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A positive indication of double y decay in ¥Ca may have been observed. A branching ratio
I,,/T=(3.358:3)x 107" is reported for the decay of the 3.35-MeV 0] state. The state was pref-
erentially populated by the (p, p’) reaction at a bombarding energy of 5.08 MeV, through a
resonance in the compound nucleus 4'Sc. Recoil particles were detected in an annular detector
at 180°, and y rays were detected in two NaI(T1) detectors at 45° and 135° with respect to the
beam axis. Triple time coincidence was demanded of the three radiations, and y-energy
signals were event recorded, together with coincidence information, permitting subsequent
generation of two-dimensional energy spectra (Ey, vs Ey,) for real, correlated random, and
random coincidences, The distribution of double-y events was analyzed by the maximum-
likelihood technique and was found to be consistent with the assumption of (E1, E1) multipo-
larities. A variety of background processes was considered, but none was found likely
to account for the observed spectrum. A brief historical review is given, along with a sum-
mary of previous experiments which sought to observe double y decay in ¥Ca and other
nuclei, Existing theories for the process are examined.
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L. INTRODUCTION

The decay of an excited state of an atom or nu-
cleus by the simultaneous emission of two photons
is an allowed, second-order quantum-mechanical
process wherein the two photon energies sum to
the full transition energy, with each photon giving
rise to a continuum energy spectrum whose shape
is determined by the properties of the system.
First-order processes, when allowed, usually
dominate the decay by several orders of magni-
tude. In cases where first-order processes are
forbidden or severely retarded (by selection rules,
for example), two-photon emission may be signif-
icant.

Two-photon transitions in atoms were first treat-
ed in detail by Goeppert-Mayer® in 1931, who set
forth the necessary formalism, and pointed out the
close relation to the Raman effect. In 1940, Breit
and Teller? calculated that double-photon emission
would limit the lifetime of metastable states of
interstellar hydrogen and helium. The first exper-
imental evidence for two-photon transition was ob-
tained in 1950, for the case of absorption. Hughes
and collaborators® describe a variety of experi-
ments showing absorption at one half the energy
of an (otherwise forbidden) transition, the first of
which was in the electric quadrupole spectrum of
8SRbF. Decay was not observed until 1968, when
Elton, Palumbo, and Greim* reported seeing the
continuum radiation from the two-photon decay of
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the metastable 2'S state in helium-like neon IX.

In an early reference to nuclear double y decay,
Oppenheimer and Schwinger,® in considering a sug-
gestion that the first excited state of °*0 might
have spin and parity 0*, pointed out the possibility
of double y decay and the experimental difficulty
of observing such a process in competition with the
dominant pair decay. In an attempt to explain nu-
clear isomerism, Sachs® proposed that the ground
and excited states might have zero spin and oppo-
site parity, in which case double y emission would
be amongst the most probable modes of decay. Sev-
eral experimental searches have been made for
double y decay of isomeric states (see Ref. 7),
three of which were successful. Two-photon decay
in competition with M4 transitions has been ob-
served by Alviger and Ryde® and Fischbeck and
Abdulla® in the case of ¥'Xe™, and by Beusch'® in
137Ba™ The observed ratios of two- to one-photon
decay are 2.0x1073 and 6.4x 10"%, respectively.

Several attempts have been made to observe
double y decay of the first excited 0* states of '°0,
“Ca, and ®°Zr. In these cases, first-order elec-
tromagnetic decay processes are strictly forbidden
and decay proceeds dominantly by internal conver-
sion and/or pair emission. Several authors have
reported observation of positive effects in 0 and
%7Zr with indicated branching ratios in conflict with
upper limits set by other experiments. The re-
sults of these experiments are summarized in Ta-
ble I.
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8 DOUBLE GAMMA DECAY IN *°Ca 217

The major problem associated with these experi-
ments is that of detecting two y rays, each with a
continuous energy distribution, in the presence of
a high radiation flux due to the dominant decay
mode and various background processes. The sum-
coincidence technique has been widely used to pro-
vide partial discrimination against competing pro-
cesses by utilizing the time-coincidence and ener-
gy-sum properties which characterize a double-y-
decay event. Two-dimensional analysis of the two
y-ray energies permits examination of the contin-
uum yield, while maintaining the discrimination
afforded by the sum-coincidence technique. Fur-
ther identification of events of interest is obtained
by imposing a third coincidence requirement be-
tween exciting and decay radiations, which may
significantly reduce extraneous radiations at the
expense of a much reduced data-collection effi-
ciency.

In all attempts to observe double y decay of the
3.35-MeV state of ®¥Ca, the state has been populat-
ed by inelastic proton scattering (as in the present
experiment). Steady progress has been made in
reducing the measured upper limit for the branch-
ing ratio:

R=T,,/(T, +T,).

(In the case of “°Ca the pair decay is dominant.)
The early experiment by Nessin, Kruse, and Ek-
1und'” involved counting y-y coincidence events
where each of the y energies was restricted to the
range 1.47-1.87 MeV (that is, a region centered

at half the excitation energy). A limit R<6x107?
was set. Sutter'® was the first to employ triple
coincidence, and by examining proton energy spec-
tra for various coincidence conditions was able to
set the limit at R<2.1x1073, Harihar, Ullman,

and Wu,?? in the most recent effort, used the yy
sum-coincidence technique augmented by window
requirements on each of the y energies. They re-
port a limit of R<4.0x10™* based on an estimate
of the number of double y events that might be
present at 3.35 MeV in the sum spectrum.

The present paper reports on a search for the
two-photon decay of the 3.35-MeV (0;) state of
“Ca using a triple-coincidence technique coupled
with two-dimensional analysis of the 2-y energy
spectra.

1l. EXPERIMENTAL APPARATUS
AND TECHNIQUE

A. Excitation of the State

The 0; state at 3.35 MeV in “Ca was populated
by inelastic proton scattering at a proton bombard-
ing energy of 5.087 MeV (Fig. 1). At this energy,
a 12.1-keV-wide resonance is observed correspond-
ing to the formation of the 6.045-MeV (3°) state in
41Sc. This state proton decays to the 0] state in
Ca, thus providing a favorable ratio of inelastic
to elastic scattering in comparison with other bom-
barding energies.?*?® The relatively low proton
bombarding energy of 5.08 MeV had the further
advantage of minimizing production of high-energy
v rays due to deexcitation of the 3.737- and 3.904-
MeV states in “Ca, as well as the 4.43-MeV level
in 12C, potentially troublesome because of the pos-
sibility of “cross talk” between the Nal detectors.

A thin, self-supporting *°Ca metal target was
prepared by vacuum evaporation of isotopically
enriched (99.995%) “°Ca onto a Formvar-coated
Havar foil. After evaporation, the foil was trans-
ferred to an argon-atmosphere glove box and
placed in a highly anhydrous solvent (chloroform

TABLE I, Summary of previous results for the branching ratio of double ¥ decay in 0*-0* transitions.

ie) 49ca Nz Investigators Reference

<1,0x107* Sunyar and Schwarzschild (1959) 11

<1.4x1072 Dell et al. (1961) 12

<6,0% 1073 <7.0x1073 <1,4x107% Gorodetzky & al. (1961) 13
=2,5% 1073 Gorodetzky e al. (1961) 14
=2,3x1073 Langhoff and Hennies (1961) 15

=1,1x1073 Ryde et al. (1961) 16

<6.0x 1073 Nessin e al, (1961) 17

<4,2x1074 Ryde et al. (1963) 18

=(2,5+1.1)x 1072 <2,1x1073 <8,8% 1074 Sutter (1963) 19
<1.1x 10~ Alburger and Parker (1964) 20
(<8%107%) Vanderleeden and Jastram (1965) 21

<4,0x1074 <1.8x1074 Harihar et al. (1970) 22

<1.2%x1074 Vanderleeden and Jastram (1970) 7

=(5.1+2,5)x1074 Nakayama (1972) 23

=(3.310:3)x 1074

Present work
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E xcitation Function

freshly distilled over magnesium shavings) to dis-

40Ca(p,p,4°Ca(0*) solve the Formvar. The Ca evaporant was then
5614 coaxed onto a frame and secured with wax. Sub-
5.079 }Ep(lab) sequent surface contamination was minimized by
=5 . P storage and transfer to the scattering chamber
)g(} 55 under vacuum. The resultant target was 0.3 mg/
4492 5 / - BRRY; cm? thick, assuring optimum utilization of the 12-
/:j E keV-wide compound resonance.
yverd 2 [p CMANY g B. Techni
A /STATEI,S/ . lechnique
3353 Qt // '; { g An event of interest is characterized by a triple
ﬁ 30 coincidence of a proton exciting the state of inter-
/'? est, and two decay y rays. For any such event,
,/,/ I/ c the y energies were “event recorded,” together
: with coincidence timing information. The require-
@ ment that the two y-ray energies must sum to 3.35
T 1558 MeV was imposed during subsequent analysis,
,’ where the continuum nature of the yield could be
/ - examined as well.
/! i A combination of fast and slow, and overlap and
! o+I/ TAC (time-to-amplitude converter) timing tech-
40 niques was utilized for the triple-coincidence de-
Ca+p termination. Five kinds of events are to be antici-

pated (see Fig. 2):
-108 2" (1) bonafide reals, [py,v.]);
g (2)-(4) doubly-correlated random coincidences,
[P'Yl]')’za [p‘)’z]?’u P[’)’ﬂ’a];
(5) triple randoms, [p][y,][v.].
Entities in brackets are defined to have come from
the same single physical event; those outside are

FIG. 1. Level diagram and decay scheme, showing
the levels of the compond nucleus and an excitation func-
tion for the reaction of interest. The dotted line is dis-
cussed in the text.
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FIG. 2. Representative TAC spectrum, showing regions which correspond to the various kinds of triple coincidences.
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from another event and are randomly in coinci-
dence with the event in brackets.

Any coincidence logic used to distinguish type (1)
events will not exclude events of types (2)-(5)
[event types (2)-(4) will in turn contain type (5)].
The configuration of this experiment permitted the
direct, continuous, and simultaneous measure-
ment of each event type.

C. Detectors

Protons scattered near 180° were detected in a
300-mm?, 500-um annular surface-barrier detec-
tor located at the entrance to the scattering cham-
ber as shown in Fig. 3. The proton beam from the
Rutgers-Bell FN tandem Van de Graaff accelera-
tor was focused through the detector and stopped
in a Faraday cup 2 m beyond. A tantalum shield
protected the back of the detector from the beam,
and aluminized Mylar foil, 6.4 um thick, covered
the front to stop low-energy electrons and o par-
ticles. The active surface of the detector was 2.7
cm from the target, thus subtending a solid angle
of 0.39 sr.

y rays were detected in two 12.7x12.7-cm NaI(T1)
crystals located 8.2 cm from the target, in the hor-
izontal plane, at 45 and 135°, respectively, to the
beam axis (Fig. 3). This configuration (6”=90°)
was chosen to minimize coincidence events due to

annihilation of the positrons from the predominant
pair decay, which gives rise to pairs of 0.511-MeV
quanta emerging at 180° to one another. Although
an additional measurement at 6y y= 180° would have,
in principle, checked the predicted angular corre-
lation of the two decay y rays, completely differ-
ent experimental conditions would obtain.

As the electrons and positrons from the pair de-
cay have on the order of 1 MeV (2.3 MeV maxi-
mum) kinetic energy, shielding (0.25 mm tantalum
and 0.64 cm Lucite) was placed in the scattering
chamber to stop them well away from the Nal crys-
tals, thus reducing the number of detected brems-
strahlung events.

D. Electronics

A block diagram of the electronics is shown in
Fig. 4. Fast signals for each of the y rays were
taken directly from the photomultiplier anodes and
slow energy signals from the tenth dynode were
fed to preamplifiers. The fast-particle signal was
obtained from a high-input-impedance preampli-
fier®® and the slow signal from a charge sensitive
field-effect-transistor (FET) preamplifier.?’

All fast signals were further amplified and then
fed to fast differential discriminators to obtain
fast-logic timing signals. Crude energy selection
by these devices reduced the count rates of signals
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FIG. 3. Scattering chamber and detectors.
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fed to the coincidence electronics, by removing
signals due to elastically scattered particles and
v rays of energy <0.7 MeV. In particular, this
eliminated all events involving the copious 0.511-
MeV vy rays.

The particle timing signal was used to “start”
each of two time-to-amplitude converters (TAC1
and TAC2). In order to establish the time corre-
lations between y, and y,, their timing signals (of
width 18.5 nsec) were input to two overlap coinci-
dence circuits (OL1 and OL2). An output from
OL1 indicated a y-y real coincidence. The second
v signal was delayed through a 12-m cable for in-
put to OL2. An output from OL2 thus indicated a
v-y random coincidence. The outputs of the two
overlap circuits were used to stop TAC1 and TAC2,
respectively. Distinct regions of these TAC spec-
tra were then attributable to the various types of
events described above (see Fig. 2).

Slow coincidence circuitry (~1 usec) was used to
combine the particle-energy requirement with the
fast-logic coincidence determination. Analog sig-
nals were suitably shaped and amplified for pulse-
height analysis. To establish the particle-energy
“window,” the proton analog signal was set to a
single-channel analyzer (SCA) through a linear
gate, which was “enabled” by the fast particle dis-

criminator, thus reducing count rate so as to avoid
dead time in the SCA. The total particle count rate
was ~45x 10%/sec, but was lowered to ~4.4x 103/
sec by the “fast” energy window.

Two SCA’s used in the discriminator mode gave
positive logic signals for any output from each of
the TAC’s, which, together with the particle SCA
output, were fed to a slow overlap coincidence
matrix.?” A multiplexer®® provided fan-in of the
two TAC analog signals with appropriate routing,
and a master event gate, consisting of the “exclu-
sive OR” of gates fed to it from the slow coinci-
dence circuit.

The y-ray energy signals (y, and y,) and the TAC
analog signals were analyzed in three 50-MHz
4096 -channel analog-to-digital converters® (ADC)
interfaced™ to the Rutgers-Bell Sigma 2 computer,
which was programmed in an event-recording con-
figuration. The master event gate instructed the
computer to read and store the contents of the
ADC’s. Preliminary data sorts could be made,
providing live display spectra, as defined by the
user, to monitor progress of the experiment,
while all events were written on magnetic tape.

Scalers were used to monitor discriminator
count rates, the y-y coincidence circuits, and the
“slow” logic, as well as to record elapsed time,

[NSLow
PREAMPS
FAST 45 (oTFF ]
DISC.
(DIFF)

WIOTH 45sec
DELAY 32 sec

SCALERS

pEvice WL £ 2

TARGET ROOM

CONTROL ROOM

FIG. 4. Block diagram of the electronics.
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integrated beam current, and the total number of
excitations of the state of interest, as given by the
particle SCA output.

E. Procedures

“0Ca triple-coincidence data were taken in 6- to
12-h segments, interspersed with checks on y-ray
energy calibrations and the proton-energy-window
position. Prior to and following the triple runs,
auxiliary spectra were obtained under a variety of
coincidence conditions. Individual y-ray spectra
were taken for each crystal in double coincidence
with protons exciting the 3.35-MeV state (py dou-
bles). Also, a short event-recorded run was made
of y-y doubles. The efficiency measurement de-
scribed below was done both before and after all
“Ca measurements.

III. AUXILIARY MEASUREMENTS

A. Efficiency Calibration

The functioning of the entire data-acquisition
and analysis system was checked, and the over-all
detection efficiency was directly measured, by ob-
serving a cascade deexcitation of the 3.53-MeV (0*)
state in ®*Ni. This state decays 100% by emission
of a 2.077-MeV y ray to the 1.454-MeV (2*) state,
which then decays 1009 to the ground state.3! The
cascade has nearly the same sum energy as the
double y decay, and, conveniently, the energies of
the two quanta are each close to one half the total
transition energy. The 0-2-0 y-y angular corre-
lation was taken into account in the analysis.

Double-coincidence ( p-y) measurements were

0 1454 2077
| P

Y +Y, =353 MeV

performed for each crystal to determine their in-
dividual photopeak efficiencies at representative
energies. From the results of these double-coinci-
dence measurements, a triple-coincidence efficien-
cy can be predicted. The doubles data yield a cal-
culated value of (7.7+0.9)x10~* for the “2-D photo-
peak” efficiency as defined below.

The *®Ni cascade was, in addition, observed in
triple coincidence (p-y-y). The data are shown
in two dimensions in Fig. 5, and a sum projection
appears in Fig. 11(a). These spectra, compressed
to lower dispersion, were generated off line direct-
ly from the original high-dispersion (40 keV/chan-
nel) event-recorded data, and include all events
whose TAC signal satisfied the triple-real-coinci-
dence requirement. No randoms subtraction was
performed, as randoms rates of all types were
negligible.

In Fig. 5, tails, largely due to Compton events
in one crystal coinciding with full-energy events
in the other, extend at right angles from the “2-D
photopeaks.” The symmetry about the E,, =E,,
line arises because either y ray can be detected
in either crystal. Figure 6 illustrates that when
a sum spectrum is formed (either by external ana-
log summing or by projecting 2-D data), a distinc-
tion must be made between the “2-D”’ and the “sum-
projection” photopeak efficiencies. The sum-pro-
jection photopeak will include additional events
that are outside the 2-D photopeaks, and that are
not taken into account by using the product of the
individual efficiencies to predict the coincidence
efficiency. In Fig. 6 the +’s indicate such events.
Another consideration is that low-energy thresh-

7’.\/}/2

FIG. 5. Triple coincidence data for the 3.53— 1.46— o Yy cascade in %Ni.
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FIG. 6. 2-D line shape for a discrete cascade, indi-
cating the distinction between “2-D” and ‘“‘sum-projec-
tion” photopeaks. The +’s indicate events not accounted
for in a simple-minded calculation of the efficiency.

L ¥ SINGLES SPECTRUM

104 —
i FAL1.03-0) |
B7AO843-0) l (LLT) CUT OFF
P p ]
it A 2IpL(2.732 - 1013) ) ' - f
r o
Clodhi ™ L i (Mev)
| TARS
if MAWA
oz [ TatlpoP MY | PAB0-0 gy (3906-0)
Cl T u368-0) wr . ) i
- v
L R R
2M(2209~0) © Tw ST

T

COUNTS /CHANNEL
S

¥, SINGLES SPECTRUM
__AINT) MODE

1
103 "L!\ E f £
(o] | 2
| (Mev)

/ A/

04

LS B T
=

T

!

, [~ MooE \ .
i ‘ ."'s“'.'
i N

IS)
)
T

Y, (Mev)

FIG. 7. y-ray singles spectra for each crystal, as
gated by its respective fast discriminator in the inter-
nal (INT) and lower-level-timing (LLT) modes, to per-
mit evaluation of the low-energy cutoff.

8

olds will have a complicated influence on the sum-
spectrum line shape. Even when discriminator
levels are set quite low for each detector, the ef-
fect of the instrumental cutoff can extend to high
energies in the sum spectrum, as seen in Fig. 6.

The triples data give a 2-D photopeak efficiency
of (7.6+0.5)x 1074, in good agreement with the
doubles prediction, and a sum-projection photo-
peak efficiency of (9.1+0.6)x 1074,

B. Auxiliary ¥ Measurements on *°Ca

Energy spectra were obtained under a variety
of coincidence requirements, in order to investi-
gate possible sources of background and competing
processes. y-ray singles spectra are shown in
Fig. 7. Scattered protons which interact in the
aluminum chamber walls account for several of
the peaks. However, the yield is low compared
to the excitation of the state of interest as evi-
denced by the 0.511-MeV annihilation peak.

Spectra of y rays in coincidence with protons in
the inelastic group of interest, obtained separate-
ly for each Nal detector, are shown in Fig. 8(a).
The difference in yield of 0.511-MeV y rays re-
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FIG. 8. y-ray energy spectra in one crystal, under
various coincidence conditions. (a) p-v doubles. (b)
Projection on the y; axis of all the 4’Ca triples data. (c)
Same as (b), for the y—y doubles data. The number of
proton SCA counts provides normalization.
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flects a slight mismatch in fast discriminator
thresholds. The spectra exhibit an exponential
shape due to bremsstrahlung of the electrons and
positrons of the pair decay, and the expected end
point of 2.33 MeV is evident. In contrast with the
singles data, no peaks are discernible in either
p-y doubles spectrum. The coincidence counting
rate was ~3/sec, and the reals-to-randoms ratio
was on the order of 80 to 1.

A y-y doubles sum projection is seen in Fig. 11.
Only the ?’Al cascade is evident. Its constituents
are seen faintly at 1.0 and 1.7 MeV in the y, pro-
jection shown in Fig. 8(c). For this measurement,
the coincidence counting rate was also ~3/sec,
with a 60 to 1 reals-to-randoms ratio.

A short run was made in triple coincidence with
the proton window set just below the 0; -state peak.
Only 13 triple real events and seven {y[ pv]} corre-
lated randoms were observed for a running time
of 4.6 h (equivalent to 20x 10° 0; protons detected).
All events but two of the randoms had a sum ener-
gy of less than 3 MeV. Finally, a targetless run
was made for 0.9 h. No events were observed at
all, indicating that nontarget background process-
es were of no concern.

IV. RESULTS AND ANALYSIS

A. Proton Spectrum

A sample energy spectrum of particles back-
scattered from the *’Ca target is shown in Fig. 9.
Approximately 3% of all counts fall in the region
of the peak of interest. Correcting for background,

BACKSCATTERED PARTICLE SPECTRUM 1
FOR ENRICHED TARGET USED IN 2-¥y TRIPLES RUN

“Ca*(3.353) 0+ i‘i
300k i 4OCG(EI.”.
. | :
.f' |
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& 00 ‘ C(el) i
g | P
3 .o I- .
! o xI0 i "0 !|
1001 . L oW | Lok I
I L l ithr!
—={! |—wioow e b Pl
o ]q..’g.‘,;‘:iw\z‘\.‘;ﬁ{i:; ’: ‘ ! : : '.
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T T T
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Eps (CHANNEL NUMBER)

FIG. 9. Typical proton spectrum. The fast discrim-
inator deleted elastics, while the SCA selected the group
of interest. The dispersion is 9.5 keV/channel.

the net number of excitations of the state of inter-
est is given by ~86% of the proton SCA scalar,
which experienced an average count rate of ~1.33
x 10%/sec.

B. “Ca Triples Data

The 2-D spectrum for the *Ca triples data is
shown in Fig. 10. Double y decay would appear
as a ridge along the constant sum-energy locus,
as indicated on the figure. There are too few
counts for the ridge to be obvious. The sum spec-
trum for these same data are shown in Fig. 11(e).
A photopeak is evident at 3.35 MeV. The rising
yield at lower energies is attributed to a variety
of bremsstrahlung and annihilation processes as-
sociated with the electron-positron pairs of the
dominant decay mode. Randoms were not sub-
tracted because of their very low yield. Not a
single triple random event was observed in the
entire run. Correlated randoms spectra are
shown in Figs. 11(c) and 11(d). The {p[yy]} type
were obtained with a wider TAC window (by a fac-
tor of 4.5) than were the triple reals to improve
statistical accuracy. The spectrum is reassuring-
ly similar in shape to the y-y doubles spectrum.
Both types of {y[ py]} have been combined and are
shown in Fig. 11(d).

These data represent a total of 66 h of running
time, during which time the proton SCA registered
3.16x 10°® counts. The total collected charge was
6.65x 1073 C, for an average incident beam cur-
rent of 28 nA. The total triple-coincidence count

I 2 E b

| | —_—

s/

2_

.

Y+ ¥, =3.35 MeV

FIG. 10. Two-dimensional (y; Vs y,) spectrum of the
40ca triples data. The constant sum locus for double y
decay is indicated.



224 E. BEARDSWORTH et al. 8

rate amounted to 2x 107%/sec.

Various projections of the **Ca data are shown
in Figs. 12 and 13. Since the yield for double y
decay is expected to be highest near the center of
the sum-energy locus (i.e., for §,=§8,), the appar-
ent greater yield in the adjacent regions must be
accounted for. In Fig. 13, bands of constant sum
energy are projected; the abscissa is (§,-§,).

In this type of plot, a cascade manifests itself as
two symmetric peaks, as evidenced in the *®Ni
data which are presented for comparison.

In the calcium data, there is a suggestion of the
presence of a cascade at (§, - §,)~+0.8 MeV, but
the statistical accuracy is quite low. The data dis-
tribution would otherwise seem not to be inconsis-
tent with what would be expected for double y de-
cay. The dotted line gives the approximate shape
for double y decay of E1, E1 multipolarity. A
more detailed analysis follows.

C. Maximum-Likelihood Analysis

In order to discern shape information from the
experimental yield along the sum locus, a maxi-
mum-likelihood technique was used which begins
with the determination of an appropriate form for
the probability distribution.

The usual assumption for double y decay between
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FIG. 11. y-y sum projections.

0* states is that of two dipole (E1) transitions via
virtual excitation of localized high-lying 1~ states.
This leads to the following expression for the (nor-
malized) energy distribution of either of the y rays:

140
p,, (8,48, =8_7 813(50 - gl)3d81 ,
0

where &, is the energy of one of the y rays and
&, is the sum energy. A change of variables can
be made, defining x=(8, - §,):

13

P2 (x)dx =
2 go'l 32

y (8,2 - x%)%dx,

81=892—x, é’z:gn;x.

This function, normalized to the total number of
counts, is the dotted line plotted in Fig. 13 and
also appears in Fig. 14(a).

Two instrumental effects must be taken into ac-
count. First, since yield is expected along the
entire sum-energy locus, a correction was made
for the low-energy thresholds, as indicated in Figs.
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FIG. 12. (a) The regions of the triples 2-D spectrum
indicated are projected in (b) and Fig. 13. (b) Subsets of
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sqaures. The bottom graph shows an expanded view of
the total sum projection.
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7 and 14(c). Second, the triples efficiency is a
function of 8, and §,, or equivalently x and &,
and will vary along the **Ca sum-energy locus.
Tabulated® efficiency values for each crystal were
presumed adequate to compute the relative triples
efficiency, defined for convenience with respect to

the value at §,=8,=1.67 MeV (x=0, §,=3.35 MeV):

__2¢e(8,)e(8y)
a5y(x) = 2¢(1.67)e(1.67)’

where €(8) is the photopeak efficiency for one
crystal.

The function a(x), shown in Fig. 14(b), provided
sufficient information for analysis of the spectrum
shape, but to obtain a value for the branching ra-
tio the efficiency measured in the 5®Ni run required
suitable normalization.

Combining these effects, a shape P,,(x), shown
in Fig. 14(d), was predicted for the projected spec-
trum of double y decay events. To check for the
presence of a cascade, symmetrically placed
peaks were added to the trial function P,,(x). The
position and area of these peaks were varied to
search for a maximum-likelihood solution (for
Poisson statistics).®® The total trial function was
normalized to the total number of counts in the
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FIG. 13. Projections of regions labeled by the num-
bered circles in Fig. 12(a).
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data. The resultant best-fit function shown in Fig.
14(e) had 9 counts in each peak, with the peaks
placed at +10 channels from the center (x=+0.8
MeV). This result was insensitive to the width
used for the peaks, although, by varying the width,
a shallow maximum in the likelihood was found for
a full width at half maximum (FWHM) of 0.16 MeV,
in agreement with the ®Ni peak widths as observed
in the (8, - §,) projection. Attempts to give the
two peaks unequal numbers of counts led to a low-
er likelihood. Figure 15(a) shows the likelihood
values obtained.

If, in this application, the maximum-likelihood
technique has validity, it must be capable of de-
termining the parameters of the parent distribu-
tion from a sample having low statistical accuracy.
Using the “best-fit” trial function obtained above
as a parent probability distribution, simulated
spectra, each having 88 counts, were generated
by a Monte Carlo technique. Each simulation was
then fitted by maximum likelihood to recover its
“known” parameter set. The results for extrac-
tion of the number of counts in the cascade peaks
are shown in Fig. 15(b); peak position was fitted
equally well. It is apparent that for each simula-
tion, the technique had sufficient sensitivity to ex-
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FIG. 14. (a)—(d) Derivation of the parent probability
distribution for 2-y decay. (e) Trial function which best
fits the data, which is shown again in (f).
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tract the parameters, within error bars. The dis-
tribution of actual values of the maximum likeli-
hood, shown in Fig. 15(¢), is reasonably clustered,
and the value for the data does fall within range.

In a final test, the likelihood of the data was cal-
culated for functions consisting of two peaks and
slight variants of P,, (x), obtained by making small
changes in the coefficients of a polynominal fit to
p,, (x). No substantially higher likelihood was
found than the value WPATA=_82.0 reported in
Fig. 15.

Although events are observed at energies great-
er than 3.5 MeV in the sum projection [Fig. 12(b)],
there is no obvious reason to assume that the pro-
cess giving rise to these counts would make an
equivalent background contribution to the photo-
peak region. Therefore, no background was sub-
tracted. However, the error on the number of
photopeak events was estimated to reflect a possi-
ble background contribution of 15 counts. Of the
88 counts in the sum photopeak, 18 +6 are attrib-
uted to an extraneous cascade, and 70*} are then
presumed to be due to double y decay.

D. Branching Ratio

For a given value of the branching ratio, R
=1“.”/ T, the number of counts n; expected in chan-
nel ; of width Ax, is given by:

n, =RN,W(6)¢, ,

ffic(Ni
@, =P37(x,)Axi%2,
_€(1.45)e(2.07) _
(N = e e (1.6m) - 0-02"

where N, is the net number of protons. @, is the
total absolute probability of detecting a double y-
decay event in channel 7, and the measured sum
peak efficiency has been normalized appropriately.
W () is the angular-correlation correction for a
0-~1-0 cascade.

Summing both sides of the above expression over
all channels, the branching ratio is given by:

_ No. of 2y events
N,W(e)IEffic(Ni)/a(Ni)]Z)P,,(x,)Ax,. ’

R

2 Pay (x;)dx; =0.95,
i

W () =0.83,
N, =2.72x 10°,

Effic (Ni)=(9.1+0.6)x 10",

No. of 2y events =70%1% counts,

r,,/T=(3.3:23)x 1074,

|oo

V. DISCUSSION

A. Background Considerations

If a significant amount of *Ca or **Ca were pres-
ent in the target, states in these nuclei would have
contributed strongly to the observed coincidence
spectrum, since each isotope has states near 3.35
MeV as well as intermediate states to permit cas-
cades.

Auxiliary measurements were made of the par-
ticle spectra for various calcium targets. Inelas-
tic scattering yields, together with the known iso-
topic abundances of the various targets, enable
upper limits to be calculated for the *2Ca and *‘Ca
contributions to the *Ca sum-coincidence y spec-
trum. The yields from the 3.19- and 3.44-MeV
states in **Ca were found to be completely negligi-
ble, and the 3.30-MeV state in **Ca was found to
contribute <1 count. As a further precaution, the
yields from the states in ** *Ca were checked for
resonant behavior over the region of the resonance
at 5.08 MeV populating the 0} state in *Ca. No sig-
nificant variations in yield were found.

It should be noted that the large accumulated in-
cident beam, and the low number of observed
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FIG. 15. (a) Contours of W=InL (L is the likelihood)
for grid search of fitting parameters. (b) Parameter
values extracted from each simulated spectrum, where
the “known” value was 9 counts. (c) Histogram of likeli-
hoods obtained in fitting the simulated spectra.
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events, makes this experiment sensitive to the
presence of a very small amount of a target im-
purity, assuming a reasonable reaction cross sec-
tion. For example, both ®F and %®Ar have excited
states near 3.35 MeV and intermediate states
which would account for the discrete y-y cascade
observed. However, these states can be reached
only by reactions on extremely unlikely target
impurities, **Ne(p, a)'®F and “*K(p, a)Ar.

For (p,p’) reactions, the discrimination of the
particle energy window is not as thorough as might
be expected. Taking into account the range of y-
sum energies that was allowed, and the actual
proton-energy-window width of 220 keV, reactions
(to states at 3.2-3.5 MeV in excitation) on targets
with mass between 20 and 200 amu can kinematical-
ly meet the requirement. But while one such case
might account for the weak cascade which seems
to be present in the data, it is unlikely that the
target contained a collection of impurities, all of
the same “abundance X cross section,” and with
appropriate cascade decays, to account for the
continuum yield that was observed.

In view of the experimental technique used (tri-
ple coincidence with proton energy selection), it
is conceivable that a ¥ cascade could proceed in
the compound nucleus *Sc, followed by emission
of a proton with the same energy as the inelastical-
ly scattered proton from the 3.35-MeV state. Since
the particle energy is selected in each event, ex-
actly the desired remaining energy, 3.35 MeV, is
available to radiative transitions. Whether the
proton or the y rays are emitted first was not dis-
tinguished in the measurement. The dotted line in
Fig. 1 indicates such a process. Proton decay of
states at 2.66 or 2.71 MeV in *!Sc to the ground
state of **Ca would give protons of about the right
energy. However, since all of the many interme-
diate states® 3% are particle unstable, they have
very small y-decay probabilities. Measured total
widths, single-particle y-decay widths, and val-
ues of maximum known enhancements,*® have been
used to calculate a typical probability for this pro-
cess. The result is 6x 1078 for the particular case
of a (M1,E1) cascade through the 3" state at 3.966
MeV. No other choice of intermediate state, or
multipolarities, will lead to a significantly larger
number. This process, therefore, obviously can-
not account for either the continuous yield or the
faint peaks, by a factor of 10° or more. Very
large enhancements of y widths, or an as yet un-
known state in *!Sc having a very narrow particle
width, would be needed. Both of these possibili-
ties are very unlikely, though not impossible.

The dominant decay mode of the state of inter-
est is by electron-positron pair emission. For a
given decay, each particle may have a kinetic en-

ergy ranging from 0 to 2.33 MeV, and their ener-
gies must add to 2.33 MeV. Any process by which
these particles can have their energies converted
to photons is of concern because such events will
be in real coincidence with inelastic protons in
the “window.”

One can imagine several such processes, but
only a few have the capability of depositing, in the
two crystals, a y-sum energy greater than 2.33
MeV, much less approaching 3.35 MeV. The most
probable of the full-energy processes involves a
positron, emitted at nearly the full 2.33-MeV ki-
netic energy, which annihilates in flight in the re-
gion of the target. However, this could account
for at most a few counts in the region of the 3.35-
MeV sum peak. Furthermore, owing to the energy
asymmetry of photons emitted by annihilation in
flight, such events would be least likely at §,- 8,
~0,

It should be emphasized that no such process
can account for a sum photopeak, since they all
involve probabilities which decrease exponentially
to zero at the energy endpoint. A variety of other
multiple processes have been considered (includ-
ing “internal” bremsstrahlung), but rejected due
to very low probability and/or lower energy end-
points (due to the escape of one or more annihila-
tion quanta).

Many possible auxiliary measurements suggest
themselves in the attempt to find explanations oth-
er than double-photon decay for the observed y
coincidence yield. Harihar, Ullman, and Wu??
examined the coincidence yield for incident beam
energies on and off resonance, in the hope that
effects other than double-photon decay might be
accounted for. This might be partially useful for
investigating target impurities (presuming that
excited states in the impurities are not resonant-
ly populated) but it specifically does not examine
processes associated with the pair decay (quite
simply, the state in *“°Ca is not populated as often)
which dominate the low-energy portion of the spec-
trum. In particular, detector singles count rates
must change considerably, since the yield of 0.511-
MeV annihilation quanta will change, thus affect-
ing pileup, dead time, and the reals-to-randoms
ratio. Also, an off-resonance measurement by
definition cannot examine the possibility of decay
in the compound nucleus, as discussed above.

The probability of only one y ray being emitted
prior to proton decay of the compound system (to
the ground states of *°Ca) is much higher than for
a y cascade. This process, (p,yp’), could be seen
as a y ray in coincidence with protons having re-
coil energy commensurately above that of the pro-
tons from the 0* excited state in **Ca. Therefore
a run with the proton window set differently could
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check on at least part of this process, as well as
other completely unexpected or obscure effects.

B. Theoretical Considerations

Extraction of a value for the branching ratio
from the data is dependent on several theoretical
assumptions. The most basic is that a second-
order perturbation-theory derivation can be used,
and that several terms arising therein may be ne-
glected. The use of perturbation theory itself may
deserve further scrutiny.’”%® The dipole approx-
imation is usually made, which for 0*-0* transi-
tions in self-conjugate nuclei implies that in the
sum over intermediate states one need consider
only 17 T =1 states. This immediately assures
(E1, E1) multipolarities and fixes the yy angular
correlation as (1 +cos?6). Furthermore, such 1~
states are generally localized in the giant dipole
resonance, permitting approximations which lead
to the continuum energy distribution used above
(see for example Ref. 12).

Before meaningful use can be made of nuclear-
model estimates, however, questions on the valid-
ity of expressions to be used must be resolved.
For example, discrepancies among different au-
thors are evident as to multiplicative factors, de-
pending on what simplifications are attempted and
assumptions made. [For example, compare Eq.
(18), Ref. 40, with Refs. 5, 19, and 41.]

“Single-particle” estimates of double y decay
are usually of the order of 1072, Such estimates
are not to be taken seriously, as nuclear excited
states are known to be of a more complex nature,
often involving excitation of more than one parti-
cle, or collective motion.

Several years ago, in the first attempt at a de-
tailed nuclear-structure calculation of double y
decay, Bertsch*? obtained for the case of *0 a
theoretical branching ratio just below the experi-
mental limit. However, a recent effort®® to make
a more general detailed calculation for 'O, “Ca,
and ®°Zr provided qualitative understanding of the
smallness of the branch but not quantitative agree-
ment with experiment. In each nucleus, the two
0* states involved are assumed to have only a
spherical and a deformed component, and the 2y
transition operator is taken to be of the second-
order E1 form. Neglecting cross terms (arguing
that they are small), two diagonal intrinsic ma-
trix elements remain. Using the geometrical prop-
erties of the spherical and deformed components
of the dipole state, each term is then evaluated
with the dipole sum rule.

This treatment of the nuclear structure is highly
schematic. The 0* ground state, and first excited
state, in both %0 and *°Ca, are generally held to

be well described by superpositions of (Op-0h),
(2p-2h), and (4p-4h) intrinsic 0* shell-model wave
functions (for example see Ref. 44). The use of a
simplified model for these states is mitigated
somewhat by using the empirical monopole ma-
trix element to fix the admixture coefficients, but
the use of the sum rule and neglect of cross terms
may or may not prove adequate. If, for example,
the more detailed model is used for the 0* states,
cross terms of the form (Op-Oh|M |2p-2h) might be
considered. Recent calculations® in %0 have met
success by interpreting the intermediate structure
in the giant resonance in terms of (3p-3h) states
coupled to (1p-1h) states. This could make possi-
ble nonzero terms of the type (2p-2h|M | 4p-4h).

C. Conclusions

A positive indication of double ¥ decay may have
been observed from the first excited state in ¥Ca
(0*, 3.35 MeV), which normally decays by EO
monopole pair emission. The indicated double
y-decay branching ratio obtained in the present
experiment is T, /T =(3.31%3)x 1074, somewhat
below the last reported upper limit.

To permit the effect to be seen, background in
the measured spectrum was minimized by the im-
position of a fast-triple-coincidence requirement,
suitable shielding, and by the use of a very pure
target. A separate efficiency-calibration mea-
surement and extensive monitoring of the elec-
tronics system, together with a number of auxil-
iary background measurements under different
coincidence conditions, have increased confidence
in the result. High-dispersion multidimensional
event recording permitted subsequent analysis of
the shape of the continuous spectrum, which was
found to be consistent with the theoretically pre-
E1, E1 multipolarities.

A measured value of the double y-decay branch-
ing ratio does provide new information about the
states involved. However, its usefulness in test-
ing theories of the structure of nuclear states is
hampered by the uncertainties in how to deal with
the process itself, and the difficulty of separating
the formalism for calculations from the nuclear
structure to be put into them. Recent theoretical
calculations, though preliminary, would not seem
inconsistent with the present finding. The fate of
previous experiments claiming to observe double
v decay serves as a warning on presuming the
issue closed, experimentally or theoretically.
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FIG. 10. Two-dimensional (y; vs y,) spectrum of the
Ca triples data. The constant sum locus for double y
decay is indicated.
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