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Double Gamma Decay in 40Ca and 90Zr

12 NOVEMBER 1984

J. Schirmer, D. Habs, R. Kroth, N. Kwong, D. Schwalm, and M. Zirnbauer
Max-Planck-Institut fur Kernphysik and Physikalisches Institut der Universitat Heidelberg,

D 69-00 Heidelberg, Federal Republic of Germany

and

C. Broude
8'eizmann Institute ofScience, 76100 Rehovot, Israel

(Received 13 August 1984)

The rare double gamma decay of the first excited 0+ state in Ca and Zr has been mea-
sured with a segmented 47r NaI detector system, which allows suppression of the perturbing
background due to positron annihilation in flight. In both cases the directional correlation of
the two photons is found to be asymmetric around 90', which is explained by an interference
of 2E1 and 2M1 transitions. The deduced M1 quenching factors agree with those from
(e,e'} and (p,p') measurements.

PACS numbers: 23.20.En, 27.40.+z, 27.60.+j

Many attempts have been made' to observe the
double gamma decay in nuclei such as ' 0, Ca,
and Zr: As these nuclei have a ground and first
excited state with spin and parity 0+, the first excit-
ed state can only decay by internal conversion and
pair production or by the simultaneous emission of
two y rays, each with a continuous energy spectrum
but summing up to the 02+ 0~+ transition energy.
As a result of the small 2y branching ratio
( = 10 ), these early experiments suffered from
insufficient statistics and background problems. In
this Letter we present the first unambiguous obser-
vation and detailed investigation of the 2y decay
mode in nuclei, which was performed by use of the
Heidelberg-Darmstadt "crystal ball, " a 4m y-ray
detector system comprising 162 individual NaI(Tl)
modules. The surprising result of our measure-
ments on Ca and Zr is that the nuclear 2y decay
proceeds not only via 2E1 but also via equally
strong 2M 1 transitions. The resultant 2M 1

strengths supply an independent measurement of
the M1 quenching factors deduced from recent
(e,e') and (p,p') experiments.

The 0+ first excited states of "oCa (Eo=3.35
MeV, T,/, =2.1 ns) and 9ozr (Eo=1.76 MeV,
Tt/2=62 ns) were populated via known (p,p') reso-
nances at E~ = 5.08 MeV and E~ = 7.08 MeV,
respectively, with use of a pulsed beam (0.5 ns
width) supplied by the Emperor accelerator of the
Max-Planck-Institut. Inelastic protons were detect-
ed at backward angles in four surface-barrier detec-
tors, each subtending a solid angle of 0.17 sr; they
were mounted together with the metallic targets
( aCa: 0.3 mg/cm 99 97'/o, Zr: 0.7 mg/cm
97'/o) in the center of the "crystal ball" (CB) detec-
tor. Special care has been taken to suppress the

perturbing y background stemming from the decay
of the 02+ state via internal pair conversion and the
subsequent positron annihilation in flight (PAF).
For these events the y-ray energies E„&,E 2 and
their relative angle 0~2 are kinematically related by

1/E„, + 1/E„,= (1—cos0»)/rrt, c', (1)
whereas for the two-quantum decay all relative an-
gles are allowed. Since the angle resolution of the
CB is + 9', the disturbing PAF events with

Ey ] + Ey 2
= E + + 2m, c =—Eo can be identified by

means of Eq. (1) as long as they occur in the CB
center. We therefore surrounded the target and the
silicon detectors by a small Lucite box of 5-mm wall
thickness to ensure that the positrons were either
stopped within 5 cm from the CB center or at least
sufficiently degraded in energy. In the data analysis
we accepted only y rays which appeared simultane-
ously but delayed relative to the beam pulse and the
inelastically scattered proton p'(02+ ), thus using the
02+ half-life to reject any prompt background.
Moreover, by requiring that two and only two CB
detectors fired, it was ensured that each of the two

y rays deposit their energy in one detector only.
For the measurement of the linear y polarization,
on the other hand, the CB was used as an 159-fold
Compton polarimeter by requiring that one of the
two y rays fired two neighboring detectors. The po-
larization sensitivity Q, (E~) was measured to be

Q, (E~) =0.53Q;o'(E„), Q;o' being the sensitivity
of an ideal polarimeter.

Figure 1 shows the correlation between the ener-
gy E

&
of one of the two gamma quanta and their

relative angle 0» as measured in the Ca experi-
ment for two windows on the sum energy Eyj
+E 2. For sum energies just below the 02+ 0~+
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FIG. 2. Sum-energy spectrum measured in delayed
coincidence with protons populating the 1.76-MeV 02+

level of Zr and the 3.35-MeV 02+ level of Ca, respec-
tively, limiting the relative angle Hi2 and the energy
difference between the two y rays to 120'(OI2(180',
E ]

—E„2 0.5 MeV for Zr and 90'(0»(180',
E„]—E~2 ~ 1.8 MeV for Ca. The arrows indicate the

expected position of the sum-energy peaks due to the 2y
decay.

0-.
0 1000 2000 3000

E)il[kev]
FIG. 1. (a) Correlation between the energy E~, of one

of the two y rays against their relative angle OI2. The y
rays were measured in delayed coincidence with protons
populating the 02+ state in Ca (3.35 MeV), requiring
3.05 MeV ~ E~i + E~2 ~ 3.2 MeV. The events are
grouped around the kinematical curve expected for posi-
tron annihilation in flight (PAF). (b) Same as (a) but for
3.20 MeV~ E„i+E„2~3.5 MeV, where the 2y decay is
expected to show up. The region between the two lines is
contaminated by PAF. (c) Projection of the matrix (b)
on the energy axis excluding the E~]-8],2 region contam-
inated by PAF. The dashed and solid curves are the ex-
pected distributions for double dipole transitions with
and without the PAF suppression cut.

tion energy. In both spectra, however, the sum-
energy peak due to the double gamma events clear-
ly shows up. In order to obtain such clean spectra
the PAF background in the region of the sum-
energy peak has been rejected by limiting the rela-
tive angle and the energy difference of the two
gamma rays as indicated in the figure caption.

Figure 3 shows the directional y-y correlation of
the double gamma events, suppressing those re-
gions which are deteriorated by PAF. The y-y dis-
tribution has been corrected for the number of
detector combinations contributing to a given Hi2,
which corresponds to a division by sin0&2. Tradi-
tionally, double gamma decay has been considered

transition energy Ep [Fig. 1(a)] the matrix is dom-
inated by PAF events, whereas for sum energies
around Ep = 3.35 MeV [Fig. 1(b)] a strong addition-
al yield appears, which is due to the double gamma
decay of the 3.35-MeV state. Figure 1(c) shows the
projection of the lower matrix [Fig. 1(b)] on the en-
ergy axis E~j, excluding the area between the lines
contaminated by PAF. We obtain a continuous dis-
tribution peaking at half the 02+ 0&+ transition en-
ergy, in agreement with the expected [see Eq. (2)
below] energy distribution for double dipole decay.
The Zr data essentially show the same features.

Figure 2 displays the gamma-ray sum-energy
spectra from the 02+ decays in Zr and Ca. Both
spectra are dominated by a strong line at 1022 keV
due to positron annihilation at rest, and a continu-
ous PAF background extending up to the 02+ excita-
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FIG. 3. Directional correlation of the 2y decay of (a)
Ca(02+) and (b) Zr(02+), excluding the E»-812 region

polluted by PAF. The dashed curves correspond to the
best fits allowing for 2E1 and 2M1 transitions. The solid
curves represent the calculated yy correlation if the con-
taminated area is not excluded.
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to be dominated by a 2E1 process, leading to a y-y
directional correlation W (8» ) ~ (1 + cos 0~2) . The
observed correlation, however, is clearly asym-
metric around 0~2=90'. This surprising result re-
quires an interference between y rays of different
parities; indeed, it can be explained by a mixture of
2E1 and 2M1 transitions, which gives rise to an in-
terference term linear in cos0~2. As we observe no

indications for contributions from higher multipo-
larities such as 2E2 (see below), the spins and pari-
ties of the intermediate levels involved in the
second-order decay process can be restricted to 1

and 1+. %ith use of second-order perturbation
theory detailed theoretical treatment of the 2y de-
cay can be found in the literature. Including a
linear polarization term, the 2y correlation function
is proportional to

W(E~t, E~2, 0», g, )cc E~,E~2 1+cos Ot2
—

2 2
cos0»3 3 2 4(2M1) (2E1)

2M1 + 2El 2

(2E1) —(2M1) 2

(2M1)2+ (2E1)2
(2)

Here 4 denotes the angle between the Compton scattering plane and the plane containing the two primary
quanta. The reduced matrix elements (2a-I) are given by

(op+ I
II' "'~(~I) lln & (n ll~' At'~(~I)1102+

&

(2o-1 = ot M 2(r 1 02+ (3)
Ep —E„—E,

v=1, 2

with A(E) =0 and A(M) =1, where' (a.l) are
the usual multipole operators, and E„denotes the
excitation energy of the intermediate state n with
spin 1 and parity ( —1)' ~t l. Neither OCa nor

Zr has 1 or 1+ levels close to the 02+ state and
the double gamma transitions are thus expected to
proceed mainly through the corresponding giant
resonance states.

To determine the reduced matrix elements the
measured y-y directional correlation function has
been fitted in a first step by use of Eq. (2) with

0, =0, excluding the region polluted by PAF and
taking into account the energy dependence of the
NaI peak efficiency as well as the granularity of the
CB. The fit results in two equivalent solutions for
the ratio (2E1)/(2M1), one being the reciprocal
of the other. To exclude one of these solutions the
linear polarization of one of the two y rays was
measured. By comparing the measured asymmetry
ratio

w(~=90 ) —w(~=0')
W(%'=90')+ W('P =0')

for Ca (R = +0.07+ 0.07) and Zr (8 = —0.24
+ 0.23) with the expected values of + 0.04 ( OCa)

and + 0.13 ( Zr), where the + ( —) sign is for a
dominant (2M 1) ((2E1) ) matrix element, we

conclude that the data for Ca and Zr are con-

sistent with a dominance of (2M1) and (2E1),
respectively. Using the observed e+ rate from the
internal pair conversion of the 02+ state to normal-
ize the data, we finally obtain

r"=(4.5+ I.O) IO-', ( & =0.43 o»
r... ' (2M1)

for Ca(02+ ) and

r ( )
I „, (2M1)

for Zr(02+). An analysis of the directional corre-
lations including 2E2 transitions —leading to terms
up to cos 0~2 —results in an upper limit of
1»(2E2)/I'»(tot) & 4% for Zr and & 2% for

Ca. From shell-model estimates an upper limit of
I »(2E2)/I' (tot) & 10 3 is expected.

In the following we first want to show in a quali-
tative way why in the 02+ 0~+ decay of Ca and

Zr the 2M1 transitions can successfully compete
with the 2E1 transitions. For" Ca and Zr the first
two 0+ levels can be described to a good approxi-
mation8 as a complementary mixture of a spherical
state I 1) and a more complex state I2) involving
two or more particle-hole configurations, , i.e.,
I
ot+

&
= n l1& +p I2& and 102' &

= p I 1 &
—a I2) . The

(2o-1) matrix elements are then given by

(201) = oP [(III~ (2o I) I II) —(2II~(2o I) II2&1+ (~' —P') (2II~ (2o I) III).

The matrix element multiplied by (u —p ) will be small for both 2E1 and 2M1 transitions as the action of

1899



VOLUME 53, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NOVEMBER 1984

two dipole operators on state i I) generates states
which have a very small overlap with state i2).
Moreover, the ( I i iM (2E I ) I Il) and (2 i

x iA'(2El)ii2) matrix elements will be similar
and very nearly cancel each other. Thus 02+ —0&+

decays via 2E1 transitions are strongly suppressed
in these nuclei. On the other hand, the 2M1 ma-
trix elements multiplied by nP show a quite dif-
ferent behavior: In Ca, (I i i& (2M I) ill) is zero
as no spin-flip transitions are possible for a spin-
saturated configuration, while the corresponding
2MI matrix element involving state i2) is of
single-particle strength. In Zr, where predom-
inantly proton excitations are involved, the same
argument applies for the (lii& (2M1)ill) and
(2ii&(2M1)ii2) matrix elements in the proton
subspace. Thus in both nuclei the 2M1 transitions
are expected to contribute significantly to the
02+ 0&+ 2y decay.

As a result of the strong cancellation effects a
quantitative assessment of the (2EI) matrix ele-
ment is difficult, quite in contrast to the 2M1 ma-
trix element. We calculated the detailed structure
of the two 0+ states in Ca using an advanced
shell-model code and used published' wave func-
tions for 9oZr to determine the theoretical (2M 1),h
matrix elements with M1 operators for bare nu-
cleons and average experimental Ml giant reso-
nance energies. Defining a quenching factor y for
the Ml strength by y2= (2MI),„~/(2MI), „, we
obtain y = 0.76+ 0.05 for Ca and y = 0.67 + 0.09
for Zr, in nice agreement with those values de-
duced from (e,e') and (p,p') measurements'
[y, ( Ca) =0.87+ 0.07 and y, (9oZr) =0.51
+0.09 or y, (9 Zr) =0.67+0.09]. Note howev-

PiP

er, that the contributions from the various 1+ states
to the 2M1 y decay and inelastic scattering are dif-
ferent. For Ca, e.g. , mainly one 1+ level at 10.32
MeV is strongly observed in inelastic scattering;
from the known" branching ratio of this level to

both 0+ states,

B(MI, 1+ Oz+) = 0.43+ 0.07,
B (M 1, I+ Ot+ )

one can calculate that this level only accounts for
15% of the experimentally observed 2M1 decay.
Additional, theoretically expected, 1+ levels with a
weak Ml decay to the ground state but a strong M1
decay to the first excited 0+ state contribute to the
2y decay. Because of the different weightings of
the 1+ states in the inelastic-scattering and, respec-
tively, the 2y-decay studies —with possible cancella-
tions in the latter —the 2M1 matrix elements may
thus help to differentiate the mechanisms responsi-
ble for the M1 quenching.
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