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Bremsstrahlung in a Decay of210Po: Do a Particles Emit Photons in Tunneling?

J. Kasagi, H. Yamazaki, N. Kasajima, T. Ohtsuki, and H. Yuki
Laboratory of Nuclear Science, Tohoku University, Mikamine, Taihaku, Sendai 982, Japan

(Received 16 September 1996; revised manuscript received 13 January 1997)

Emission probability of bremsstrahlung in thea decay of210Po was measured ina-g coincidence
measurements with Si and Ge detectors. It was found that the bremsstrahlung yields are much smal
than those predicted by a Coulomb acceleration model, in whichg rays are emitted during acceleration
outside the barrier. This suggests that the radiation amplitude in the barrier cannot be neglected, an
the discussion based on a quasiclassical approach is given. [S0031-9007(97)03609-0]

PACS numbers: 23.60.+e, 23.20.–g, 27.80.+w, 27.90.+b
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Bremsstrahlung is a continuous-energy electromagne
radiation which accompanies any interaction of charg
particles, and its strength depends strongly on the
celeration. Thus, continuumg ray emissions have been
widely investigated to obtain detailed information on dy
namics in various nuclear reactions. One can exp
bremsstrahlung emission in a nuclear decay as well, sin
it is usually accomplished with separation and accele
tion of charged particles in a very short time period
Except for bremsstrahlung inb decay, however, no obser-
vation of those associated with the decay of a nucleus h
been reported until quite recently. Although a possibili
of the bremsstrahlung associated with spontaneous fiss
of 252Cf was reported by Kasagiet al. [1], the subsequent
experiment performed by Lukeet al. [2] gave null results
and showed that the upper limit of the bremsstrahlung
much smaller than reported in Ref. [1].

The bremsstrahlung associated witha decay is also of
interest, since ana particle emitting a photon must pas
through a large Coulomb barrier; it is the so-called tu
neling effect which can only be understood by the wav
nature of the particle. In the classical picture, thea par-
ticle is accelerated outside the Coulomb barrier and, the
can emit the bremsstrahlung photon. Nevertheless, a th
retical consideration [3] of the radiation of the quasiclass
cal tunneling motion suggested appreciable radiation in t
barrier region in thea decay. It is, therefore, of particular
interest to ask whether the photon can be emitted only d
ing acceleration in the Coulomb field or also in tunnelin
Recently, D’Arrigoet al. [4] reported bremsstrahlung as
sociated witha decay of226Ra and214Po. They obtained
the emission probability for300 , Eg , 450 keV to be
about4 3 10210 and 3 3 10210 keV21 decay21 sr21 for
226Ra and214Po, respectively. These values are muc
larger than those predicted with a Coulomb accelerati
model in which a particles are accelerated outside th
Coulomb barrier, but are very close to those predicted w
a sudden acceleration model in which thea particle is in-
stantaneously accelerated at its final kinetic energy. T
is rather unexpected since a naive interpretation of the
sults requires that most of the photons should be emit
in the barrier.
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We have also been investigating bremsstrahlung em
sion associated with thea decay of 210Po and244Cm,
using Ge detectors forg-ray detection. Our results, how-
ever, are at least 1 order of magnitude smaller than t
of D’Arrigo et al. [4]. Moreover, they are smaller than
the prediction of the Coulomb acceleration model. In th
Letter, we present the result of210Po, for which the mea-
surements have been performed for more than 250 da
and discuss the bremsstrahlung in tunneling motion.

Measurements ofg rays in coincidence witha particles
were performed in two phases with different sources. F
the first phase, a210Po source of 3.47 kBq was used fo
the measurements of about 120 d. The measurement
the second phase were carried out subsequently wit
source of 11.7 kBq for about 150 d. Both sources we
commercially obtained from the Amersham Buchler C
The size of the weaker source is 3 mm diameter and
other is 10 mm diameter, and they are mounted on a t
nickel circular plate. The detector used to measurea

particles was a Si surface barrier detector of a transmiss
type (150 mm depletion layer and200 mm2 in area). The
source and the detector were placed in a small vacu
chamber, and the distance between them is only 4.5 m
For the first phase measurements, ann-type Ge detector
with a thin Be window was used forg-ray detection, and
it was placed outside the chamber at about 20 mm fro
the source. For the second phase, two detectors of
same type were used to increase the statistics: the ad
one was placed in the opposite side of the chamber. T
size of the Ge crystal is 43 mm in diameter and 55 mm
thickness. The Ge detector was placed in such a way t
its center is set at 25± with respect to the center of the S
detector. The solid angles subtended by the detectors w
quite large, so that the effect of thea-g angular correlation
was drastically reduced.

Efficiency calibration of the Ge detector was mad
with a mixed calibration source (Amersham, QCD.1
Yields of g-ray peaks for88 , Eg , 1333 keV were
measured in the same arrangement, so that the abso
detection efficiency including the effect of absorption o
various materials between the source and the Ge dete
was obtained. Energy resolution ofg rays was 2.0 keV
© 1997 The American Physical Society 371
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for 1.33 MeV. Energy calibration fora particles was
made by usinga-ray peaks observed in the coincidenc
measurements with the244Cm source as well as210Po.
Energy resolution ofa particles was 70 keV, for the first
phase, and it was improved in the second phase to
40 keV.

Signals from each preamplifier were fed into a timin
filter amplifier (TFA) as well as a spectroscopy amplifie
(SA). The timing information was obtained from a con
stant fraction discriminator following the TFA. A time-
to-amplitude converter (TAC) was used to obtain the tim
spectrum between thea-particle andg-ray events. Out-
puts of two SAs and a TAC were fed into a CAMAC
analog-to-digital converter. Data were accumulated
event-by-event mode and written on a disk for off-lin
analyses. Singles spectra and scatter plots of the tw
dimensional spectra (Ea vs Eg) were displayed during the
run to monitor the measurement. Yields ofa particles
were accumulated with a scaler during the coinciden
measurements. The number of observeda decays was
3.29 3 109 for the first phase and1.1 3 1010 for the sec-
ond phase.

Figure 1(a) shows an example ofa-g TAC spectra. Be-
cause of real coincidences ofa particles with the 803 keV
decayg rays, a prominent peak is observed in the tim
spectrum; the time resolution was about 15 ns. Prom
coincidence events were selected by setting a gate in
cated with solid vertical lines on the time spectrum (prom
gate). Chance events were also selected by setting ot
gates (chance gate) as shown with dashed lines. Examp
of two-dimensional scatter plots ofEa vs Eg are also
shown in Fig. 1: Figs. 1(b) and 1(c) are the plots for th
prompt and the chance gates, respectively. Broad ho
zontal bands correspond to discretea-particle decays, and
sharp vertical lines correspond to the full energy peak
g-ray decays. In the prompt spectrum [Fig. 1(b)], even
due to thea decay to the 803 keV state and due to the x-ra
emission associated with thea decay are seen in addition
to the chance events. Bremsstrahlung events associa
with the a decay to the ground state are clearly seen as
diagonal line satisfying the condition ofEg 1 Ea ­ Eg.s.

a ,
especially for the low energy region (Eg , 300 keV).
Considering the energy resolution of the Si detector, w
draw two parallel solid lines in the spectra, between whic
the bremsstrahlung are expected. The events between
parallel solid lines were projected onto theEg axis and are
shown in Figs. 2(a) and 2(b), respectively, for the prom
and the chance gates. In Fig. 2(a), discrete transitions
observed in addition to continuously distributed event
they are the 803 keVg ray andKa andKb x rays. The
observed continuum events were not abundant. The
fore, they were binned with a rather wide width in order t
get necessary statistics;DEg ­ 30 keV for 100 , Eg ,

220 keV andDEg ­ 120 keV for 220 keV , Eg. Since
the events above 220 keV seem to contain unknown ba
grounds, we estimated them by counting the events abo
and below the parallel lines in Fig. 1(b) and subtracte
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FIG. 1. (a) TAC spectrum ofa-g coincidence measurements
in a decay of 210Po. The prompt gate is indicated with
solid lines and the chance gate with dashed lines. (b) Two
dimensional scatter plots ofEa vs Eg for the prompt gate.
(c) Same as (b) but for the chance gate.

them. The events above 580 keV were excluded, becau
they are mainly due to the Compton events of the 803 ke
g rays. The chance coincidence events were also su
tracted for each bin to deduce the subtracted yieldY0. The
corrections for the detection efficiency and for the angu
lar correlation were made as follows. For the detectio
efficiency of the Ge detector, the average value of th
efficiency k´dl was employed for each bin. The correc-
tion for the a-g angular correlation was made with an
assumption of pure dipole radiation. Thus, the correcte
yield Yc for 4p emission was obtained asYc ­ sY0yk´dldy
f1 1 QSi

2 QGe
2 A2P2scos25±dg. Here,P2 is the second or-

der term of the Legendre polynomial, andA2 is the a-g
angular correlation coefficient;A2 ­ 21.0 for pure dipole
radiation. QSi

2 and QGe
2 are the geometrical attenuation

factors of the Si and Ge detector. The photon emissio
probability per unit solid angle was finally deduced by di-
viding Ycy4p by the total number ofa particles detected
with the Si detector. The result is shown in Fig. 3. As
sociated errors show only statistical ones, and the ho
zontal bars indicate the bin width. As can be seen i
Fig. 3, the deduced bremsstrahlung emission probability
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FIG. 2. Projectedg-ray spectra of the events between two
parallel lines in Fig. 1; (a) for prompt gate and (b) fo
chance gate.

quite small, less than10211 keV21 decay21 sr21 for Eg ,
200 keV; almost 2 orders of magnitude smaller than re
ported in Ref. [4]. It decreases monotonically as the ph
ton energy increases up toEg , 400 keV.

In order to discuss the validity of the present analyse
nuclear transitions following thea decay of244Cm were
analyzed. The deduceda-decay branching ratios to the
294, 597, 861, and 900 keV states in240Pu ares3.42 6

0.09d 3 1025, s4.2 6 0.9d 3 1027, s1.42 6 0.16d 3

1026, and s4.9 6 0.8d 3 1027, respectively. They
agreed very well with those compiled in Ref. [5]. The
g-decay branching ratios from the same states we
also compared with those of the compilation; they aga
agreed with each other within 10%. It should be note
that the examined transitions include an E1 transitio
from Jp ­ 12 to Jp ­ 01, which gives the same an-
gular correlation as the dipole bremsstrahlung radiatio
Slightly larger discrepancies were found for the transition
in 206Pb. The deduceda-decay branching ratio to the
803 keV state of206Pb is s8.83 6 0.47d 3 1026, which
is slightly smaller than reported in Ref. [6]. However
the K-electron ejection probability was deduced to b
s2.28 6 0.20d 3 1026, which is larger than reported in
Ref. [7]. Thus, we consider that this discrepancy in th
210Po decay is not caused by a systematic error in t
present measurement, and the uncertainty of the emiss
probability is estimated to be less than 10% except f
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FIG. 3. Emission probability of bremsstrahlung photons ina
decay of210Po. Result of the classical calculations is plotte
with the dotted line for the simple Coulomb acceleration, a
with the dashed line for the strict Coulomb acceleration. T
result of the full quasiclassical calculation is indicated wi
the thick solid line. The dot-dashed line corresponds to
situation in which ana particle terminates its motion at the
outer edge of the Coulomb barrier.

statistical errors which are already associated with
data in Fig. 3.

We performed calculations based on the classi
radiation theory [8] for an accelerated charged partic
In the nonrelativistic limit,b ø 1, the intensity of the
emitted radiation can be expressed as
d2NsEgd
dEg dV

­
a

4p2Eg

?

Ç Z 1`

2`

dt
2X

i­1

f $n 3 s $n 3
Ù$bidg

? zi exps2ivft 2 $n ? $riycdg
Ç2

,

(1)
wherea is the fine structure constant, the indexi refers
to two point charges (a particle and daughter nuclei),$n is
the unit vector along the radiation emission axis,zi is the

atomic number, and
Ù$bi is the acceleration of the charg

divided by the light velocity. The photon emission prob
bility of the Coulomb acceleration can be obtained by c
culating Eq. (1) numerically. The integration in Eq. (1
requires the time history of the two charged particles. W
assumed that the acceleration begins (t ­ 0) from the clas-
sical turning point. In the tunnel, where the classical m

tion is forbidden, we simply assumed
Ù$bstd ­ 0 (for t ,

0). After the acceleration started (t . 0), $rstd and
Ù$bstd
373
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were determined by solving the differential equation
the motion for the two particles under the Coulomb forc
The result is shown with the dotted line in Fig. 3. Clear
the calculation overestimates the data by 1 order of m
nitude. This large discrepancy is a surprise, because
bremsstrahlung emissions in the Coulomb scattering, i
the low energy data of the12Csp, pgd12C reaction [9], are
well explained by the same calculations. As Lukeet al.
discussed in Ref. [2], a simple integration for the Fouri
transform in Eq. (1) may give an upper limit of the emis
sion probability, because of the lack of a constraint of t
energy conservation. Thus, we calculated the time in
gration so as to satisfy the condition,h̄v , Qa 2 Vcsrd,
at any instant of the acceleration period, whereQa is
the Q value of thea decay andVcsrd is the Coulomb
energy at relative distancer [10]. The result is shown
with the dashed line in Fig. 3. As expected, the emissi
probability is substantially suppressed for higher energi
Nevertheless, it still overpredicts the experiment. Thu
we conclude that the observed bremsstrahlung in thea

decay cannot be explained by the Coulomb accelerat
calculations.

The fact that the Coulomb acceleration model can e
plain the bremsstrahlung emissions in the Coulomb sc
tering but fails to explain those in thea decay suggests tha
the radiation during the tunneling process is not negligib
The situation will be fully understood with a quantum me
chanical treatment, in which a photon creation amplitude
calculated for a transition from a decaying state to the co
tinuum states. However, an accurate calculation is diffic
because of the nonconverging nature of the wave funct
of the decaying state, and a new technique to treat the
caying state is being developed by Katoet al. [11]. Here,
we discuss the situation with a quasiclassical approach
the bremsstrahlung in tunneling [3], although the propos
method is not completely proved to be a good approxim
tion of the quantum mechanical calculation for the radi
tion of the charged particle.

Following Dyakonov and Gornyi [3], we assume tha
the tunneling motion can be treated as a classical mot
by using the complex time and the photon emission a
plitude is changed by multiplying the additional facto
expsivDtd, whereDt corresponds to the time difference i
the complex time. In a practical manner, we definet ­ 0
at the classical turning pointrctp andt ­ 2it at the sep-

aration pointrs ­ 1.2 3 s41y3 1 A
1y3
d d, whereAd is the

mass number of the daughter nucleus (t is the “bounce”
time for tunneling). The integral in Eq. (1) is performe
from t ­ 2it to 0 along the imaginary axis, which corre
sponds to the tunneling motion fromrs to rctp, and the in-
tegral fromt ­ 0 to 1` along the real axis, correspondin
to the Coulomb acceleration fromrctp . No radiation was
assumed fromt ­ 2` 2 it to 2it. The time integral
along the imaginary axis is, then, multiplied by exps2vtd
and the product is used to calculate the emission pro
bility. The strict classical calculation was applied for th
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Coulomb acceleration. The result is plotted with the thi
solid line in Fig. 3. As can be seen, the photon emiss
probability is well reproduced forEg , 300 keV. More-
over, the trend at the higher energy region is also rep
duced. We also show the photon emission probability
an artificial situation in which the tunneling particle term
nates its motion at the outer edge of the Coulomb barr
with the dot-dashed line in Fig. 3. It is shown that ph
tons can be emitted more in the barrier than the outside
g-ray energies below 250 keV. Thus, in this quasiclassi
calculation, the suppression of the emission probability
Eg , 400 keV can be understood as a consequence of
structive interference of the radiation amplitudes betwe
the inside and the outside of the barrier.

In summary, we have measured bremsstrahlung em
sion in thea decay of210Po. The obtained bremsstrahlun
yields are much smaller than those predicted by a Coulo
acceleration model. This strongly suggests that the ra
tion amplitude in the barrier cannot be neglected. The d
seem to be well reproduced by the recipe of Dyakonov a
Gornyi [3], although the quasiclassical treatment of the
diation in the barrier is not firmly justified. It is highly
desirable to develop the quantum mechanical treatmen
the decaying state, as well as to discuss the quasiclas
treatment for the radiation of the tunneling particle.

As mentioned earlier, the present result is not consis
with that for 226Ra and214Po reported by D’Arrigoet al.
[4]. The emission probabilities presently obtained are
least 1 order of magnitude smaller than their values. I
almost inconceivable that the emission probability of t
bremsstrahlung changes drastically with a small cha
of the decaying nucleus. Thus, at present, we have
possible explanation for the different result.

The authors thank Professor N. Takigawa for use
discussions from the theoretical point of view.
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