values are indicated
by the arrows.
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associated with identifiable discrete lines seems to indi-
cate that a significant fraction of the reaction yield is
spread over many weak channels. One expects, in partic-
ular, that lines from many of the odd-odd and even-odd
TLF’s have been missed. Finally, it should be noted that
side feeding into states below the 6™ or 47 states could
account for some of the “missing” cross section since the
analysis was based primarily on the 4*-2% and 6*-4*
transitions.

F. Projectile excitation

Using the kinematic information provided by the parti-
cle telescopes, it was possible to create y-ray spectra
Doppler shifted into the rest frame of the PLF’s. Figure
9 shows three such spectra in coincidence with '’N, 80,
and '°F. It is clear from these spectra that very often the
PLF is also excited during the reaction process. For the
180 PLF, the relative yield for this process can be calcu-
lated. In about 50% of the total events, the '*0 PLF is
excited. The average excitation of '30 PLF is of the or-
der of 2 or 3 MeV, while the excitation of the system is
typically an order of magnitude higher.

G. y-PLF coincidence spectroscopy

PLF energy versus y-ray energy coincidence matrices
were constructed for several PLF isotopes. In each case,
separate matrices were constructed for events with low
fold (0<k<3) and high fold (k>4). In addition,
separate matrices were constructed for time-correlated
and uncorrelated events (timing “foreground” and “back-
ground”) for a total of four matrices per isotope.

By placing gates on discrete TLF y-ray energies, it was
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FIG. 9. y-ray spectra with Doppler shifts for PLF velocity.
The spectra were generated for events in coincidence with the
PLF’s indicated in the figures. Characteristic transitions for
each PLF are indicated.

possible to obtain PLF kinetic-energy spectra corre-
sponding to particular subchannels. Figure 10 shows the
PLF energy spectra for '®0 in coincidence with several
Yb isotopes. In Fig. 11 we plot similar spectra for '*C in
coincidence with some Yb and Hf isotopes. For the pur-
pose of comparison we plot in Fig. 12 the energy spectra
of 12C, 190, and '®0, each gated on '®Yb. In all of these
spectra, gates were set on the 4*-2%, 6t-4*, 8*t-6*, and
in some cases, 107-87% transitions of the TLF, with ran-
dom background subtracted. The discrete spacing of the
maxima on Figs. 10-12 suggests the possibility of selec-
tively enhancing a specific TLF subchannel by gating on
an appropriately chosen PLF energy interval. This
worked quite well for the stronger Yb subchannels in
coincidence with '30 as shown in Fig. 13. In channels
such as '2C, there can be more than one strong subchan-
nel at a given PLF energy, making this kind of separation
less effective though still useful.

The observed TLF isotope selectivity as a function of
the PLF energy can be understood as a process in which
an initial compound system consisting of the target nu-
cleus and the transferred cluster is formed, and subse-
quent light particle evaporation takes place (see, e.g., Ref.
9). In order to have a more quantitative description of
this picture, a statistical model calculation, making use of
the code JULIAN-PACE (Ref. 13), was performed for the
80 exit channel.

For the calculation, the PLF energy spectrum was di-
vided into 10-MeV-wide bins and the associated excita-
tion energy determined. A sharing of excitation energy
between PLF and TLF according to the ratio of their
masses was assumed except for quasi-elastic energies,
where it was assumed that the total excitation energy is
deposited in the TLF. The first and second moments of
the multiplicity distribution correspond to each PLF en-
ergy bin were derived from the data. This information
was converted into angular momentum distributions us-
ing the procedure discussed in Sec. III B. The excitation
energy and angular momentum distributions were used as
input for the JULIAN-PACE calculation. From the output
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FIG. 10. 'O energy spectra gated on y-ray lines for various
TLF’s, along with results from statistical decay calculation (cir-
cles) as described in Sec. III G.
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of the latter, it is then possible to construct the TLF mass
distribution as a function of PLF energy.

In Fig. 10 these results are shown as circles. The cal-
culated peak positions and widths agree satisfactorily
with the corresponding experimental spectra, except for
172yb. The preferential population of this isotope can
probably be best understood in terms of preequilibrium
emission of neutrons. The distributions for other isotopes
in which the primary TLF is produced in more inelastic
reactions are well described, indicating their statistical
nature.

The calculation also shows a small amount of erbium
populated via axn evaporation channels. These channels
account for about 25% of the total cross section. Calcu-
lations were also performed for other isotopes, and the
agreement with the experimental results is satisfactory
for channels arising from transfers of light clusters. In
cases such as the 2C exit channel, in which a total of 10
nucleons are transferred, the yields of some residual iso-
topes observed experimentally are not well reproduced by
the calculations.

H. Y-y coincidence spectroscopy

To investigate the possibility of using the reaction un-
der study for spectroscopic purposes, y-y coincidence
events were acquired. For this set of data, no coincidence
with any PLF was required and, consequently, no restric-
tions with respect to the impact parameter or reaction
channels were present.

Figure 14 shows the total y-ray spectra for both y-y
and PLF-y coincidences. The spectra are quite similar
except that the y-ray lines associated with inelastic exci-
tation of the target appear much more strongly in the
PLF-y spectrum. This can be attributed to the fact that
the requirement of y-y coincidence favors events with
high multiplicities. Peaks in the spectra indicated by “n”
are due to inelastic scattering of neutrons in the detector
crystal.

In the analysis, the strongest peaks in the PLF-y data
described above were also observed in the y-y data with
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FIG. 14. Total y-ray spectra for the y-y (top) and PLF-y
(bottom) data. The '"°Er Coulomb excitation peaks are off scale
for the PLF-y data.



similar strengths. The similarities of y-ray intensities
arise from the fact that, at these bombarding energies,
most of the reaction cross section is due to deep inelastic
and quasi-elastic reactions. Critical angular momentum
considerations show that the fusion cross section is, at
most, 30% of the total reaction cross section. %

The analysis of the Y-y coincidence events was carried
out in a way similar to that of PLF-y events. After the
gain equalization was applied to the five germanium
detectors, the coincidence pairs were used to construct a
coincidence matrix E,; vs E,,. A matrix of uncorrelated
events, based on timing information, was also constructed
in order to substrate accidental coincidences.

Once the E,, vs E,, matrix was constructed, gates
were set on known transitions and a “‘gated” y-ray spec-
trum, corresponding to a given TLF isotope, was ob-
tained. Besides the subtraction of time-uncorrelated
events, a proximity background, defined by a gate on the
y-ray energy region near the TLF y rays of interest, was
also subtracted. This allows the subtraction of other un-
correlated events, such as Compton background, back-
ground due to events associated with inelastic neutron
scattering, etc.

Typical y-ray spectra for '7°Yb and '%®Yb are shown in
Fig. 15. Despite the rather complex structure of the total
y-ray spectrum, shown in the top section of Fig. 14, it
was possible to enhance the spectra of these isotopes
through suitable gates. The same kind of analysis was
applied to lines of other isotopes, and similar results were
derived. The transitions shown here are mostly transi-
tions in the yrast band and most of them have been previ-
ously identified in other reactions.?®?’ Limited statistics
prevented us from drawing more conclusions about the
spectroscopic properties of the levels populated in the re-
actions, but some comments on the results of the analysis
can be made.

In the analysis of '"°Yb, a transition with E,, =631 keV
was observed in coincidence with transitions in the Yrast
band. This transition has been tentatively assigned by
Walker et al.?® as a 20" to 18% transition. Our data
does not permit a confirmation of this assignment, but
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FIG. 15. y-ray spectra for '®®Yb and '°Yb, obtained from
the y-y data by summing spectra gated on several transitions.
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our data corroborates the previous assignments since the
energy of the level and its intensity are in good agreement
with the systematics of other transitions in this band. In
addition, an 816-keV y ray was found in coincidence with
the (4%-271) transition of '®®Yb. A tentative assignment
of a 37" level at 1103 keV has been made.

1. Population of high spin states

In order to compare the populations of high spin states
in the 4 ~170 region via different reaction mechanisms,
a comparison of transition intensities as a function of an-
gular momentum was made. In Fig. 16 a plot of transi-
tion intensity as a function of the spin of the initial state
is shown for four Yb isotopes in coincidence with '30O.
This figure shows how the excitation of angular momen-
tum changes according to the reaction mechanism in-
volved. For '"?Yb and '"°Yb, which are produced pri-
marily by quasi-elastic reactions (see Fig. 10), the intensi-
ty drops off quite rapidly for transitions above the 8%
state. As we move towards isotopes that are populated
primarily through DIC, the intensities do not fall off as
rapidly at higher spins. Similar distributions can also be
seen in Fig. 17, in which the same plots have been made
for TLF’s in coincidence with '2C. Here are shown dis-
tributions for both Yb and Hf isotopes.

It is interesting to compare the relative y-ray intensi-
ties obtained in PLF-y coincidences with those obtained
from y-y coincidences. This comparison is shown in Fig.
18, where the intensities are normalized at /=47. In gen-
eral, the observed intensities in the y-y data drop more
rapidly than the intensities for particle-y events. This is
presumably due to the lack of selection in the impact pa-
rameter for y-y events. In the case of particle-y events,
mostly peripheral collisions and scattering at negative an-
gles due to DIC are selected, so that a narrower and
higher angular momentum window is being probed. Also
included in this figure is the y-ray intensity distribution
for inelastic excitation of the target. This intensity distri-
bution drops off sharply at higher spins, indicating a
rather small angular momentum transfer in the present
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FIG. 16. Relative transition intensities as a function of initial
state spin for the yrast lines of four Yb isotopes gated on 130.
The intensity drops off more rapidly for the heavier isotopes, in-
dicating a lower angular momentum. The plots are normalized
to the 47-2" transition.
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reaction. This behavior is expected since forward scat-
tered projectiles are not expected to cause multiple inelas-
tic excitation.

In order to compare how effectively DIC’s can popu-
late high spin states relative to previously studied reac-
tions, we show in Fig. 19 our intensity distribution for
168Yb together with Coulomb excitation reactions for
174,176y, 28 induced by %6Kr and '**Xe. We also include
in this figure an intensity plot for !"°Er(a,2n) (Ref. 29) at
19 MeV. It is clear from the figure that DIC compares
favorably with other methods in terms of its ability to
populate high spin states.

The preceding discussion shows that DIC can be a
powerful tool for populating high spin states. It is clear
that by using heavier projectiles it will be possible to
reach spins up to the critical value at which the frag-
ments become unstable with respect to fission (or a decay
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FIG. 18. Relative transition intensities of '°Yb, for PLF-y
(circles) and y-y (squares) events. The intensities for inelastic
excitation of the target are also included (diamonds).
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FIG. 19. Relative transition intensities for '®*Yb compared to
similar intensities from a heavy projectile Coulomb excitation
(Ref. 28) experiment and an (a,xn) (Ref. 29) reaction.

for lighter fragments). The amount of angular momen-
tum transferred can furthermore be increased if one ex-
tends the detection of PLF’s to more backward angles
and then selects fragments from the sticking limit regime
as discussed in Sec. III D.

In order to extract spectroscopic information for more
highly excited states, it is clear that one needs to perform
experiments which allow the collection of PLF-y-y
events. Complete identification of the PLF would require
the use of large solid-angle particle detectors, such as
gas-filled chambers, capable of detecting DIC residues.

For most purposes, a simple Z identification should
give sufficient selectivity of reaction channels. Another
possibility, for experiments with more nearly equal pro-
jectile and target masses, is to simply measure the kinetic
energies of both the PLF and TLF. In any case, it is
highly desirable to have a measurement of the PLF
scattering angle to allow Doppler-shift corrections.

In the present experiment, cluster transfers such as °He
were observed, but no significant population of neutron-
rich nuclei was observed. This was due primarily to the
evaporation of neutrons from the residual TLF. Heavier
projectiles with lower bombarding energies seem to be
more effective for reaching high spin states with lower ex-
citation energy and, thus, less neutron evaporation.

IV. SUMMARY

The experimental arrangement resulted in an extensive
characterization of each event and hence allowed the gen-
eration of data sets of high selectivity. The amount of or-
bital angular momentum transformed into intrinsic angu-
lar momentum was derived from the measured y-ray
multiplicities. It was found that quasi-elastic processes
bring up to ~257 of angular momentum into the system
and deep inelastic processes up to 40#i. The measured
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values were compared to the predictions of simple mod-
els, which described the gross features of data surprising-
ly well. Thus, these models will be very useful in the
design of future experiments.

In the present experiment, discrete ¥ lines up to the
16" — 147" transition were identified in particle-y coin-
cidence data. For y-y coincidence data, the 20t —18%
transition was the highest observed. Using heavier pro-
jectiles, it should be possible to excite states with spins
close to the critical value for fission. Thus deep inelastic
collisions should provide an important new tool for high
spin spectroscopy in regions of the table of isotopes that
have hitherto been inaccessible to such studies.

The present experiment gave detailed information con-
cerning reaction mechanisms. 56% to 88% of the ex-
clusive cross section was due to binary processes while
the remainder could be associated with breakup events.
The observed ratio of the exclusive to inclusive cross sec-
tions was ~ 50%, but this represents a lower limit since a

considerable number of weak channels will be missed in
any experiment that is based on y-ray spectroscopy. The
multiplicity distribution for the missing cross section
could be determined. It is low by ~15% relative to that
of the exclusive cross section, indicating that the missing
events are associated with a smaller amount of intrinsic
angular momentum.
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FIG. 1. Horizontal cross section of the apparatus showing
the various types of detectors and their arrangement.



