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— Abstract —

A theoretical investigation has been carried out on how the energy width of the excited state of the
nuclei is modulated when the 7 —ray source is placed between two gold plates, at the center of the
gold cylinder or the sphere, The width of the 81—keV level of G5 is shown to become narrower by
3.7% at 4.2 K by reabsorption of ¥ rays scattered backward from the parallel plates which are made of
a 0.05—cm—thick, 3—cm—radius gold plates and separated from each other by 1.0z With a
0.05—cm—thick, 5—cm—long, 1.0—mm—radius gold cylinder, we found that a width became narrower by
6.5%. In addition, when the nuclei is located in a spherical reflector of 1.0 mm in radius made of gold
with a thickness of 0.5 mm the level width is reduced by about 18.2% at a temperature 4.2 K. The
results of this study indicates that the life—time of energy level was prolonged.
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[ . Infroduction

Control of nuclear lifetime must be very important
in the context of nuclear waste problem, storage of
radioactive material and precision measurement of y—
ray spectra, If the widths of nuclear energy levels
could artificially be modified, a clue to solve these
problems would be provided, For such a reason, sev—
eral attempts were made in the past, They tried to
change the chemical state of radioactive nuclei and

apply high pressure or low temperature, However, all
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these attempts gave only negligible changes of 0,02~
0.04%, On the other hand, it is known that spatial
structure of the vacuum field can also make change
of atomic and nuclear energy levels and wzidthsl_4),
Namely, if the space is limited by two perfect con-—
ducting plates on the surface of which all wave
functions vanish, the vacuum field becomes discrete
and, therefore, induces some modification of physical
quantities, It extracts only small effects in the mil—
limeter range of the plate separation but observable
effects could be obtained in a micrometer order of
separationf’*g).

In the result of the Mossbauer experiment carried
out in order to observe the nuclear energy level
shiftsg_n), it was occasionally discovered that its

width became narrower and, then, the data was
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carefully reanalyzed, It is very interesting to inves—
tigate the mechanism of such a phenomenon which
must be different from those effects of chemical
environment,

In this situation, a novel idea has been proposedg)
to explain the phenomenon found in the Mossbauer
experiment, If the photon emitted from the source
could return to be reabsorbed by the original source,
the population of nuclei being in the excited state
would increase and consequently the nuclear
half—life could be prolonged, In a free space, return
of the emitted photons to the source is impossible,
However, those photons may be forced to return to
the source by operating reflectors in the finite space
with the metallic parallel plates, a cylinder or a
sphere, That the photon returns and is reabsorbed
by the source nuclei after back scattering from the
plates causes suppression of photon emission, When
such a process is repeated many times, the half-life
is finally prolonged, Of course, all these processes
such as emission, reflection and absorption should be
occurred elastically, i,e, without any energy loss.
Therefore, the source nucleus should be implanted in
a solid,

One step of photon reabsorption would make only
a tiny modulation of the lifetime, but iterative proc—
esses could make it grow up step by step until the
initial amount of nuclei would become a half, One of
the challenging problems in low energy nuclear
physics is to change nuclear decay constant, It is
very important to investigate whether the lifetime of

the radio—active nucleus can artificially be changed,

. Theory

The elastic scattering of y-rays from the metallic
surface is coherent and mostly caused by atomic

electrons, It is the Thomson cross section

7({5 =Z(fi2)2%|f(9)|2(1+ cos @) @

with the scattering angle ¢, where e, m. and c are
the electron charge, mass and the speed of light, 2
is the atomic number and f(#) is the atomic form

factor which can be approximated below 100 keV as

A0 ~[1+k(1— cos 6] !

with k= (E,/mecz)g), where E, is the photon
energy. The coherent photon scattering by protons in
the nucleus may be simultaneously taken into
account, It can be described in analogy with the
atomic case, i.e. in the form of eq, (1), provided the
electron mass is replaced by the proton mass,
However, its contribution is negligibly small com—
pared to that of the scattering by the atomic elec—
trons, because the proton mass is much larger than

the electron mass and the factor in eq, (1) yields

(e? /Mpcw(( (e?/m,c?)?. Therefore, it is suffi—
cient to take only the coherent photon scattering by

electrons into account, For the backward reflection,

o, = [do(0)]d@2] 4 .=

7= 7.8x10 ®cm® where
ro= 2.8/m is the electron classical radius, The
number of electrons, 7, involved in the atom should
be multiplied as Zo,. It should be replaced by Zo,
for the number of electrons, 7, involved in the
atom, Since the photon is scattered by gold nuclei

associated with the thickness of metallic plates, d,

the number of nuclei per cm2 must be considered,
This number can be given by nd where n can be ob—
tained from the density divided by the nuclear mass
as n= o/M= oN,/28 with the Avogadro's number
Na.

For bound nuclei, the effect of lattice vibration
should be taken into account by the Debye—Waller
factor, The Debye—Waller factor'” at temperature 7’

is given as

with the Boltzmann constant %z and the Debye
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temperature €, The y—ray absorption cross section

is given by

o 1 1
9] +1 14+a’

o =27xA

A, = hc/(8lkeV), J;=5/2, J;=1/2 and

a=1.636 is the internal conversion coefficient,

where

The fraction of incident photons which are absorbed
by WCs is  t=()—ID)/ly=1—exp(—fnx 0.
where f, is the DW factor of BaTiO;, n, is the
number of 35 per ¢m? in the (source) body and
x is the thickness of the source body.

Generally, the decay equation is given with the

decay constant A as

AN = — AN coeeerereeemressnsssneessttntinitintnnenens (5)

the solution of which yields an exponential decay
curve, If emitted photons return once after being
reflected coherently by the metallic surface, the
equation of decay is given by the decay constant A

as

dN = — Ndt+ gj; [(fZn 0, ANdtaQ

= — /’t'NdlL ............................................................ (6)

where ¢ is the photon absorption probability, and

A= (1-2)A.
should be carried out over the area of the disk,

Y denotes the integral part and

0, .
2= é‘fo cos? 6 fcos 6 nd —sind_

o
cos@ 7 cos 0

— L t/ndo 1+ ()2

where R is the disk radius, § is the distance be—
tween the source nucleus and the plate shown in
Figure 1, and 6, = arc tg(R/b) .

If such a process repeats s times during the
lifetime, the decay constant is found in the form
A= (1-2)"2. m is actually dependent on the

distance between the source nucleus and the point of

source

Fig. 1. Geometry of two parallel plates, a cylinder and a
sphere

reflection, Let this distance be ¢, then the time

which the photon takes in a round trip is
t,=2u/c . When the photon made its round trips

m times, the amount of radioactive nuclei would

become a half| i.e,,

1

5 = exp[ —A ™

mt,] = exp| —A“’”m(jf)]

By this equation, we can evaluate the value of

as

__In[1—C(crp/20)3]
m= In(1—2)

Since the modified lifetime is }1/2= mty, we find

Ti2 =

(2@) In[1—(cr,p/20) 2]
c In(1—2)

The modified decay constant  is actually related
to the level width as T'= i 1 and the half life as

7= In2/2,

By an integral over the cylinder surface Y is ex—

pressed as follows,

s=¢f Euifo)o.as,

_ _nd _cos %4 sing
= ¢ Leos (- 00 0) fo ) (908 4.504)
X RZ

<7y W0

¢.
= 2@’24% . (ndfo ) sin ¢ d¢

= ¢ndfo [1—V 1+ (L /2R)?]
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The modified lifetime in the cylinder surface is

now found to be

~ o 9p. In[1—_C(cr p/2R) 2]
T = () nd—-2)

Since the surface element on a sphere element of
radius R is dSpR*dQ= R’sin¢dpds,
pends only on the solid angle 4@, and its integral

o RdSR de—

gives the number of photons, which is one on the
present case, Thus, the re—excitation coefficient X

can be obtained as

2= f(Cndfd”)deSR: Endfo, e 13)

)

with the y—backward scattering cross section d,,n
Here, we assume that the scatterer is distributed

uniformly over the surface of the reflector,

I. Numerical Results

Let us examine our theory, As is seen above, the
conditions to maximize the effect is how to select
material which has large Debye temperature and in—
duces large backward scattering, Furthermore, en—
ergy of emitted gamma—-ray, £, should be less than
100 ke V. Otherwise, the Debye—Waller factor be—
comes very small and, therefore, the effect is great—
ly reduced, If E, is less than 10kel/, various
noises associated with detectors become large and,
therefore, clean data may not be obtained,

Considering these conditions, we try to examine
the first excited state (5/2)% of 13 (s, which is
81keV level with the lifetime §.27#s and is
expressed in Figure 2, To eliminate the recoil effect,

this nucleus should be implanted in a solid, When a com—

1 . . .

pound ' BaTiO, is taken, 133 Bg decays into 13 (g
. 133

through the electron conversion process because ~ Ba

is radioactive and, therefore, !3(Cs* remains in the

compound, Of course, 133 (Cs* is in the first excited

133
1+ ssBa 105y
2
EC
5% 81 keV
2 6.27 ns
%+ 1‘3;3 a.s.
Cs

Fig. 2. Decay scheme

state (5/2) T and emits the 8]keV gamma ray

when it drops into the ground state (7/2) .

% BaTiOy has a perovskeit struc—
high Debye

The compound

ture with a rather temperature,
0p=431.8 K, Although, the Debye temperature of
the perovskeit resulted by the decay of ¥ B, into
B is actually not known, it may be assumed to be
the same as that of ' BaTiO;, because both of
them have the perovskeit structure and 13 Bg con—
verts merely into 133(Cs through the EC process.
Therefore, the Debye temperature 60p=431.8K is
taken for ®CsTi0 4. Then, the Debye—Waller fac—

£1=0.3434, (.3407 and
0.2750 at the temperature T=4.2K, 15K and

tor can be found as

T1K, respectively,
All cross sections necessary to estimate the gamma

absorption probability are obtained by eq. (4) and the
relations, o, = ac’) and o7, =(A/2) %, where
A and Z denote the nuclear mass number and the

atomic number, respectively, (71\20;, has been esti—
mated with eq, (1) where the electron mass was re—
placed by the proton mass and with the fact that
the normalized nuclear form factor is almost unity in
the energy region considered here,

The cross sections for the atomic processes should
be calculated with the Cs7%70 3 compound, They can
be obtained by using the XCOM Photon Cross Section

Database with the modified relativistic form factor,
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Table 1, The revised energy level widths and nuclear lifetimes

parallel plate (5 =0.10 cm) oylinder (R=0.10 cm) sphere (R=10.10 cm)

T(K) r T At ]ty r T At/ r Tip At /Ty,
(10 %eW) (ns) (%) (10~*eV) (ns) (%) (10" %en) (ns) (%)

4.2 7.01 6.50 3.69% 6.80 6.08 6.54% 5.96 7.41 18.2%

15 7.04 6.48 3.35% 6.83 6.66 6.22% 6.02 7.35 17.3%

77 7.26 6.29 0.32% 7.12 6.41 2.23% 6.79 6.69 6.78%

AT/T(%) absorbed in the source nucleus, The results are giv—
s en Table 1, They are within the measurable range,
6 Temperature dependence of them appears through
: the Debye—Waller factor of the metallic cylinder and
4 is represented in Figure 3. The energy level width of
z the 81-keV level of "“Cs is shown to become nar—
1 rower by 6.5% at 4,2K, At room temperature, the

| width and lifetime do not change,

1 1
50 100 150 200
T (K)

Fg. 3. Temperature dependency of the energy level width
for the gold cylinder reflector

The results are suggested in ref, 6, and the absorp—
tion probability is found as &=1(.166, (.165 and
0.138 at T=4.2K, 15K and 77K, respectively,

Gold is also a suitable material as a photon
0 ,= 165K,
which gives the Debye—Waller factors of ().150,
0.137 and 0.0102 at T=4.2K, 15K and 77K,
respectively, for E,=81KeV  Since the modified
F8lkeV, 6=m) =
3.4057, the total cross section at @=gx is

reflector, Its Debye temperature is

relativistic form factor is

6,=0.921x10 " ®cm® The density of gold is

18.85(g/cm™?), and so 5= 5.76x10%cm *.

With all the information obtained above, the
modified lifetime can be calculated using Egs, (7),
(11) and (13) over the surface of the two parallel
plates, an cylinder or sphere, respectively, The met—
allic sphere has the largest value and it is due to
the geometric shape where the emitted y—rays are

backward reflected in all directions and are re—

IV. Conclusion

As is seen above, the decay constant A is altered
step by step at every stage of y reabsorption. A is
actually related to the level width as "= hA.
Therefore, the process definitely changes the level
width, and equivalently the halflife, Our results im—
ply that the accuracy in MoOssbauer measurements
can be improved by setting both the source and the
absorber, respectively, between two plates, Spatial
structure of vacuum field can also make a change of
atomic and nuclear lifetimess), However, in that
case, plausible effects appear only for much smaller
separation between two plates, Therefore, it is neg—
ligible in the present investigation, Other processes,
so called “radiation trapping’, were also investigated
and the prolonged nuclear lifetime was observed,
Their interpretation is that the time evolution of
gamma-ray emission is modulated as a result of
time consuming during photon—exchange between two
radioactive nuclei, Namely, the photon is delayed to
come out of the system while two nuclei play with

the photon, However, it has no relevance to the
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lifetime unless the energy level width is modified,
The lifetime could be changed only when population

of the excited state would increase through the

mechanism discussed above, The radiation trapping

can occur even without modification of energy levels
but such a simple “trapping” cannot make any effect
on the MoOssbauer spectrum connected directly to the

energy level width, As is mentioned above, the

processes proposed here ought to take place only in

recoilless manner and, therefore, the radioactive

source nucleus should be implanted in a solid to cut
off recoil and measurement is desirable to be carried
out at low temperature with specific detectors with

good timing performance as well as energy

resolution,
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