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The microscopic structure of the Gamow-Teller resonance at Ex = 156 MeV 1n 208B1 has been investigated by
observing 1ts direct proton decay to the neutron-hole states i 207Pb following its excitation via the 208Pb(3He,t)
reaction at E(3He) = 450 MeV and 6 = 0° The total width of the resonance as well as total and partial escape
widths, associated with proton decay, have been determined The total escape width was found to be only 4 9+ 1 3%
A re-examuination of several recent theoretical estimates becomes desirable 1in view of the limited agreement with this

value

The observation of charge-exchange collective ex-
citations via the (p,n) reaction in the early eight-
1es and in particular of the predicted [1] Gamow-
Teller resonance (GTR) constituted a landmark 1n
the study of giant resonances [2-4]. The observation
of the GTR was facilitated at bombarding energies
> 100 MeV and at small momentum transfer because
the (p, n) charge-exchange reaction preferentially ex-
cites spin-fuip AL = 0 states under such conditions
[5] This was verified experimentally [6~9] by study-
ing the dependence of the ratio (Vy./V;)? of the ef-
fective nucleon-nucleon interaction on bombarding
energy This ratio was found to increase strongly as a
function of bombarding energy reaching a maximum
at around 300 MeV At higher energies 1t decreases
gradually up to the highest bombarding energy mea-
sured, 1e E, = 800 MeV Also, the approximate
proportionality between the 0° cross sections and the
B(GT) values [3,8] allowed the determination of the

total GT strength as a function of excitation energy
and mass number Even though our knowledge of the
sytematics of the GT strength (1 €. the dependence of
excitation energy, total width, fraction of the sum rule
on mass number) has improved considerably over the
last decade, very little 1s known about the microscopic
structure of the GTR

The microscopic structure of the GTR, which can
be described as a coherent sum of one-proton particle
one-neutron hole configurations, can in principle be
investigated by studying its proton decay However,
no attempts have been made to study proton decay
of the GTR following excitation via the (p, n) reac-
tion at intermediate energies for two obvious experi-
mental reasons Firstly, the relatively low neutron de-
tection efficiency yields very low coincidence rates 1n
(p, np) experiments, made even more severe by the
expected small branching ratios. Secondly, the res-
olution achieved in detecting high energy neutrons
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(E. > 100 MeV) 1s relatively poor which, combined
with the necessity to use thick targets, yields typically
more than 1 MeV for the final-state resolution for pro-
ton decay to hole states in the residual nucleus. This
makes 1t almost impossible to infer the microscopic
structure of the GTR.

The (*He,t) reaction 1s a more suitable alterna-
tive to 1nvestigate the microscopic structure of the
GTR since, similar to the (p,n) reaction at interme-
diate energies (> 100 MeV/u), 1t preferentially ex-
cites spin-1sospin-flip modes [10,11] Furthermore, 1t
has the advantage that tritons can be detected at 0°
with a magnetic spectrometer with essentially 100%
efficiency and with resolution superior to that achiev-
able 1n the (p,n) reaction Indeed, the (®He, tp) re-
action has been used at lower bombarding energies
(~ 30 MeV/u) to investigate the microscopic proper-
ties of the IAS, which 1s strongly excited at these ener-
gies [12,13]. These energies are, however, too low to
appreciably excite the spin-flip GTR with the (*He, 1)
reaction This explains the difficulties encountered
with the first attempt to measure the proton decay
of the GTR at a bombarding energy of (27 MeV/u)
[12,14] The observed decay from the excitation en-
ergy region near the GTR to neutron-hole states in
207pp [12] would, 1f assumed to be entirely from this
resonance, account for the total decay of the GTR.
This result 1s surprising because 1t implies a vanishing
spreading width 't incompatible with the calculated
[15,16] value I'* ~ 4 MeV and the measured [4] to-
talwidth I” = 4.33+1 00 MeV. Furthermore, the ob-
served strong decay 1nto the high-spin 1;3/; neutron—
hole state cannot be explamned {12,14].

In this letter we report on the first successful mea-
surement of the proton decay of a GTR and the de-
termination of 1ts microscopic structure. This 1s made
possible by the availability of a higher energy *He
beam (150 MeV/u) at which the GTR 1s strongly and
preferentially excited The experiment was performed
at the Research Center for Nuclear Physics (RCNP)
facility 1n Osaka A 450 MeV *He* * beam extracted
from the ring cyclotron [17] was achromatically trans-
ported without any momentum defining shits onto a
208py, target of 5.2 mg/cm? thickness and of 99.86%
1sotopic enrichment. The ejectile tritons were detected
1n the new spectrometer Grand Raiden [18], which
has a K-value of 1400 MeV The spectrometer was
set at —0.3° with vertical and horizontal opening an-
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gles of 40 mrad each. The *He** beam 1s bent more
strongly than the tritons because of 1ts lower magnetic
rigidity. It 1s fully intercepted by a specially designed
Faraday cup 1n the first dipole magnet A run with an
empty target frame showed that absolutely no back-
ground from sht scattering or from scattering from
the Faraday cup could be observed.

Singly-charged *He* particles are formed 1n the tar-
get with low yield due to atomic charge-exchange pro-
cesses They have about the same rigidity as the ejec-
tile tritons populating the ground state (gs ) of 2%B1
and can therefore be used as a good calibration stan-
dard for the energy and also for the scattering angle
since they enter the spectrometer at exactly 0°.

The ejectile tritons were detected with the focal-
plane detection system [19] which has two 2-
dimensional position-sensitive multi-wire drift cham-
bers (MWDC) backed by two AE-scintillation coun-
ters for particle identification. The horizontal and
vertical scattering angles at the target were deter-
mined by ray-tracing techniques from the horizon-
tal and vertical positions determined with the focal-
plane detection system with uncertainties of not more
than 2 mrad and 10 mrad, respectively. Because of
the strongly forward-peaked angular distributions of
the GTR and the IAS, software cuts on the deduced
scattering angles can be used 1n later off-line analyses
to enhance the contribution of these two AL = 0
transitions compared to transitions of higher mult-
polarity and/or continuum background due to the
quasi-free charge-exchange process. The former have
minima 1n their angular distnbutions at 0°, and the
latter has a rather flat angular distribution near 0°

Fig 1 shows two such singles spectra where the
“full” opemng sohd angle of 1 6 msr 1s reduced to
0.28 msr centered at 0° (fig. 1a) and at 1° (fig 1b),
respectively The software gates define horizontal
and vertical opening angles of 14 mrad and 20 mrad,
respectively. The figure shows that near 0° the IAS
and the GTR are promunent 1n the spectrum, along
with the expected *He* peak The non-resonant
background 1s assumed to result from quasifree
charge exchange. The figure displays the decomposi-
tion 1nto the GTR, IAS, and the non-resonant back-
ground The non-resonant continuum background
(dash-dotted curve 1n fig. 1a) has been calculated
according to the prescription given m ref [20] The
uncertainty in defining 1ts strength accounts for the
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Fig 1 Tnton energy spectra from 298Pb(3He, £)208B1 ob-
tained at E (°He) = 450 MeV and at @ = 0° (a) Spectrum
gated on the smallest scattering angles near § = 0° from
—7 to +7 mrad honzontally and from —10 to + 10 mrad
vertically Here, IAS, GTR and 3He* peak are prominent
The dashed, dotted, and dash-dotted lines represent fits ob-
tained for GTR, IAS, and non-resonant background, respec-
tively (b) Spectrum gated on scattering angles near § = 1°
with horizontal and vertical openings 1dentical to that of
(a) Spin-fip AL = | resonances (denoted by SDR) are
enhanced, whereas IAS and GTR are strongly suppressed,
and the 3He*+ peak 1s absent

uncertainty of the total width of the GTR and for
most of the uncertainty of the branching ratios for
GTR proton decay (see below) The total width of
the GTR was determined from fitting the GTR bump
1n this spectrum to be I = 3750 &£ 250 keV For the
spectrum centered at 1° the *He* peak 15 absent and,
moreover, the contributions of the IAS and the GTR
are strongly reduced 1n agreement with expectations
based on their angular distributions However, the
contributions from the AL = 1 spin-flip excitations
(denoted by SDR) are enhanced for this spectrum
This will be discussed 1n more detail in a forthcoming
paper [21]

Protons from the decay of the GTR were measured
i coincidence with tritons detected at 0° in eight
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solid-state detectors (SSD) arranged 1n two rings con-
taming 4 SSDs each The detectors 1n the outer ring
were set at 8 8 cm from the target at @ = 132°, whereas
those 1n the inner ring were at 10 1 cm and 157°, re-
spectively. The SSDs 1n both rings were positioned at
¢ = 45°,135°,225° and 315° Each SSD had an area
of 4990 mm? The detectors 1n the outer and 1nner rings
were collimated to cover solid angles of AQ = §7.8
and 47 0 msr, respectively During the experiment, 1n
which up to 5 nA of beam current was used, the count
rate 1n each of the SSDs never exceeded 5 kHz
Time-of-flight spectra were generated for each SSD
by starting and stopping a time-to-digital convertor
module with timing signals from the focal-plane scin-
tillator and the SSD, respectively The time spectra
(not shown here) had a ratio of prompt to random
events of about 10. Two-dimensional scatter plots
of proton-decay energy measured in SSD versus ex-
citation energy 1n 2%®Bi were generated for prompt
and random events by gating on prompt and ran-
dom peaks 1n the time spectra Furthermore, these
2-dimensional spectra were generated with a gate
on the core solid angle near 0° (see fig la and dis-
cussion above) This ensured that the contributions
of the IAS and GTR were dominant A prompt 2-
dimensional spectrum obtained under the above con-
ditions 1s shown 1n fig 2a The loci for decay of the
IAS, GTR and higher-lying resonances to the g s and
the low-lying neutron-hole states in 2’Pb (1. 3pi 2,
2f5;2, 3p3j2, 11132, 2f5/2) can be observed The total
resolution of the proton and triton sum energy was
about 400 keV This was not sufficient to completely
resolve the decay to the 1st and 2nd excited states of
207ph This can also be seen 1n the final-state spec-
trum obtained by projecting the loci in fig 2a on
the excitation-energy axis of ’Pb This 1s shown 1n
fig 2b which 1s gated on the combined region of the
GTR and IAS Here, the various peaks correspond to
decay to states in 2’Pb A triton energy spectrum 1s
shown 1n fig 2c¢ It was obtained by gating on decays
to the neutron-hole states 1n 2°’Pb and subtracting
random comncidences It 1s worth noting that 1n this
spectrum the yield of the IAS relative to that of the
GTR 1s much bigger compared to the singles spec-
trum because the IAS has a much larger branching
rat1o for proton decay to 2°’Pb. At excitation energles
higher than that of the GTR, 1t 1s observed that the
spin-flip AL = 1 resonances which are excited even
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Fig 2 (a) Two-dimensional scatter plot of proton energy
versus triton energy [or excitation energy in 298Bi1] gated
on scattering angles centered at 0° (see fig. 1a) The loci
mndicate decay of states 1n 2°B1 by protons to final neu-
tron-hole states 1n 207Pb (b) The final-state spectrum of
neutron-hole states populated 1n 297Pb as obtaned from
projecting loc1 of fig 2a onto the 207Pb excitation-energy
axis (c) Triton energy spectrum gated on proton decay to
neutron-hole states in 207Pb after subtraction of random co-
incidences. The dashed, dotted, and dash-dotted lines repre-
sent the fits obtained for GTR, IAS, and SDR, respectively

near 0° (after the cut on the core sohid angle) also
decay by proton emission to the neutron-hole states
1 2°7Pb [21]. The continuum due to quasifree charge
exchange, leading to emission of protons at very for-
ward angles, 1s strongly suppressed (and therefore
can be neglected) because coincidence 1s required
with protons emitted at very backward angles. Thus
the spectrum only contains the three contnibutions
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mentioned above.
The total wadth of the IAS, or the GTR, can be
written as

r=rt"4+r%,

where I'* 1s the spreading width. In heavy nucle, this
leads to neutron decay. Statistical decay in the GTR
region 1 2°®B1 favours neutron to proton decay by
about three orders of magnitude as a consequence of
the high Coulomb barrier I'" 1s the escape width con-
nected with the microscopic one-proton particle one-
neutron hole structure of the GTR This leads to di-
rect proton decay to the neutron-hole states of 2’ Pb.
The escape width can thus be written as

r'=rn' =31, M
1]

where I},I 1s the partial proton escape width associated
with decay to the ith neutron-hole state of 2’Pb. The
ratio of I'" to the total width I" can be obtained from
the ratios of the coincidence double-differential cross
sections to the singles cross section as follows

Ll [(d%,/dQ,d9,) dQ,
T= do/d%,

_ 4nd,,/d9dQ,
= do/dg;

(2)

Here, 1t 1s mmplicitly assumed that the double-
differential and singles cross sections have been 1n-
tegrated over the excitation energy of the resonance
Furthermore, use has been made 1n eq. (2) of the
fact that the decay of the GTR and IAS 1s expected
to be 1sotropic.

The measured branching ratios and partial proton
escape widths of the IAS and the GTR to the 3py,2,
252, 3p32, and 2f/; neutron-hole states were deter-
mined from the present data These were determined
from the peak areas of the IAR and GTR 1n spectra
simular to that in fig. 2c obtained by gating on the
various final hole states 1n 2’Pb as described above
For the GTR they are given 1n columns 7 and 8 of
table 1, respectively Since the resolution was not suf-
ficient to separate the decay to the 2fs;, and 3psj
neutron-hole states in 2’Pb, the sum of the partial de-
cay widths 1s given. This was also the case in the ear-
lier experiment [12] The present results for the IAS:
514+ 56keV (I3 ), 794+9.4 keV (1};2 + I;,L/z)
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Table 1
Theoretical and experimental partial and total (escape) proton widths, I},T and Z,I;,T, in keV for the decay of the GTR 1n
208B; 1nto neutron-hole states 1n 2°7Pb Also given are the measured branching ratios [The uncertainties of the absolute

partial widths include only the contributions from the partial branching ratios ]

Neutron-hole Ex(keV)?  theor exp? LV/ZLI%S  exp®
pestates 1 207Pb

ref [14]9  ref [14]°)  ref [26]
3pl_/l2 0 1237 1141 33 570+ 70 318+61 584+112
255 570 1928 108 7 18 ncl mp3, el mpy; el mops,
3p3_/; 898 2395 1811 21 1130 £ 300 552+85 1015+156
111_31/2 1633 71 63 004 1780 £ 500 45+50 83+92
2f7/12 2340 16 6 48 002 850 £ 300 8§5+40 156174
lhy ) 3413 79 29 026
total 5876 4219 72 ~ 4330 1000 184 + 49

2) Nucl Data Sheet
b) ref [12], see also ref [14]

) present expertmental results, the total width of the GTR 1s I' = 3750 + 250 keV

4) obtained with SGII interaction
¢) obtained with SIII interaction

) The relative value for the total escape width from the present experiment 1s Z,I},I JIT=49+13%

and 35+ 16keV (1};/2) are 1n very good agreement

with the earlier experimental values [22] of 51 9+1 6
keV, (26.4+20+64.7+t34) keVand 4 2+0.6 keV,
respectively. This nice agreement for the values deter-
muned for the IAS lends credence to the extracted val-
ues for the GTR which are in complete disagreement
with the earlier experimental results listed 1n column
6. This confirms that the earlier measurement has not
been able to rehiably measure the decay of the GTR
due to the weak excitation of the GTR (no GTR bump
could be observed) and to proton emission from other
reaction processes

Columns 3-5 display theoretical predictions.
Columns 3 and 4 list the partial proton escape widths
calculated by Van Giai et al [14] tn the Tamm-
Dancoff approximation with explicit coupling to the
continuum These calculations were performed within
the framework of a self-consistent microscopic the-
ory where the single-particle states and the residual
particle-hole interaction are derived from the same
Skyrme force Two different forces were considered,
but only that used for the calculations of column 4
yielded an escape width for the IJAS compatible with
the experimental value The calculations of Yoshida
and Adachi [23] and of Urin et al [24,25] also

reproduce the data for the IAS reasonably well. A
good understanding of the microscopic structure and
thus of the partial proton escape widths of the IAS
therefore exists [22] However, all theoretical results
for the GTR, including those obtained by Muraviev
and Unin [26] in RPA with coupling to the contin-
uum (column 5) do not reproduce the data Only
the theoretically predicted dominance of the decays
into the three lowest single-neutron hole states 1s
confirmed by the new data. The cause of this discrep-
ancy 1s not clear. However, 1t 1s worth noting that the
above calculations do not include coupling to 2p-2h
states or to 4-hole excitations which are needed to
explain the observed quenching of the GTR [27]. If
this quenching of the GTR strength of (50-60)% 1s
taken 1nto account, improved agreement between the
results of Van Giai et al [14] obtained with the SIIT
interaction and the data can possibly be obtained.
In conclusion, the proton decay of the GTR 1n 2%B1
has been measured successfully for the first time yield-
1ng the total and partial escape widths for decays 1nto
single-neutron hole state in 2’Pb. The total branching
ratio for proton emission 1s only (4 9+1.3)%. The the-
oretical results of Van Giai et al [14] obtained with
the SIII Skyrme interaction and those of Muraviev
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and Unin [26] obtained 1in the RPA framework are
factors of ~ 2.5 too high/low compared to our new
data Further theoretical work seems to be needed to
re-examuine the underlying assumptions (effective in-
teraction, coupling to continuum, etc ) to understand
the mucroscopic structure of one of the most basic
modes of collective excitations. It 1s clear, though, that
the tensor coupling to 2p-2h states 1n the continuum
and/or to the 4-hole excitations, hence quark-degrees
of freedom, introduce a major uncertainty
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