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The T 23 states in 84Po&&6 (T3=23) which are the isobaric analogs of the T =Tg =23
ground state and low-lying states in 8&Pb&&8 have been observed as enhancements in the
excitation function for the reaction P + 83Bi&&6 8&Pb&&6+ 2P. The experimentally observed
enhancements in the two-proton coincidence excitation function correlate with the known
level structure of ' Pb and occur at the incident proton energies predicted by Coulomb
energy formulas, thus establishing that these enhancements are due to the population of
double analog levels in ' Po.

For the neutron-rich, heavy nuclei [T,=(V-Z)/
2a 10] the experimental observation of double an-
alog states —states with isospin T greater by 2
than T,—has not been previously reported. In
lighter nuclei such states have been strongly ex-
cited by direct reactions such as the (p, t) reac-
tion. ' However, in the (p, t) reaction the T = T, + 2
states are excited by a factor approximately pro-
portional to 1/T' compared with the T = T, states
in the same nucleus. For nuclei around BPb T
= 22, so that the excitation of double analog states
by direct reactions such as (p, t) is greatly inhib-
ited.

In the present experiment the T = 23 double ana-
log states in '8yPoyg6 are reached via the entrance

channel p+",',Bi», ground state. Since the isospin
of the ' 'Bi ground state is only ~, the entrance
channel has a maximum isospin of T = 22; and
thus the T=23 states in '"Po can only be reached
via isospin mixing due to the isospin-nonconserv-
ing parts of the Coulomb force. In turn, this
means that the cross section for the formation of
double analog states in '"Po via the p+"'Bi en-
trance channel is expected to be very small. For
the incident proton energies at which the double
analog states are excited (E~ =33 MeV) the total
reaction cross section is approximately 2 b.
Thus, the observation of the double analog states
depends on the existence of a very unique signa-
ture for their decay.
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ton coincidence excitation function and observe
the formation of double analog states as enhance-
ments in the yield of two decay protons in coinci-
dence as the incident proton ener varies over
the thresholds for the formation of the double an-
alo levelsg . The two-proton coincidence excita-
tion function will include contributions from pro-
cesses other than the decay of double analog lev-
els. Such processes would include (p, 2p) direct

nockout reactions and (p, p') excitation of T&
(T=T +1~13

& eve 1s with the sub sequ ent pr oton de-
cay of these T& levels. However, such process-
es, which produce two protons in the exit channel,
would not be expected to resonate as a function
of the incident proton energy.

We have now completed such an excitation func-
tion measurement for T = 23 levels in '"P
=21

e s in 84 0/26 T3

of" Pb T =
which are the analogs of the low-l i l low- ying evels

0 82Pb|28 (T3 23). Figure 1 shows the energet-
ics involved for the first three memb f thers o e

multiplet. The excitation energies of the
o T= 23 levels may be calculated from the

known RioPb RIll 2MP s' by the formula

Previous experiments on T, = T +1 isobaric3+
analogs in the lead region have shown that iso-
spin-allowed proton emission accounts for at
least 60-70% of the total decay width for th
states. '4

wi or ese
s a es. ' Correspondingly, a double analog state
would be expected to decay preferably b
allowed two-proton emission, with the f' st pro-
ton decay proceeding to T& states in the inter-
mediate nucleus, and the second proton decay
proceeding to the ground state and the low-lying
states in the residual nucleus. On the other hand,
the other levels with T = T, and T, + 1 at the same
excitation energy would not be expected to decay
by two-proton emission, since in their case neu-
tron emission is isospin allowed, and it ll
known that (p, xm) reactions constitute almost en-
tirely the total reaction cross section for proton-
induced reactions on heavy nuclei. ' Hence, the
detection of two protons in coincidence should
provide a rather unique signature for the popula-
tion of double analog states.

Our program, then, is to measure the two-pro-
0 DlRsse

E„(2'OPo(23, 21)) =M( ' Pbg, (23, 23)) —M( "Po (21 21 +~ +~ ' —25
g S n t

f
where 6„H is the neutron-hydrogen atom mas d f
erence and ~c and ~c' are the Coulomb ener-

gies for the respective Pb-Bi and Bi-Po A = 210
systems, which may be extracted —using a A '
A ']

—usin~ an
dependence —from known Coulomb ener-

gies." Formula (1) predicts an excitation ener-
gy of 37.36 MeV in "Po for the T=23 analo of

ground state. An incident proton energy
of 32.53 MeV on '"Bi will then excite the cen-
troid of this double analog level. The '"Po T = 23
analogs of other low-lying states in '"Pb will be
populated as the incident proton energy is in-

These gg(2 states jn Pb are well
are suggestedknown, ' and their analogs in "Pb ar t d

in Fig. 1.
Where isospin allowed, the neutron, deuteron,

and triton decays of these T = 23 analog states are
orbidden by energetics, while proton decay is

energetically and T allowed. In the simplest pic-
ture the (23, 21) ground-state analog could under-
go proton decay to the ground-state analog (—", ,

lsslon 0 R

. -MeV proton. This (—", , +') state could then
undergo proton decay to the ground stat f ' 'Pbeo
( 2, 22) by emitting a 14.9 proton. This sequen-
tial decay can be seen in Fig. l.

In the isospin-allowed two-proton decay of the
'"Po double analog levels the structure of three
groups of levels are involved: the T = 23 double
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FIG. 1. Level diagram of the T =28 multiplet. The
energetics for the isospin-allowed two-proton decay of
the & =28 analog in Po of th orbe ground state is
indicated, as discussed in the text.
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analog levels in 'Po, the T= —", analog levels in
'"Bi, and the T= T, =22 levels in "'Pb. By use
of the isospin lowering operator (T ) on the low-
lying two-particle, zero-hole (2p-Oh) levels of"Pb,"one obtains the configurations in the "Po
double analog levels. These configurations can
undergo proton decay to T= —", levels in ' Bi
which are analogs of Ip-Oh or 2p-1h levels in
' 'Pb. The positions of the low lying 1p-Oh and
2p-1h levels in ' 'Pb are known. ' '" In turn the
T = —", levels of '"Bi reached in the first proton
decay can then experience proton decay to low-

lying Op-Oh, 1p-1h, and 2p-2h levels in ' 'Pb
whose positions are known. "'" In both proton
decays the emission of 3p», and 3p»2 protons is
particularly favored because of the angular mo-
mentum barrier. '' Thus, the strongest decay
mode of the (g„,)' double analogs in '"Po should
proceed to T= —", analogs in Bi'" of the (p», ')-
g», ' and (p», ')g„,' levels in "'Pb. These levels
are known to be 2.5+0.5 MeV above the ground
state in '"Pb. In turn, the second proton decay
should proceed primarily to 2p-2h states in "'Pb
at excitations of 4.8+0.5 MeV. This favored
mode of two-proton decay is indicated in Fig. 1.

In the coincidence experiment it is not possible
to distinguish the first decay from the second.
The sum of the decay energies for the most prom-
inent decay mode is 24+ 1 MeV (see Fig. 1). It is
expected that the coincidence summed proton en-
ergy spectrum should show enhancements in this
energy region as the double analog levels become
populated.

The experimental geometry consists of two E-
veto telescopes, EI. and E~, positioned along a
straight line perpendicular to the direction of the
beam. The solid angle subtended by each tele-
scope is approximately 0.31 sr. The 15.6-mg/
cm' '"Bi target was at an angle of 45 degrees to
the beam direction, so that the target was 170
keV thick at the beam energies of this experiment
(=33 MeV).

An SDS 925 on-line computer is used to store
the data event by event on magnetic tape. Each
event consists of a linear energy signal from each
of the two E detectors and the relative time of
flight between the two particles. Because of the
33-nsec time structure of the University of Cali-
fornia at I os Angeles cyclotron, the electronics
are set so that the computer is presented a time-
of-flight spectrum consisting of a "real" coinci-
dence region with two or three "accidental" coin-
cidence regions on each side. With our experi-
mental geometry it is found that with beam cur-

rents of =0.7 nA the "real" coincidence time of
flight is two to three times the magnitude of the
"accidental" peaks.

The data are analyzed off-line on the SDS 925
computer. The events are processed one by one.
If the event is a "real, " then both proton energies
are stored in a two-dimensional (64 X 64) energy
array. If the event is an "accidental, " then a cor-
responding "accidental" two-dimensional energy
array is updated. When all events for a given
beam energy are processed, the program divides
the accidental array by the number of accidental
beam bursts in the spectrum and subtracts this
array from the real array. Experimental studies,
both in this experiment and in previous experi-
ments at the University of California at Los An-

geles cyclostron, have produced no evidence for
short (0.03-10 psec) fluctuations in the beam
structure. We are therefore quite confident of the
procedure used in subtracting the "accidental"
spectra from the "real" spectra.

The energy calibration for the array is deter-
mined by using the position of the 11.41-MeV pro-
tons (p) which appear prominently in the acciden-
tal spectrum due to the reaction' '"Bi(p, np)"'Bi
(the cross section is =10' larger for this pro-
cess). Lines of constant sum (energy left plus en-
ergy right) are determined for the array. The
events of interest appear as a small peak in the
array in the vicinity of E~=E~=12 MeV. A con-
tour plot of the sum of the arrays obtained while
taking a 19-point excitation function between 32.1
and 33.6 MeV is shown in Fig. 2(a). Figure 2(b)
shows the number of counts per unit channel ver-
sus E~+E„in the vicinity of the peak for a typi-
cal run (bombarding energy = 33.0 MeV). A smooth-
ly extrapolated background such as that shown in
Fig. 2(b) is subtracted off, leaving the net yield
of double decay protons from '"Po(23, 21). In the
region of incident proton energies between 32 and
34 MeV, the ratio of this net yield to the subtract-
ed background varies between 0.6 and 1.3.

Figure 2(c) shows the excitation-function data
obtained in two separate runs. In Fig. 2(d) the
low-lying levels in "Pb are illustrated. " The
appearance of the minimum at 32.7 MeV and the
rapid rise of the cross section to 33.8 MeV is
consistent with the ' Pb spectrum; i.e., the
ground state is located about 1 MeV below the
closer lying (g»,)' configurations with J&0. The
gap between the (g„,)' configuration and the (g„,-
i»„) configuration is suggested in the region near
34 MeV. The two-proton coincidence excitation
function presented in Fig. 2(c) does not, in gener-
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FIG. 2. (a) Contour plot of the sum of the &~-vs-&~ arrays obtained from a 39-point excitation function between
E&~„=32.1 and 33.6 MeV. (b) Number of real coincident events per unit channel for a typical run {&»„=33.0 MeV)
plotted as a function of EL, + E~. (c) Excitation function, obtained from two separate runs, for the coincident events
whose summed energy was 24+2.5 MeV. (d) The low-lying levels of OPb with the 0 ground state placed beneath
the resonance at - 32.5-MeV incident proton energy in {c).

al, represent the relative excitation of the vari-
ous double analog levels since the experimentally
observed coincidence rate depends upon angular
correlation factors between the two decay protons
which are presently unknown.

In summary, the increase of the coincidence
counting rate for events in the region near E„
=El =12 MeV provides an effective signature for
the observations of the double analogs in '"Po(23,
21) of the ground and low-lying states of '"Pb(23,
23). The energy dependence of the excitation
function for such events correlates well with the
behavior expected on the basis of the positions
and multiplicities of the low-lying states of ' Pb.
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