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Direct proton decay from the Gamow-Teller resonance in 2°8Bi
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Spin-isospin excitations in 2°®Bi have been investigated using the 2°®Pb(*He,t)?°®Bi reaction at
and near § ~ 0° at E(®*He)=450 MeV. The microscopic structure of the Gamow-Teller resonance
(GTR), the isobaric analog state (IAS), and the spin-flip dipole (AL = 1) resonance (SDR) in 2°®Bi
has been studied by observing their direct proton decays to the low-lying neutron-hole states in
207Pb. Decay protons were measured at backward angles in coincidence with tritons detected at
and near 0°. The total branching ratio for proton decay from the GTR is determined to be only
4.94+1.3%. The total branching ratio for proton decay from the SDR amounts to 14.1+4.2%. The
deduced total widths as well as the total and partial proton escape widths of the GTR and IAS are
found to be in reasonable agreement with recent theoretical estimates obtained in the framework of

the continuum Tamm-Dancoff approximation.

PACS number(s): 24.30.Cz, 25.55.Kr, 27.80.4+w, 29.30.Aj

I. INTRODUCTION

The Gamow-Teller resonance (GTR) was predicted
in 1963 and was invoked to explain the retardation
of Gamow-Teller transitions in 8 decay compared with
single-particle estimates [1,2]. The existence of the GTR
was first reported experimentally [3] in 1975 in the
90Zr(p,n) reaction at the incident proton energy of 35
MeV. Historically, the presence of broad resonances cor-
responding to the GTR had already been seen by Bowen
et al. [4] in 1962 in 0° (p, n) spectra measured for natural
copper, lead, and uranium targets at E,=143 MeV. How-
ever, the authors did not recognize the significance of the
broad resonances observed in their (p,n) measurements,
since the GTR was not theoretically predicted until a
year later. In addition, this resonance was incorrectly
interpreted as an isobaric analog state (IAS) [5].

In 1980, it was found that the GTR is preferentially ex-
cited at 0° in the ®°Zr(p, n)°°Nb reaction at the bombard-
ing energy of 120 MeV [6]. Systematic studies of GTR’s
excited via (p,n) reactions were performed in the follow-
ing years on numerous target nuclei across the Periodic
Table at the Indiana University Cyclotron Facility [6-11].
Subsequently, it was suggested [10] that the Gamow-
Teller strengths, empirically observed in heavy nuclei,
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exhausted only about 60-70 % of the model-independent
sum rule of 3(N — Z) [1,12].

The GTR, characterized by a transferred isospin, spin,
and angular momentum of AT = 1, AS = 1, and
AL = 0, respectively, is excited primarily via the cen-
tral spin-isospin term in the effective nucleon-nucleon in-
teraction, V,,. The isovector spin-flip dipole resonance
(SDR), which is characterized by AT = 1, AS = 1, and
AL = 1 transfer, is also excited via the V. interac-
tion. These spin-flip dipole resonances were predicted
to explain the reduced strengths of first-forbidden 3 de-
cay [13], and they were observed [10] via the (p,n) reac-
tion at finite scattering angles. The IAS, characterized
by AT = 1, AS = 0, and AL = 0 transfer, is excited
primarily via the central isospin term, V... According to
the effective nucleon-nucleus interaction theory [14,15],
the ratio of the volume integrals of the spin-isospin and
isospin terms, |J,,/J;|, depends strongly on the bom-
barding energy. The ratio increases with increasing en-
ergy, reaches a maximum at ~300 MeV /u, and decreases
gradually in the energy region from ~500 MeV to ~800
MeV. Thus, Gamow-Teller transitions are preferentially
excited as compared to Fermi transitions [16-18] in the
bombarding energy interval of 150-500 MeV. In addition,
in this interval the isoscalar interaction, Vjp, is relatively
weak [14,15].

The wave functions of giant resonances excited via
(p,n)-type charge-exchange reactions may largely be de-
scribed as a coherent sum of the dominant one-neutron-
hole—one-proton-particle (1p-1h) configurations. The de-
cay of these resonances usually proceeds via particle de-
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cay, since these resonances are above the particle decay
threshold. Two mechanisms contribute to these particle
decay processes: direct decay and statistical decay [19].
The direct decay occurs via emission of a proton parti-
cle leaving the daughter nucleus in a neutron-hole state.
In this case the emitted proton carries valuable infor-
mation about the 1p-1h wave function of the giant reso-
nance. Statistical decay occurs through the coupling of
the 1p—1h configurations to the 2p-2h and more compli-
cated configurations. In heavy nuclei, this mainly leads
to the emission of neutrons, because emission of protons
is strongly suppressed by the Coulomb barrier. For ex-
ample, statistical neutron decay is favored by about three
orders of magnitude over statistical proton decay for par-
ticle emission from the GTR in 2°8Bi .

The situation sketched above suggests that proton de-
cay from a GTR carries information about the damp-
ing mechanism of this GTR. Furthermore the theoretical
evaluation of the branching ratios for the direct proton
decays to residual neutron-hole states should elucidate
detailed aspects of the 1p-1h microscopic structure of the
GTR. However, experimental limitations presented an
obstacle for such investigations for a long time. A coin-
cidence measurement of proton decay from the GTR. ex-
cited via the (p,n) reaction at intermediate energies suf-
fers from two experimental difficulties: low efficiency and
low-energy resolution inherent to neutron detection at in-
termediate energies. These difficulties are compounded
since the low neutron detection efficiency necessitates the
use of thick targets, causing further difficulties in detect-
ing the low-energy decay protons because of energy loss
and straggling in the thick target.

The (*He,t) reaction is more favorable to investigate
the microscopic structure of the GTR, because of the
high detection efficiency for the emitted tritons and of the
energy resolution attainable by using a magnetic spec-
trometer. At intermediate bombarding energies (> 100
MeV /u), the (3He,t) reaction preferentially excites spin-
flip levels via V,, at 0° [20,21], and the reaction mecha-
nism is relatively simple compared to that at lower bom-
barding energies (< 100 MeV /u).

The first attempt to study the proton decay from states
in 298Bj was undertaken by Gaarde et al. [22] making use
of the (3He,t) reaction, whereby the tritons were detected
at 0° with a magnetic spectrometer. However, the 3He-
bombarding energy of 27 MeV /u was too low to apprecia-
bly excite spin-flip states [23,24]. The observed proton
decay from the region of the GTR to the neutron-hole
states in 2°7Pb accounted for essentially the total decay
of the GTR, which was quite surprising, since the total
observed width of the GTR of ~4 MeV in 2°8Bi would
thus be entirely due to the escape width I''. The data
were in strong disagreement with the theoretical calcu-
lation by Van Giai et al. [25] by more than an order of
magnitude.

In addition to proton decay of the GTR, two mecha-
nisms are believed to contribute to this strong population
of the neutron-hole states in the experiment by Gaarde et
al. at 27 MeV/u [22]. They arise from the low bombard-
ing energy employed in the experiment. The kinematics
of the breakup-pickup process, (3He,dp)(d,t), provides

a high energy tail of tritons at this bombarding energy,
which interferes with tritons from the excitation of the
GTR. Since this two-step reaction is mediated by neutron
pickup to the neutron-hole states in 2°7Pb, its contribu-
tion may mask the GTR proton decay into these states.
Furthermore, the complex reaction mechanism may play
arole at the low bombarding energies and can lead to the
excitation of non-spin-flip states which have a very high
level density at the high excitation energies of interest.
Both mechanisms are much less probable for the (3He,t)
charge-exchange reaction at the higher bombarding en-
ergy of 450 MeV.

There is, at present, considerable theoretical interest
in the damping mechanism of the GTR and in partic-
ular in its escape width resulting from its microscopic
structure. Theoretical predictions for the escape width
associated with proton decay depend on the microscopic
model and the residual nucleon-nucleon interaction used
in the nuclear structure calculations. Thus, the precise
determination of partial proton decay widths will pro-
vide a measure to differentiate between various theoret-
ical models and/or the employed residual interactions.
This may help to solve the longstanding problem of the
quenching of the GTR strength.

In the present work, we present a detailed description
of the proton-decay measurements from the spin-isospin
resonances in 2°8Bi. Preliminary results from these mea-
surements have been reported elsewhere [26].

II. EXPERIMENT

The experiment was carried out at the Research Cen-
ter for Nuclear Physics (RCNP) Osaka University. A
3Het* beam accelerated to 90.1 MeV with the AVF cy-
clotron was injected into the K = 400 MeV ring cy-
clotron [27], and further accelerated to 450 MeV. The
beam extracted from the ring cyclotron was achromat-
ically transported to the 2°®Pb target with a thickness
of 5.2 mg/cm? (99.86% isotopic enrichment). The typi-
cal beam intensity was 2 nA (electrical), and the energy
resolution of the beam was about 300 keV. The beam
spot size on the target was about 1 mm X 1 mm. The
emittance of the beam was ~2 mrad (FWHM). The halo
of the beam was monitored by measuring the counting
rates in plastic scintillators arranged at several points
along the beam transport line from the ring cyclotron to
the target.

A. Singles measurement

Measurements of the 208Pb(3He,t)2°®Bi reaction
were made using the magnetic spectrometer “Grand
Raiden” [28]. Due to the high magnetic rigidity (K =
1.42 GeV), tritons with a maximum energy of 470 MeV
can be measured. The spectrometer covers a momen-
tum range of Ap/p = 5% over the focal-plane length of
1.2 m. The horizontal and vertical magnifications are
M, = —0.417 and M, = 5.98, respectively. A schematic
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FIG. 1. Top schematic view of the spectrometer Grand
Raiden. The ®Hett beam was stopped at the Faraday cup
placed at the inside wall of the D1 magnet.

picture of the Grand-Raiden spectrometer is shown in
Fig. 1. This spectrometer consists of two dipole magnets
(D1, D2), two quadrupole magnets (Q1, Q2), and one
sextupole (SX) magnet. In addition to these magnets,
one multipole magnet (MP) is located between the D1
and D2 magnets for correction of the kinematic energy-
broadening effects.

The spectrometer was set at —0.3° to measure tri-
tons emitted at angles of 0° and 1° simultaneously. The
opening angles, which were defined by a slit at the en-
trance of the spectrometer, were +20 mrad horizontally,
and +20 mrad vertically. The spectrometer covered an
angular range from —1.45° to 0.85°. In addition, the
spectrometer was rotated towards larger angles, and sin-
gles 298Pb(3He,t) measurements were performed at §=3°
and 5°. The transmission of scattered particles passing
through the spectrometer with this solid angle was con-
firmed to be 100% in other (p,p’) and (*He,3He’) mea-
surements performed independently.

The incident 3Het* beam was stopped by a Faraday
cup positioned at the inside of the D1 magnet. Tri-
tons from the (3He,t) charge-exchange reaction having
a higher magnetic rigidity were separated by the spec-
trometer from the incident *He** beam and other re-
action products such as breakup protons and deuterons.
The magnetic fields of D1 and D2 were fixed at about
1.8 T. The stability of the magnetic field was kept within
3x1075 T during the entire period of the experiment.

The ejectile tritons were detected with two multiwire
drift chambers (MWDC’s) [29] placed along the focal
plane with a tilting angle of 45° with respect to the cen-
tral orbit of the spectrometer. The MWDC’s were 1150
mm long and 45 mm high. One MWDC was placed at the
focal plane of the spectrograph, and the other MWDC
was placed at a distance of 250 mm downstream from
the first one. Each MWDC consisted of two planes: one
was sensitive to measure horizontal positions of the inci-
dent charged particles, and the other was sensitive to the
vertical positions. The spacing of the sense wires was 4
mm. The maximum drift length of electrons was 10 mm.
Incident charged particles passing through four or five
drift cells generated in a scintillator the start timing sig-

nals to measure the drift times of electrons moving from
the ionization track towards the sense wires. The po-
sition and angular resolutions of the MWDC’s were 0.3
mm and 1.2 mrad, respectively.

The MWDC'’s were backed by two AFE plastic scintil-
lators with a thickness of 5 mm each. These scintillators
were used for particle identification, as well as for gen-
erating trigger signals for coincidence events and stop-
timing signals for the MWDC'’s.

B. Coincidence measurement

Decay protons following the (3He,t) reactions were de-
tected by a set of eight lithium-drifted silicon detectors
(SSD) with a thickness of 5 mm and an effective area of
400 mm? each. The 5 mm thick SSD allows the detec-
tion of protons with energies up to 30 MeV. Four SSD’s
were located at the scattering angle of 132° in the labora-
tory system, and the other four at 157°, with azimuthal
angles of 45°, 135°, 225°, and 315° with respect to the
beam direction, respectively. The total solid angle for
proton detection covered by the SSD array was 3.3%. A
schematic picture of the layout of the SSD’s is shown in
Fig. 2.

The energy threshold for each SSD was set at 500 keV,
well above noise-level signals. No particle identification
was needed because energetic particles, such as 3He parti-
cles from elastic scattering, deuterons from breakup pro-
cesses, or protons from quasifree processes, were strongly
forward peaked. These energetic particles do not give
true coincidence signals for the excitation-energy region
of interest. Furthermore, since charged-particle decay
from the excited states in 2°®Bi is suppressed by the
Coulomb barrier, contributions from a decay were negli-
gible. Therefore, a AE counter for particle identification
was not needed.

A gate with a timing width for the coincidence mea-
surements of tritons and protons was set at 500 ns to
allow the measurement of prompt and random events.
The count rates for signals from the focal-plane detector,
and from each SSD were about 600 cps and 5 kcps, re-
spectively. Coincidence signals between the focal-plane

A |
10cm

450

FIG. 2. Schematic picture of the layout of the SSD’s.
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detector and SSD’s, and prescaled (factors 1/2 or 1/3)
signals from the focal-plane detector alone triggered the
data-acquisition system.

III. DATA REDUCTION

A position spectrum of tritons obtained with the focal-
plane detector system was converted to an energy spec-
trum. The conversion coefficients were determined using
the peak positions for known excited states in 2N and
13N from the "2*C(®He,t)N reaction. The reaction with
the natural carbon target was measured to calibrate the
focal-plane position and to test the coincidence electron-
ics. The Q values for all observed excited states in 2N
and 3N were well reproduced by using a linear function
of the measured focal-plane positions.

The particle identification spectrum was obtained from
the plastic scintillators. It showed no obvious experimen-
tal background except for singly ionized 3He™ particles.
These 3He™ particles were due to the atomic-charge ex-
change reaction in the 2°8Pb target [30]. The ratio of
the fraction of ions Y(3He")/Y(®Het™t) was ~9x107°.
The energy distribution and the angular distribution of
these 3He™ particles are identical to those of the incident
3Het* beam. Thus, the 3He* particles provide a calibra-
tion for both the energy and the 0° angle of the incident
3He beam at 450 MeV. This capability to monitor the
energy of the incident 3Het+ beam was particularly im-
portant because of energy drifts over extended periods of
time. The energy of the incident *He** beam (relative
values) was determined by averaging the observed ener-
gies of the 3He™ particles every five seconds during the
experiment (~500 events each). Energy drifts of the in-
cident beam over a period of 14 d were observed to be in
the range of about 2 MeV. The triton energies were cor-
rected by taking into account the energy drift of the inci-
dent beam monitored by the peak for the 3He™ particles.
By employing the above energy correction procedure, the
energy resolution of the singles triton spectra from the
208ph(3He,t) reaction could be improved to ~300 keV.

The scattering angles for the tritons were determined
by tracing back their positions and angles of incidence
at the focal plane. The uncertainties in determining the
incident triton angles were 3 mrad and 10 mrad for the
horizontal and vertical directions, respectively. Both an-
gular uncertainties are partly due to the emittance of the
incident 3He beam. The vertical angular uncertainty was
worse than the horizontal one, because the vertical mag-
nification of the spectrometer is much larger than the
horizontal magnification.

Figure 3 shows a three-dimensional plot wherein the
number of counts is shown for the triton energy versus
scattering angle. The prominent peak at 450 MeV corre-
sponds to the singly ionized 3He™ particles. It is evident
that the cross sections for the Gamow-Teller resonance
and the isobaric analog state increase sharply towards
0°, whereas the spin-flip dipole resonance (SDR), excited
with a transferred angular momentum of AL = 1, is
peaked at ~1°. Figure 4 shows triton energy spectra for
angles of ~0° and ~1°. The two spectra were obtained

*He* (x1/50) GTR,IAS SDR

—
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FIG. 3. Three-dimensional plot for the number of counts
as a function of the triton energy versus scattering angle from
the 2°®Pb(®He,t) reaction at E(*He)=450 MeV. The promi-
nent peak at 450 MeV corresponds to events due to *He™
particles resulting from the atomic charge-exchange reaction
on the 2°Pb target. The broad bump at E;~433 MeV cor-
responds to the Gamow-Teller resonance (GTR) and the iso-
baric analog state (IAS) in ?°®Bi. The two bumps at around
E;~428 MeV which are seen at § ~ 1° correspond to the
spin-flip dipole resonance (SDR) excited with a transferred
angular momentum of AL = 1.

by applying software gates with solid angles of 0.28 msr
centered at 0° and 1°. The results of the decomposition
into various resonances and continuum background are
also plotted.

The time interval between two beam bursts from the
ring cyclotron was 84 ns. The gate width of the coin-
cidence circuit for coincidences between triton and pro-
ton events was set at 500 ns. Figure 5 shows a timing
spectrum for the proton-triton coincidence events. The
prominent peak at the center of the histogram in Fig. 5
corresponds to prompt coincidence events. The small
peaks correspond to events due to random coincidences.
The ratio of prompt to random coincidences was about
4. After applying a software gate to obtain coincidence
events for the final excited states in 2°"Pb (E, = 0-4
MeV), the ratio increased to more than 10 (see Fig. 5).
True coincidence spectra were obtained by subtracting
the random coincidence spectra from the prompt ones.
The statistical error caused by this subtraction was less
than 5% of the total statistical error.

Figure 6(a) shows a two-dimensional scatter plot of
triton energy versus proton-decay energy gated on events
with 6 =~ 0° for the prompt peak in the timing spectrum.
The loci for decay of the IAS, GTR, and SDR to the
ground state and low-lying neutron-hole states in 2°7Pb
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FIG. 4. Experimental triton energy spectra from the
208ph(®He,t) reaction at E(®*He)=450 MeV. (a) Spectrum
gated for scattering angles centered at § = 0°. Here, the
IAS, GTR, and 3He" peaks are prominent. The dashed, dot-
ted, dot-dashed, and solid lines represent the results of x?
fits obtained for the GTR, IAS, SDR, and nonresonant back-
ground, respectively. (b) Same as (a) but for spectrum gated
for scattering angles centered at § = 1°.

F ]
| Prompt
1500
| Subtracted random
@ | background
% om |
2 1000
ST
| Random
500 -
84 nsec . \
0 JA\; J\\ ‘”"m‘//l‘x_ L,ni
500 1000 1500
Channel

FIG. 5. Timing spectrum for the triton-proton coincidence
measurements. The prominent peak corresponds to prompt
coincidence events. The width of the prompt peak is 10 ns
full width at half maximum. The hatched peaks correspond
to random coincidence events.
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FIG. 6. (a) Two-dimensional scatter plot for prompt events
of proton energy versus triton energy gated on scattering an-
gles centered at 0°. The loci indicate decay of states in 2°*Bi
by protons to final neutron-hole states in 2°’Pb. (b) The fi-
nal-state spectrum of neutron-hole states populated in 2°"Pb
is obtained from projecting loci of part (a) onto the 2°"Pb
excitation-energy axis.

(i-e., 3p1/2, 2fs5/2, 3p3/2, liys/2, 2f7/2 ) can be observed
along lines corresponding to E; + E, =const. The total
energy resolution for F; + E, was about 400 keV. This
energy resolution was not sufficient to resolve completely
the decays to the first and second excited states of 2°”Pb
at E,=570 keV and 898 keV, respectively.

Figure 6(b) shows the final neutron-hole-state spec-
trum in 2°7Pb obtained by projecting the events from
Fig. 6(a) onto the axis of excitation energy for 2°7Pb.
This figure was obtained by further applying a gate on
the excitation energy region of the GTR and IAS in 2°®Bi.
Here, various peaks correspond to proton decays to the
final states in 2°7Pb.

Triton-energy spectra gated on the final neutron-hole
states in 2°"Pb (E,=0 to 4 MeV) are shown in Fig. 7
for scattering angles centered at 0° [Fig. 7(a)] and 1°
[Fig. 7(b)]. In Fig. 6(b) and Fig. 7, contributions from
random coincidences were removed by subtracting ran-
dom events from the prompt events both projected by
gating on the respective peaks in the timing spectrum
between tritons and protons (see Fig. 5).

IV. DATA ANALYSIS
A. Singles spectra

The singles spectra of Fig. 4 were decomposed into res-
onances and nonresonant background by a least-squares
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FIG. 7. Experimental triton energy spectra gated on pro-
ton decay to the neutron-hole states in 2°’Pb. The dashed,
dotted, and dot-dashed lines represent the fits obtained for
the GTR, IAS, and SDR in 2°®Pb, respectively. Spectra are
gated on scattering angles centered at 0° (a) and 1° (b).

fitting procedure. The singles 2°8Pb(3He,t) spectra at
0° and 1° were assumed to consist of four components
each, the Gamow-Teller resonance, the isobaric analog
resonance, the spin-flip dipole resonance, and the non-
resonant background.

A quasifree charge-exchange reaction is the main
source of nonresonant continuum background. A
semiphenomenological model was applied in the stud-
ies of pion-induced charge-exchange reactions by Erell
et al. [31]. This model was successfully applied to de-
scribe the shape of the continuum background in the
Sn(3He,t) reactions [32,33]. In this model, the shape of
the quasifree (QF) peak was represented by a product of
a Breit-Wigner and a cutoff function. This is expressed
as

dzaQF

_ 1 — exp[(E; — Eo)/T)|
dEdQ)

1+ (B — Eqr) /W
Here, the centroid energy Eqr in the Breit-Wigner shape

function is shifted relative to the value for the free pro-
cess FE(free) by the proton binding energy S, the ex-

(1)

citation energy of the residual neutron-hole state E,(c"),
and the Coulomb barrier for the proton Bgcoul, hence

Eqr = E(free) — (Sp + E™ + Bcow). The width W

is due to the Fermi motion of neutrons inside the tar-
get nucleus. The exponential cutoff term results from
Pauli blocking. The quantity T has the characteristics
of a temperature. The cutoff energy Ey = E(free) —

is determined by the three-body breakup energy. The
values of T' and W were fixed at 100 MeV and 22 MeV,
respectively, according to the previous result for tin iso-
topes [32]. The calculated shape and therefore the yield
of the resonances was rather insensitive to 7" and W. The
value of FEqr was also fixed at 430.4 MeV. This value
was obtained by taking into account the difference in the
Coulomb barrier between lead and tin nuclei.

In the fitting procedure, Breit-Wigner line shapes were
assumed for the resonance shapes. The yields, the
widths, and the excitation energies of the GTR, IAS,
and SDR were searched for as free parameters. Since
the width of the IAS (232 keV [34]) was of the same or-
der of magnitude compared with the energy resolution of
the measurement (300 keV), the Breit-Wigner function
for the TAS was folded with an experimental energy dis-
tribution function. This function was assumed to be a
Gaussian, the shape of which was determined by fitting
the low-lying discrete levels in 2°8Bi and the *He™ peak.
No folding was necessary for the GTR and the SDR. The
shape functions used in the present analysis are given as

d*sgTrR _ Natr 1 (2)
dEdQ 2rlgTtr 1+ (%5/%)2’

d?0spR _ Nspr 1 (3)
dEdQ ~ 2nTspr 1+ (B=Espr)2’

d’o1as _ _ Nias /°° exp [—5(E/00)*] dE. (4)
dEdQ)  2wNolias 1+ (2 rﬁs fo )z

Here, E; is the energy of the triton. I'qtr, I'spr, and
T'1as are the widths of the resonances, and EgTr, Espr,
and Fjag are their excitation energies. NgTr, Nspr, and
Nias give the maxima for the resonances. Ny in Eq. (4) is
a normalization factor for Gaussian integration of the line
shape over E. The experimental resolution is denoted by
09. The triton energy spectra at 0° and 1° were fitted
simultaneously. The widths and the excitation energies
of the resonances were fixed at the same values for both
the spectra at 0° and 1°. The number of the fitted data
points was 2800. The x? value per degree of freedom as
a result of the fitting was 1.2.

The results of the fitting procedure at 0° and 1° are
plotted in Fig. 4. The excitation energy and the to-
tal width of the GTR (I'gtr) in 2°8Bi determined from
the fitting are F;=15.6+0.2 MeV and I'qrr=3.7240.25
MeV, respectively. The excitation energy and the total
width of the SDR were determined to be E,=21.1+0.8
MeV and I'spr=8.4+1.7 MeV, respectively. The exci-
tation energies determined for the GTR, IAS, and SDR
are in good agreement with the previous results [9]. The
width of the IAS was consistently reproduced by taking
into account the known total width of the IAS (I'jas=232
keV) from Ref. [34] and the experimental resolution of
300 keV.

Figure 8 shows the spectra measured at several angles
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FIG. 8. Experimental triton energy spectra from the

208ph(®He,t)?°®Bi reaction at E(*He)=450 MeV for four scat-
tering angles. The solid, dashed, dotted, and dot-dashed his-
tograms correspond to the spectra measured at 0°, 1°, 3°,
and 5°. All spectra are normalized by the integrated charge
of the incident *He™ ™ beam.

for the 2°8Pb(3He,t) reaction at 450 MeV. The singles
spectra at 3° and 5° were also fitted by using the same
widths and excitation energies as obtained at 0° and 1°.
The differential cross sections of the GTR and the IAS
have sharp peaks at 0°, which is characteristic of AL =0
transitions. On the other hand, the differential cross sec-
tion for the SDR has the first maximum at ~1° showing
the characteristic pattern of a AL = 1 transition. The
differential cross sections obtained in the (3He,t) reaction
at 450 MeV agree well with those of the (p,n) reaction
at 200 MeV [10] if the cross sections are plotted as a
function of the transferred momentum. The angular dis-
tribution of the QF peak was found to be quite flat near
0°.

The total Gamow-Teller strength, B(GT), in 2°®Bi de-
termined as a result of the present analysis was esti-
mated using the cross sections of the *C(3He,t)13N, ,
and *C(3He,t)13N;3 51 Mev reactions, and the known GT
and Fermi strengths of the levels in 1*N. The 3C(3He,t)
reaction was measured with the same setup as for the sin-
gles 208Pb(3He,t) measurement. The 0° cross section for
a GT transition and a Fermi transition may be factorized
as [7,21],

(5) ©=0) = ()" HWorldorPB(GT)

+No|J-*B(F)], ()

where p is the reduced mass, k; and ky are the initial

and final momenta, J,, and J, are the volume integrals
of the o7 and 7 components of the nucleon-nucleus effec-
tive interaction, B(GT) and B(F') are the GT and Fermi
strengths carried by the transition, and N,, and N, are
distortion factors which are ratios of the cross sections
calculated in the distorted- and plane-wave Born approx-
imations

(gg)nw (6 =0°)
N=_2"2%_ - 6
a) pw (0 =0°) ©

The ratio |J,-/J-|? can be obtained using the ratio of the
cross sections of known GT and Fermi transitions at 0°.
The extracted ratio, |J,r/J-|?, from the *C(3He,t)'3N
reaction was 8.24+1.1 at E(3He)=450 MeV. This value
is in good agreement with the ratio extracted from the
13C(p,n)'3N reaction at E,=160 MeV [35]. A ratio of
the cross sections of the GTR to that of the IAS can be
written following Eq. (5) as

R= (4%) err (0 = 0°)
(%)IAS (6 =0°)
_ kfaTr)ki1as) Nor
" kicrryksas)y Nr

2 B(GT)gTr
B(F)ias

Jor

7 (7)

Here, ogTr and o1as are the experimental 0° cross sec-
tions of the GTR and IAS in 2%®Bi, B(GT)gTr and
B(F)1as are the Gamow-Teller and Fermi strengths car-
ried by the GTR peak and the IAS peak, respectively. In
this estimate, the ratio of the distortion factors N,./N,
can be approximated to be unity. The IAS in 2°®Bi
exhausts 100% of the total Fermi sum rule strength
(N — Z) = 44. Substituting the experimental ratio of
the cross sections, R=15.0+3.1 and |J,,/J,|?=8.24+1.1
into Eq. (7), the B(GT) value carried by the GTR peak
was determined to be 80+20. This value corresponds to
60+15% of the total theoretical GT sum rule strength
in 298Bi of 3(V — Z) = 132. This result agrees with
the quenching factor obtained for (p,n) reactions at 160
MeV [10].

B. Coincidence spectra

Coincidence spectra were also decomposed into the
three resonances by a least-squares fitting procedure.
Since the nonresonant yield for protons in the quasifree
(3He,tp) process is strongly forward peaked, the yield for
coincidence events with the decay-proton detectors (SSD)
located at backward angles was negligible for this process.
The triton energy spectra gated on the proton decay to
the neutron-hole states in 2°’Pb is shown in Fig. 7. The
continuum background from the QF process seen in the
singles spectra in Fig. 4 disappears completely. There-
fore, in the following analysis, only contributions from
the GTR, SDR, and IAS in 2°8Bij were considered. Tri-
ton energy spectra were obtained by gating on the decay
to the neutron-hole states in 2°”Pb, and they were fitted
using the line shapes shown in Egs. (2), (3), and (4). The
results of the fits are shown in Fig. 7. Since the energy
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resolution was not sufficient to separate the proton decay
to the 2f5/; and 3ps/; levels, only their sum was further
analyzed.

In the fitting procedure, a small shift of the centroid
energy of the GTR towards higher excitation energy was
found. The origin of this energy shift is well understood.
It is due to the fact that decay of low-energy protons
tends to be strongly suppressed due to the Coulomb and
centrifugal barriers. In the triton spectra gated on the
3py/2 and (2f5/2 + 3ps/2) levels, the energy shifts were
1301150 keV and 720+£340 keV, respectively, compared
with the results of the singles spectrum. The yields of
protons decaying to the 1iy3/5, 2f7/2, and 1lhg,; levels
were too small to establish their shifts. It can be seen
from Fig. 6(a) that proton emission is strongly cut off at
a proton energy of about 8 MeV.

V. RESULTS AND DISCUSSION

The total width of the giant resonances, such as the
IAS and the GTR, can be written as

=4 +1. (8)

Here, TV is the spreading width, and I'T is the escape
width which is connected with the microscopic, one-
proton-particle-one-neutron-hole structure of the reso-
nance. In heavy nuclei, such as 2°8Bi, the spreading
width leads predominantly to statistical neutron decay
because statistical proton decay is strongly suppressed
by the Coulomb barrier. The escape width is made up
of the sum of the partial escape widths which are due to
proton decays to single-neutron-hole states in the final
daughter nuclei. The escape width can thus be written
as

IT=r;=> T, (9)

where I’;‘, is the partial escape width associated with
decay to the ith neutron-hole state of 2°”Pb. The ratio
of I'T to the total width I' can be obtained from the ratio
of the coincidence double-differential cross section to the
singles cross section,

d%c,.
T _ L amdty @y (10)
T~ do/d;

Here, it is implicitly assumed that the double-differential
singles cross sections have been integrated over the exci-
tation energy of the resonance.

The experimental angular correlation patterns for pro-
ton decay relative to the triton emission angle at 0° are
shown for the IAS and the GTR in Fig. 9. The angu-
lar correlation pattern can in general be described using
Legendre polynomials. For a 11 state it is given by
1+ a2 P,. The coefficients a for the proton decay from
the GTR to the 3p,,; and (2f5/2 + 3ps/2) states are con-
sistent with zero from fitting the 132° and 157° data
points. The coefficients a; for the proton decay to the
1i33/2 and 2f7/; states are also consistent with zero, al-

600 ———
(@) (b)
400 —
dj D3 +s
400 - . I i Psts
i 12 -
2 & & . $
g Y T
o 200 - Pi
200 |- F o
3 IAS GTR
I R R T S R 0 I S R ST S
140 160 140 160

proton angle (deg)

FIG. 9. Angular correlation patterns for proton decay from
the IAS (a) and GTR (b) in 2°®Bi. The 0° axis is taken
as the direction of triton emission in the *°*Pb(*He,tp)?°"Pb
reaction. The plotted points are labeled for the decay to the
3p1/2 (0) and 3ps/2 + 2fs5,2 (O) neutron-hole states in 207pp,
The solid lines are shown to guide the eye.

though in these cases the uncertainties are large because
of poor statistics. The angular correlation for the 0%,
IAS is also consistent with isotropy within the statistical
errors. These results concerning the angular correlation
patterns are expected since the decays of the GTR and
TAS must be isotropic because of the AL = 0 transfer.

The measured branching ratios and the partial escape
widths of the GTR and IAS are given in Table I in
columns 9 and 10 and in Table II in columns 9 and 10,
respectively. Here, 'qTr=3.72 MeV was used for the
total width of the GTR. For the total width of the IAS,
I'1as=232 keV was taken from Ref. [34]. The previous ex-
perimental values for the partial escape widths are also
listed in Table I in column 8 for the GTR [22] and in
Table II in column 8 for the IAS [36].

The present partial escape widths for the IAS [36] agree
very well with the previous data. This result implies
that the extraction of the escape width in the present
experiment is reliable. On the other hand, the escape
widths of the GTR obtained in the present (*He,t) ex-
periment are in disagreement with the previous results at
27 MeV /u [22]. This can be attributed to the fact that
the excitation of the GTR is quite weak for bombarding
energies of <100 MeV/u. At low bombarding energies,
other processes, including those discussed in the intro-
duction, can contribute to the triton-proton coincidence
yield making it difficult to extract a reliable escape width
for the GTR.

Results of theoretical calculations for the IAS and
GTR within the framework of continuum Tamm-Dancoff
approximation (TDA) with Skyrme-type interactions by
Colo et al. [37] are listed in Tables I and II in columns 3-6.
In their calculations, the spreading effect was taken into
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TABLE 1. Theoretical and experimental partial escape widths and branching ratios for the decay of GTR in 2°®Bi into

neutron-hole states in 2°“Pb. All widths are given in keV.

Decay E.*® Theor. I} /T (Ref. [37]) Expt.f Expt.8

channel (keV) b c d e ry /ot i ry. /re rf,
3p1/2 0 0.037 0.022 0.033 0.018 0.13240.016 570+70 0.01840.005 58.4+19.8
2fs/2 570 0.051 0.030 0.013 0.007 incl. in p3/2 incl. in p3/; incl. in p3/; incl. in p3/2
3p3/2 898 0.055 0.033 0.035 0.019 0.261+0.069 1130300 0.027+0.006 101.5+31.3
12132 1633 0.001 0.001 0.003 0.001 0.411+0.115 1780+500 0.002+0.002 8.3+9.4
2f7/2 2340 0.009 0.005 0.010 0.003 0.19640.069 850300 0.004+0.002 15.6+7.6
1hgs 3413  0.001  0.001  0.001 <1073

Ei I‘;/F 0.154 0.092 0.095 0.048 ~1.00 ~4330 0.049+0.013 184449

r 3000 3000 3100 3100 4330 3720

2Nuclear Data Sheet.

PObtained with SIII interaction. The final state is a pure HF configuration.
°Obtained with SIII interaction, employing empirical proton emission energies and neutron spectroscopic factors.

dAs Footnote b but with SGII interaction.
¢As Footnote ¢ but with SGII interaction.
fReference [22].

gPresent experimental results.

account by introducing a coupling to collective vibration
modes. Columns 3 and 5 display the partial proton es-
cape widths obtained in pure Hartree-Fock calculations.
Columns 4 and 6 are the results obtained after setting
proton emission energies and neutron spectroscopic fac-
tors to the experimental values. The theoretical calcu-
lations for the proton decay from the IAS reproduce the
experimental values reasonably only if the SIII interac-
tion is used.

The total width, escape widths, and excitation en-
ergy of the IAS are not much affected by introducing
the spreading effect, because spreading is mediated by
coupling to the isovector monopole resonance via the
Coulomb interaction and because neutron decay of the
IAS is suppressed by isospin selection rules. The ex-

perimental branching ratio for statistical neutron decay
is only 37+3% [38]. This is consistent with the exper-
imental result for the proton-decay branching ratio of
63+3% [22]. However, the spreading effect is more im-
portant for the GTR because spreading is mediated by
coupling to the underlying 2p-2h states via the strong in-
teraction leading to an experimental branching ratio for
direct proton decay of only 4.94+1.3%.

Cold et al. [37] and Udagawa et al. [39] pointed out
that when the spreading effect is included semiempiri-
cally in the theoretical calculations, the total strength of
the GTR residing in the main component is reduced to
60% of the sum rule value 3(N — Z). Furthermore, the
total width of the GTR and the distribution of the GT
strength are significantly modified. Theoretical calcula-

TABLE II. Theoretical and experimental partial escape widths and branching ratios for the decay of IAS in 2°®Bi into

neutron-hole states in 2°"Pb. All widths are given in keV.

Decay E.*® Theor. T} /T (Ref. [37]) Expt.f Expt.8

channel (keV) b c d e F;i /Tt l"; FJT,' /T& I‘;
3p1/2 0 0.346 0.237 0.171 0.137 0.224+0.007  51.9+1.6 0.2240.03 52.349.5
2fs/2 570 0.086 0.061 0.008 0.006 0.114:£0.009  26.4+2.0  incl. inps/;  incl in py/s
3pa/2 898 0.287 0.196 0.198 0.157 0.279+0.015  64.7+3.4 0.3440.06 80.9+15.3
liia;2 1633 0.011 0.010 0.007 0.006 - -
2fr/2 2340 <107 <107® 0.002 0.004 0.018+0.003 4.240.6 0.015+0.007 3.6+1.7
1hg/2 3413 <107 <107®* <107® <107? - -

S, ri/r 0.730 0.504 0.386 0.310 0.6310.03 147.2£7.0 0.58+0.09 136.8+21.8

r 152 152 99 99 232k 232k

#Nuclear Data Sheet.

PObtained with SIII interaction. The final state is a pure HF configuration.
°Obtained with SIII interaction, employing empirical proton emission energies and neutron spectroscopic factors.

dAs Footnote b but with SGII interaction.
¢As Footnote ¢ but with SGII interaction.
fReference [36].

€Present experimental results.

RTaken from Ref. [34].
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tions with pure Hartree-Fock wave functions [37] give an
excitation energy for the GTR that is higher than the
experimental value by about 2 to 3 MeV. The proton
decay branching ratios, which are deduced by employing
empirical proton emission energies and neutron spectro-
scopic factors, depend on the choice of the interaction
parameters in the calculations. The calculation with the
SGII interaction well reproduce the experimental values.
However, for the IAS, the calculations with the SGII in-
teraction underestimate the experimental ratios.

As mentioned above, the shift of the centroid energy
of the GTR observed in the coincidence spectra is caused
by the suppression of low-energy proton emission due to
the Coulomb and centrifugal barriers. This means that
the partial escape widths are sensitive to the excitation
energy of the GTR.

Recent calculations by Muraviev and Urin [40] in RPA,
with coupling to the continuum and with the strength
of the Landau-Migdal force given by g’=1.2, reproduce
the experimental results reasonably well when the ex-
perimental proton escape energies are used. A better
agreement is obtained if g'=1.4 is taken. However, this
choice of g’ does not agree with the normal value of the
Landau-Migdal parameter [41].

Udagawa et al. [39] calculated the partial escape widths
of the GTR within the framework of the continuum TDA.
In their calculation, the spreading effect was taken into
account by introducing the imaginary part of the opti-
cal potential. They pointed out that the GT strength
function was similar to the strength function obtained by
taking into account the coupling to the 2p-2h states [42].
An explicit treatment of the direct particle decay and the
coupling to the 2p-2h states seems to be necessary in or-
der to understand the damping as well as the quenching
mechanisms of the GTR [43].

The partial proton escape widths for the decay of the
SDR in 2%®Bi to the various neutron-hole states in 2°7Pb
have not been determined since the energy resolution for
the emitted high-energy protons was not sufficient to re-
solve the decay to these final states. However, one can
infer from the final-state spectra (not shown here) that
the population pattern of the various neutron-hole states
is different for the SDR than that for the GTR, in that
the 1i13/2 and 2 f7/2 are more strongly and the 3p;/, more
weakly populated. Furthermore, the total proton decay
branching ratio for the SDR has been determined from
the coincidence spectra to be 14.1 + 4.2%. If assumed
to result from the decay of one single resonance with a
width of 8.4 +1.7 MeV, this would lead to a total proton
escape width of 1.18 + 0.35 MeV.

The observed SDR is expected to consist of three spin
components, i.e., 27, 17, and 0~. These components are
expected to have excitation energies F,(27) < Ez(17) <
E,(07) with the strength ratio of 5:3:1. It was not possi-
ble in the present experiment to disentangle the various
spin components (27, 17, and 07) of the SDR on the ba-

sis of their angular correlation patterns. Even if one as-
sumes that the observed total proton escape width should
be divided among these three components, the resulting
proton escape width per component is still considerably
larger than that for the GTR. This can be understood
qualitatively by taking into account the increase of the
proton energy available above the Coulomb barrier and
also the average decrease of the centrifugal barrier for
the decay protons as compared to the GTR. There are
also indications for proton decay to the broad 1hg,; deep-
neutron-hole state in 2°“Pb. A better understanding of
these observations awaits further theoretical efforts.

VI. SUMMARY

We have reported the first successful measurement of
proton decay from a Gamow-Teller resonance (GTR) per-
formed with the 2°8Pb(3He,tp) reaction at E(*He)=450
MeV. The partial and total branching ratios for direct
proton decay of the Gamow-Teller resonance and isobaric
analog state were determined. The total branching ratio
for direct proton decay of the spin-flip dipole resonance
was also determined. The deduced partial escape widths
of the IAS are in good agreement with the earlier data.
Theoretical calculations based on the continuum TDA
reproduce the experimental values very well. This means
that a good understanding of the microscopic structure of
the IAS has been established. However, the previous data
obtained at E(®He)=81 MeV [22] for the partial escape
widths of the GTR are in complete disagreement with
theoretical calculations based on the continuum TDA.
On the other hand, these calculations reproduce the ex-
perimental data obtained in the present work reasonably
well suggesting a basic understanding of the damping
mechanism of the GTR. Our experimental results for the
SDR suggest that further theoretical work is needed to
understand the microscopic structure of spin-flip AL =1
collective excitations in nuclei, and to explain why the
branching ratios for proton decay from 2°®Bi are higher
for these excitations than they are for the spin-flip GTR.
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FIG. 2. Schematic picture of the layout of the SSD’s.



