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The dependence of the lifetime of an unstable state of a nucleus on the energy of the particles
exciting it is investigated, and the causes of this dependence are found. The lifetime of the nucleus
in the excited state was determined directly by measurement of the delay times in two individual
scattering experiments: In the first experiment we determined the lifetime of the intermediate
excited state of a nucleus which had been subjected to exciting y radiation, and in the second
experiment we determined this same property under conditions of spontaneous decay of the
excited nucleus. The experiment showed that the lifetime of a nucleus subjected to excitation will
depend substantially on the energy of the bombarding particle, whereas the lifetime in
spontaneous decay does not depend on the conditions of excitation. Comparison of the

experimental data with theory gives satisfactory results.

1.INTRODUCTION

Nuclear spectra in the low-energy region are character-
ized by a low density of energy states: the energy levels are
spaced far apart. Nuclear states in this region of the spec-
trum are almost stationary. A nucleus which finds itself in
one of these states (for example, as the result of capture of an
incident particle or after emission of a particle in a nuclear
transformation) will live in it for a finite time which is long
in comparison with the characteristic time of motion of the
nucleons in the nucleus.

Direct determination of the lifetime of a nucleus in a
quasistationary excited state is carried out most frequently
by measurement of the time dependences of the decay of this
state. If it is known that at some time ¢ = O the nucleus is in
the excited state being investigated, the characteristic delay
in emission of a particle (the decay product) with respect to
this time will serve as a measure of the lifetime of the state
being studied.

The time behavior of decay of an excited quasistation-
ary state was studied theoretically for the first time by Weiss-
kopf and Wigner.' They showed in particular that a decay
which occurs under the action of a weak perturbation obeys
an exponential law with a constant equal to the lifetime 7,:
exp( —t /7). An unstable state decaying by this law corre-
sponds to a smeared energy level with a Lorentz shape of the
energy dependence having a width ', = #/7,,.

The time ¢ = O can be determined by various means, for
example, from the instant of emission of a particle in a transi-
tion from a high-lying excited state to the state under investi-
gation. However, when the excited state is produced not as a
result of particle emission but as a result of capture of a parti-
cle (for example, in a scattering experiment in which the
investigated state is intermediate), it is not always possible
to determine the instant of time ¢ = 0 beginning with which
the nucleusis in the excited state. Here the method described
above for determining the lifetime turns out already to be be
inapplicable.

The definition of lifetime or, as it is often called, colli-
sion time in a scattering experiment was introduced by
Wigner and Eisenbud®’ and subsequently generalized by
Smith* (see also Refs. 5-7). According to this definition the
lifetime of a virtual state produced in a reaction is equal to
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the time of retention of the incident particle in the region of
collision with the nucleus. The theory predicted the exis-
tence in the general case of a dependence of the collision time
on the bombarding-particle energy.

For the situation considered—the case of an isolated
resonance of Lorentz shape—the collision time is given by
the expression

(I'e/2)*
(E—E,)*+(T'0/2)*

Q=ZTD (1'1)

Here E, is the resonance energy of the transition between the
ground state and the metastable state and E is the energy of
the incident particle. It is assumed that the energy of the
incident particle is determined with accuracy 8E < I',,. Equa-
tion (1.1) establishes a relation between the lifetime of the
virtual bound state in the scattering experiment Q and the
lifetime 7, of a prepared unstable state in its spontaneous
decay. As can be seen from Eq. (1.1), the lifetime in a colli-
sion turns out to be greatest in a resonance, reaching values
27,, and falls off to zero on going off resonance. The require-
ment of high monochromaticity of the incident radiation
(6E<T ) means that the lifetime of a virtual state (1.1) is
determined under conditions of an excitation which acts es-
sentially in a stationary manner (the duration of the wave
packet which describes the incident particle is much longer
than the characteristic lifetime of the virtual state).

It can be seen from this that a given unstable state of a
nucleus can be characterized by different lifetimes, depend-
ing on whether the measurements are made in spontaneous
decay or in the presence of an exciting factor. A difference of
the lifetimes mentioned can be observed, according to Eq.
(1.1), only in the presence of monochromatic nuclear radi-
ation, in any case such that the relation E =T, is satisfied.

In principle, experiments of this type became possible
only after discovery of the Mdssbauer effect. The first study
of this subject was undertaken in Refs. 8 and 9. From the
results of measurements of perturbed angular correlations of
resonance-scattered y rays in the ''Ir nucleus the lifetime of
the first excited state was calculated. It was shown that the
lifetime of the intermediate excited state of the nucleus can
depend on the width of the spectrum of the exciting radi-
ation. The authors correctly noted that the method used by
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FIG. 1. Diagram of the experiment: 1-—magnetic resonance gate assem-

bly, 2—avalanche gas-discharge electron counter, ¥, and ¥,—vibrators
putting into motion with constant velocities the *’Co source and the gate.

them (which actually makes possible the turning on of a
unique nuclear clock) affords the rare possibility of deter-
mining the collision time in a stationary experiment.

The high energy resolution of Mdssbauer spectroscopy
in combination with the accessibility of a time analysis in the
case of long-lived Mdssbauer isomers permits simultaneous
study of the time and frequency characteristics of resonance
nuclear scattering of y radiation. In Refs. 10-12 a delayed-
coincidence technique was used to study the scattering of ¥
rays by resonance targets. However, the question of depend-
ence of the lifetime of the nucleus on the energy of the excit-
ing y radiation was not raised in these studies.

The purpose of the present work was to investigate in a
direct experiment the dependence of the lifetime of a quasi-
stationary state of a nucleus on the energy of exciting radi-
ation tuned to the vicinity of a resonance. Another problem
of the experiment was comparison of the lifetime of a given
unstable state under conditions of an acting excitation and
under conditions of spontaneous decay. Excitation of the
nuclear state was carried out by quasimonochromatic Moss-
bauer radiation. Two different experiments were set up. In
the first experiment the decay of the excited state of the nu-
cleus was investigated after turning on the flux of resonance
y rays, and in this way the initial instant of excitation of the
nuclei was specified. In the second experiment the decay of
the nuclear excited state was studied after turning off a flux
of resonance y rays, i.e., the time of removal of the excitation
was determined.

Time dependences of the emission of the decay products
were measured with various portions of the energy spectrum

of the nuclei raised to excited states. The object of study was
chosen to be the isomeric 14.4-keV *’Fe-nucleus state well
known in Mdssbauer spectroscopy. Turning on and turning
off the flux of resonance y rays was accomplished by means
of a magnetic resonance gate.'*'* The duration of operation
of the gate was much shorter than #/T,, where in this case [,
is the natural width of the excited level of the *’Fe nucleus. In
the first part of the work we describe the experimental meth-
od and give the experimental results, and in the second part
we analyze the results on the basis of the nonstationary theo-
ry of resonance scattering of particles.

2.METHOD OF MEASUREMENT

Let us consider the basic scheme of the experiment and
the operation of the individual elements of the apparatus
(Fig. 1). A continuous flux of 14.4-keV ¥ rays from a
*’Co(Cr) radioactive source passed through a magnetic-res-
onance gate'*'* and was converted into periodically repeat-
ed positive or negative steps of almost rectangular shape
with a frequency of 0.5 MHz. The characteristics of the y-
ray steps were measured with a spectrometer described in
Refs. 13 and 14. The results of the measurements are shown
in Figs. 2a and b. The fall time of the intensity in each step
did not exceed 15 nsec, which is significantly less than the
lifetime of the *’Fe nucleus in the 14.4-keV excited state un-
der study: 7, = 141.1 nsec.'® The depth of modulation on
opening the beam was 15% (Fig. 2a) and on turning it off it
was slightly less than 9% (Fig. 2b). The main contribution
to the constant component was made by nonresonance 14.4-
keV y rays.

The ¥ beam modulated in the form of steps bombarded
a target consisting of an iron foil enriched in the resonance
nuclei *’Fe to 7 = 85%. The (y,e™) process was studied in
excitation of nuclei near resonance. Detection of a conver-
sion electron announced the decay of an individual excited
nucleus. The conversion electrons could leave the target
from a depth of no more than 3000 A, which reduced to a
minimum the distorting action of the thickness of the reso-
nance scatterer on the shape of the step of the exciting ¥
beam.

In accordance with the problem posed, the main atten-
tion was concentrated on study of the time characteristics of
emission from the target of conversion electrons after arrival
of a positive or negative y-ray step, in other words, after
turning on or turning off the excitation of the nuclei. In order
that the measured dependences adequately reflect the nu-
clear transition processes, it was necessary first of all to use

FIG. 2. Time behavior of the intensity of the 14.4-keV resonance
y radiation of *’Fe nuclei which hit the nuclear target: (a)—
t = 0 is the moment of opening of the magnetic resonance gate,
channel width 7.0 nsec; (b)—t = 0 is the moment of closing of
the magnetic resonance gate, channel width 7.1 nsec.
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an electron detector of low inertia. In our experiment this
was a gas-discharge avalanche detector similar to that de-
scribed in Ref. 17. The inherent time of operation of a detec-

tor of this type is about 1 nsec. Our counter was filled with
acetone vapor to a pressure of 5 Torr. The cathode was a

metallic target of *'Fe. The distance between the cathode
and anode (a polished beryllium foil) was 4 mm. A voltage
of 0.75 kV was applied to the anode. The signal taken from
the anode through a capacitive divider was fed to a fast
preamplifier. The rise time of the signal did not exceed 2.5
nsec. After amplification it was fed to a spectrometer circuit
in which a standard measurement'*~'* was made of the time
interval between the moment of appearance of the signal and
the beginning of the counting time (the moment of operation
of the gate).

The time resolution of the detector was estimated in
measurements of the time dependence of the emission of
photoelectrons from the target when the ¥ pulse hit it (Fig.
2a). The possibility of evaluating the speed of action of the
apparatus in this way was based on the fact that the photo-
emission process occurs without time delay. To obtain the
photoemission signal the y-ray energy was set far from reso-
nance. The measured time dependence of the yield of photo-
electrons showed that the time resolution of the electron
counter was no worse than the similar characteristic of the
scintillation detector which was used to measure the depen-
dences in Fig. 2 (the time resolution of the NaI(T1) detector
with an FEU-85 photomultiplier was 5.2 nsec).

A system of two vibrators was used in the Mossbauer
part of the spectrometer. The vibrators ¥, and V, (Fig. 1)
worked synchronously in a constant-velocity mode with the
velocities directed along the axis of propagation of the ¥
rays. By means of the first vibrator ¥, the line of the *'Co
source, which had a width at half-height I', = 0.25 mm/sec
(with an activity of 5-10° Bq), could be set at any energy E,
near the energy E, of the 4+ ! — + | nuclear transition in the
"Fe target nucleus. The second vibrator ¥, provided match-
ing of the + {— + | nuclear resonance in the *’FeBO, crys-
tals comprising in the gate'® to the line of the radiation
source. In this way the necessary conditions were created for
conversion of the stationary flux into steps of ¥ radiation
with a definite average energy.

3.RESULTS OF MEASUREMENTS

Two independent series of experiments were carried
out. In one of them we measured the time dependences of the
emission of electrons from a nuclear target on turning on
(Fig. 2a) the exciting y ray, and in the other we measured
the same dependences after turning off the ¥ beam (Fig. 2b).
The results of these measurements will be discussed below,
and here we shall make a remark concerning the method of
taking into account the contribution of photoemission to the
measured dependences. Obviously the ¥ beam knocked out
of the target, together with conversion electrons, also photo-
electrons, and the fraction of conversion electrons in the to-
tal measured intensity varied with the displacement of the y-
ray energy from the resonance. Under stationary conditions
the ratio Z of intensities of conversion electrons and photo-
electrons should be determined by the ratio of the corre-
sponding interaction cross sections averaged over the spec-
trum of incident y radiation:
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where o, is the total cross section for nuclear resonance ab-
sorption in *’Fe, w is a factor taking into account absorption
only in one of the resonances of the hyperfine structure of
7Fe (for the transition + }— + { we have w = 1/6), o, is
the cross section for the photoeffect, E| is the y-ray source
energy corresponding to the maximum of the energy distri-
bution of the ¢ rays emitted by the source (we assume that it
has a Lorentz shape with a linewidth I, ), E|, is the energy of
the nuclear resonance (it is known that the distribution of
energy in the excited state of *’Fe is with high accuracy a
Lorentzian of width I',)), T, is the partial width of the con-
version decay channel, and f,, is the absorption factor with-
out recoil. The following values of the constants were used in
the calculations: o, =2.55-107"* cm’, o, =5.98-1077'
cm?, f,, = 0.87, [, = 0.097 mm/sec, and T, = 0.89T,,

The fraction of photoelectrons is easily separated from
the total dependence if one takes into account that the pho-
toemission signal reproduces the shape of the step of exciting
I" radiation. The total signal of electron emission can be writ-
ten in the form

Z

(3.1)

J()=(Z+1)'[Z].(t)+T(t) | +B. (3.2)

The first term J, (¢) is the desired time behavior of the yield
of conversion electrons, and the second term J,(¢) is the
time dependence of photoelectrons, which is identical to the
incident step of y radiation. The quantities J, (¢) and J,, (¢)
are functions of time normalized to unity, and Bis a constant
component. The time dependence of the conversion elec-
trons J, (¢) obtained after subtraction of the photoemission
signal will reflect the change with time of the probability of
finding the nucleus in the excited state. We now turn our
attention to the results of the measurements.

In the excitation mode we measured three time depen-

dences of electron emission at y-ray energies £, = E,, E,
=FE,+ T, and E, = E,+ 2.5T,. The dependénces ob-
tained in the measurements are shown in Fig. 3. We have
shown the combined emission signal including conversion
electrons and photoelectrons. All spectra have been normal-
ized to the maximum intensity differential.

A characteristic feature of the emission time depen-
dences is the delay in emission of electrons after turning on
the exciting y beam. Just this delay contains information on
the duration of existence of the virtual state in the reaction of
scattering of a ¥ ray by the nucleus. For a quantitative evalu-
ation of the characteristic delay time we separated the photo-
electron contribution to the total intensity on the basis of
Eqgs. (3.1) and (3.2). The left-hand outer vertical scale in
Fig. 3 refers to the combined intensity of the photoelectrons
and conversion electrons knocked out of the target. The zero
of the counting rate on the inner scale has been shifted up-
ward by an amount (Z + 1) ~' equal to the contribution of
photoelectrons to the total signal. In this way the inner scale
shows the relative content of conversion electrons to the
combined signal. As can be seen, the contribution of nuclear
decay products is dominant. At resonance it amounts to
93%, and far from the resonance at £, — E, = 2.5T, it is
77%.

Comparison of the spectra in Figs. 3a—-c shows directly
that the delay in the emission of the nuclear-reaction prod-
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FIG. 3. Time dependences of the emission of electrons from the target
after turning on exciting radiation with energy E, near the resonance E,:
E, =E,+ AE; (a)—AE =0, (b)—AE =T, (c)—AE =2.5T; N(2) is
the intensity of emission of photoelectrons and conversion electrons at
time ¢. The inner left scale refers only to conversion electrons; 7% is the
characteristic response time of the nuclei to step excitation; (a)—7
=230 4+ 10 nsec, (b)—160 + 15 nsec, (c)—78 + 15 nsec. The solid
lines are calculations according to the theory. The channel width is 7.0
nsec.

ucts depends on the location of the average energy of the
exciting particles with respect to the resonance. The farther
from the resonance, the faster the secondary particle is emit-
ted, and consequently the shorter the lifetime of the virtual
excitation of the nuclear state. If the duration of the delay is
characterized by the time interval 7& during which an identi-
cal relative level of the conversion-electrons emission inten-
sity is reached: 1 — e~ ' = 0.63, then at exact resonance (E,
= E,) the time is 7§ =230 + 10 nsec; at E, = E, + ', we
have7¥ = 160 + 15nsecand at E, = E, + 2.5, we have 7¥*
= 78 4+ 15 nsec. Thus, in the experiment described a change
by more than a factor of three of the collision time in the
scattering reaction is observed.

In the case considered the scattering reaction was stud-
ied in a typical nonstationary experiment: the time of begin-
ning of excitation of the nucleus was identified. Just for this
reason the possibility existed of tracing in time the response
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of the nucleus to the excitation which arises. In contrast to
stationary conditions, in this case the spectrum of exciting
nuclear particles undergoes an evolution: it becomes nar-
rower with increase of the distance from the leading edge,
approaching in the limit the shape of the source line. There-
fore Eq. (1.1), which applies to a stationary mode of scatter-
ing, is inapplicable directly for a quantitative description of
the experimental results. However, even in the case of excita-
tion of nuclei by a wave packet in the form of a step, the
dependence of 7% on the energy of the incident particles is
preserved, as is in fact observed in the experiment. The solid
lines in Fig. 3 are the theoretical curves, the calculation of
which we will discuss in the next section.

Let us turn to the results of measurement of the time
dependences of electron emission after turning off the beam
of exciting y radiation. We obtained two dependences at -
ray energies E, = E and E, = E,, + I',. The net conversion-
electron emission signals were separated by means of Egs.
(3.1) and (3.2) and are shown in Figs. 4a and b. The zero on
the time scale corresponds to the instant of shutting off of the
exciting ¥ beam. Beginning with this time there is spontane-
ous decay of the excited state of the nucleus prepared in the
reaction with the quasimonochromatic beam. Even at first
glance it can be seen that there is no appreciable difference in
the time behavior of the decay for the two cases studied (at
least on the scale of the effect observed for the excitation
curves). The solid curves in Figs. 4a and b are the result of a
fit by the exponential function exp( — ¢ /7, ) to the experi-
mental spectra. The best agreement was achieved in both
cases with the same value of the adjustable parameter ¢,
= 137 nsec, which was determined with errors + 14 nsec
(Fig. 4a) and + 21 nsec (Fig. 4b); within experimental er-
ror 7, is equal to the lifetime 7, = 141.1 nsec of this same
nuclear state produced by in a y transition from a higher
level. Thus, whether the excited state is populated, by a qua-
simonochromatic beam as in our experiment or at an uncer-
tain energy as in decay from the second excited state of the
’Fe nucleus, the time behavior of spontaneous decay and
consequently also the lifetime of the unstable state of the
nucleus turn out to be the same.

4. RESONANCE SCATTERING WITH STEP MODULATION OF
THE GAMMA BEAMINTENSITY. THEORY

For analysis of the time behavior of nuclear resonance
scattering of ¥ rays we shall use the formalism of response
functions. In Ref. 18 this method was used to calculate reso-
nance scattering of pulses of radiation having a white spec-
trum. In the present section the method of response func-
tions is extended to the case of incident quasimonochromatic
radiation. The conditions in our experiment were just of this
type.

Let the resonance scatterer be bombarded in the direc-
tion of the z axis by an amplitude-modulated plane wave of
radiation

A (t)=&rexpli(xz—Et/h) ]¢:(¢), (4.1)

where & ;. is the amplitude of the wave, the function ¥(r)
gives the shape of the modulating signal, E /# is the funda-
mental frequency of the radiation, x = 277/4 , and A is the
wavelength. At a distance » from the scattering center the
diverging spherical wave is described by the following time
dependence'®:
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FIG. 4. Time dependences of the emission of conversion electrons from
the target after cutoff of the exciting radiation with energy E| near the
resonance E,: E, = E, + AE; (a)—AE =0, (b)—AE =T; N(t) is the
intensity of the emission of conversion electrons. The solid lines beginning
at ¢ = O represent the function exp( — ¢ /7,); (a)—7, = 137 + 14 nsec,
(b)—137 + 21 nsec. The channel width is 14.2 nsec.

A (t)=&x(e™/r) j. dt’' G(t—t") e~ =" Mp ('),

—oo

(4.2)

___ dE —1iEt/h
G(t)—_{z—w—ﬁR(E)e . (4.3)
In Egs. (4.2) and (4.3) the quantity G(¢) is the response
function, which is directly related by a Fourier transforma-
tion to the scattering amplitude R(E) in the investigated
system. In a physical sense |G(¢)|* is proportional to the
time behavior of emission in decay of a state excited by a very
short radiation pulse [when ¥(#) = §(¢)].

Let us consider the scattering processes of interest,
which occur after turning on and turning off the excitation of
the nucleus. We shall begin with the case of a step interrup-
tion of the exciting radiation. In the calculations we shall
assume that in this case ¥/(¢) = ©( — t), where ©(¢) =0 at
t<0and ©(¢) = 1 at¢>0. This approximation is permissible
since in a real situation the duration of the interruption is
substantially shorter than the characteristic lifetime of the
nucleus in the excited state. We shall not calculate the time
behavior of the scattering for a specific case, but shall prove a
theorem which will permit us to answer a larger set of ques-
tions.

Theorem. The time behavior of the radiation in sponta-
neous decay of an intermediate excited state produced in a
scattering reaction will not depend on the energy of the radi-
ation which excited it when and only when the scattering
amplitude R(E) has a standard resonance energy depend-
ence which leads to an Lorentz shape of the cross section.

The response function G(#) can in the general case be
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represented (by modification of the stationary solution) in
the following form:

G(t)=exp(—iE.t/h)g(t)O(1). (4.4)

Here E, is the energy of the decaying excited state. The func-
tion ©(¢) in Eq. (4.4) reflects the retarded nature of the
response function, and g(#) is an arbitrary function of time
which vanishes at infinity. When (4.2) and (4.4) are taken
into account, the expression for the scattered wave at >0
can be reduced to the following form:

AE(t) =&

exp{i(xr—E,t/h)} [_ g(t) n dg(t)/dt
u(E) u*(E)

g (1) /dt?
IO |

u(E)=i(E—E,tia)/h, a—+0. (4.5)
The time dependence of the emission of the radiation is pro-
portional to |4 (¢)|>. It will not be a function of the energy
of the exciting radiation E only if in the expression (4.5)
there is factorization of the parts which depend on E and ¢.
For this it is necessary and sufficient that the following equa-
lity be satisfied:

dg(t)/dt=—g(1)/8,

where 3 is an arbitrary positive constant having the dimen-
sions of time. As will be clear from what follows, it is equal to
twice the lifetime: 8 = 27,. The minus sign in (4.6) was cho-
sen to cause the function g(¢) to vanish at infinity.

It follows directly from (4.4) and (4.6) that g(¢) must
be an exponential function of time, and consequently we
have for G(¢)

(4.6)

G, (t) =it exp[—i(E./h—i/27,)t]1O(2). (4.7)

Here £ is an arbitrary constant.
Proceeding from Egs. (4.5) and (4.7), we obtain the
following expression for the scattered wave:

expli(xr—Et/h+it/2v,) 1/r
E—E. +il,/2 '

AE(t)=_gE§h (48)

In (4.8) we have used the notation #/7, = T,

Thus, in reality when the condition (4.6) is satisfied the
expression in square brackets in (4.5) can be represented as
the product of two functions each of which individually de-
pends on E and ¢. The scattering amplitude R,(E) corre-
sponding to the response function (4.7) must, according to
(4.3), have a standard resonance dependence on the energy:

13

Ry(E)y= ———> .
o(E) E—E+il/2

(4.9)

Therefore the theorem is proved.

Since we know that the cross section for scattering with
excitation of the 14.4-keV isomeric state in >’'Fe has a Lor-
entz shape (like all other known isolated excited nuclear
states), on the basis of the theorem proved above we can now
state that the time behavior of the decay after cutoff of the
excitation will follow the exponential form (4.8) and need
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not depend on what incident-particle energy produced the
excited state. As can be seen from (4.8), only the absolute
level of intensity of the scattered radiation will depend on the
magnitude of the detuning E — E,,. These statements are in
complete agreement with the results of an experiment (Figs.
4aand b). It is interesting also to note that the fundamental
frequency of the radiation, according to Eq. (4.8), is equal
not to the frequency of the incident particle £ /#, but to the
eigenfrequency of the transition E,/#.

Let us turn to a description of the time behavior of the
response of the nucleus to step excitation. In this case in
(4.2) ¥(t) = O6(2). In a real situation the radiation of the
source is nonmonochromatic. We shall assume that the
source energy spectrum described by the function |# . |? has
a Lorentz distribution with a width I, and a maximum at
energy E,. Averaging the quantity |4 (¢)|? over E, we ob-
tain an expression for the intensity of the time behavior of
scattering with step excitation:

J(t)o:2Re{jer(r)H‘(r)}, (4.10)

—iEt/h

Ho=i | 2E Ry —°

9 E—E.+il./2 (4.11)

For R(E) given by expression (4.9), the function H(t) in
(4.11) and the dependence (4.10) are calculated analytical-
ly. As a result we eventually obtain

(AE*T,%/4)T-
(AE*+T_*/4)T,
Xe - cos(AEt/h).

- (AE*—T.T_/4)T,
(AE*+T_*/4)T,
(4.12)

-t/

J(8) /I () =1~

HereI', =T, + I'yand 7, = #/ . As can be seen from
(4.12), the response of the nucleus to step excitation, in con-
trast to the time behavior of spontaneous decay, is deter-
mined not only by the intrinsic characteristics of the excited
nuclear state (the width of the energy level I';)) but will de-
pend also on the displacement of the energy of the incident
particle from the resonance, AE = E, — E,,, and on the spec-
tral width I, of the exciting radiation; i.e., in contrast to
spontaneous decay the lifetime of an actively excited state
will depend on the energy parameters of the bombarding
particles.

In Figs. 3a—c the solid lines are calculations using Eq.
(4.12) with corresponding values of I'; and AE. We have
taken into account also the instantaneous response of photo-
electrons to step excitation on the basis of Egs. (3.1) and
(3.2). The experimental points lie satisfactorily on the cal-
culated plots.

5.DISCUSSION AND CONCLUSIONS

We have investigated the time dependences of the emis-
sion of the decay products of the intermediate excited nu-
cleus in two different scattering experiments. In one of them
the decay was studied after the beginning of bombardment of
the nucleus by the exciting particles, and in the other it was
studied on termination of the bombardment. As the result of
the use of quasimonochromatic beams of bombarding parti-
cles, the conditions for selective excitation of the spectrum of
a nuclear level were satisfied; here the energy of the incident
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radiation could be tuned in the vicinity of the resonance. The
gist of the difference between the experiments is the follow-
ing.

For an active flux of bombarding particles, the absorp-
tion and emission by the nuclei are not separated in time,
although undoubtedly there is a causal connection between
them (the decay-product particle cannot be emitted before
the exciting radiation reaches the vicinity of the nucleus).
However, when the flux of particles is interrupted and the
excitation of the nuclei is cut off, then spontaneous decay
occurs of all nuclei which at this moment turn out to be in an
excited state. Thus, the bombardment cutoff breaks up the
process of resonance nuclear scattering into two stages: exci-
tation before cutoff and decay after cutoff. However, at the
instant of cutoff the nucleus is in an intermediate excited
state.

From the results of the experiments which have been
carried out we can draw the following conclusions:

1) the lifetime of the virtual intermediate state of the
nucleus under conditions of acting excitation differs from
the lifetime of the nucleus in the excited state in spontaneous
decay;

2) thelifetime under conditions of excitation undergoes
changes with retuning of the energy of the exciting radiation
in the vicinity of the nuclear resonance, whereas a similar
retuning of the energy is in no way reflected in the lifetime of
the nucleus after cutoff of the action of the excitation.

Let us dwell briefly on the physical reasons for our re-
sults. As is well known, a transition from one quantum state
to another is brought about by a perturbation acting on the
system. In the situation under discussion the role of the per-
turbation is played by the interaction of the nucleus with the
radiation field and with the electron shell of the atom.

In an experiment in which the flux of bombarding ¥
rays is cut off but one of the nuclei remains in an excited state
as the result of the previous bombardment, one observes only
a transition from the excited state to the ground state with
emission of a conversion electron. Under these conditions
the interaction between the protons of the nucleus and the
atomic electrons which leads to decay of the excited state is
determined by the intrinsic structural and dynamic charac-
teristics of the nucleus and of the electron shell, i.e., only by
the intra-atomic parameters.”’ Accordingly the dependence
of the amplitude of the excited state on the time, and there-
fore also the time behavior of the decay of the nucleus, are
determined by the internal parameters of the atom. In this
case the observed delay in the emission of electrons is an
intrinsic characteristic of the nuclear excited state.

A different picture arises under conditions of bombard-
ment of nuclei by y rays. Here the process of production of
an electron includes already two nuclear transitions: from
the ground state to an intermediate state and from the inter-
mediate state to the ground state. The transition between the
initial and final states is due to the interaction of the unexcit-
ed nucleus with the incident y ray and to the interaction of
the excited nucleus with the electron shell (and also with the
radiation field itself). Consequently the transition from the
initial state to the final state and the production of a particle
are accomplished by the action of both internal and external
causes. With respect to the time dependence of the ampli-
tude of the excited state, in this case a completely different
dynamical situation is created. The time dependence of the
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amplitude of the excited state, including its phase, is deter-
mined now simultaneously by the excitation and decay pro-
cesses. This cause is also responsible for the result that the
characteristic delay time in emission of conversion electrons
will depend on the average energy of the y rays in the bom-
barding beam. The observed times 7§ (230, 160, and 78
nsec) turned out to be both greater and less than the known
lifetime 7, = 141.1 nsec of the state under study. The delay
time 7 would be exactly equal to the lifetime 7, if, with the
same time dependence of the intensity of the bombarding
beam, radiation with a white spectrum was used.

The dynamic balance between the excitation and decay
processes predetermines the sensitivity to the energy of the
incident particles not only of the time dependence of the
amplitude of the excited state during the transition period,
but also of the amplitude of the excitation and of its phase in
the stationary scattering regime. The duration Q of a colli-
sion in this regime, as is well known, is proportional to the
derivative with respect to energy of the difference of the
phases of the incident and scattered wave packets.*”’

Let us now turn to the case of nuclear decay after termi-
nation of the excitation. The observed absence of a depend-
ence of the characteristic decay time on the energy of the
bombarding particles is in correspondence with the theorem
proved in the preceding section, according to which only for
resonances of Lorentz shape which are characteristic of scat-
tering by a nucleus, does the time behavior of the emission in
spontaneous decay not depend on the energy of the captured
particles. For resonances with a different shape of the scat-
tering cross section the time behavior of the radiation after
cutoff of the excitation must depend on the energy of the
bombarding particles. As an example we can cite a collective
nuclear resonance, which is characteristic of the elastic scat-
tering of ¥ rays in a regular system of nuclei.'*°

In conclusion the authors express their gratitude to K.
P. Aleshin, M. A. Volkov, A. S. Subbotin, and 1. B. Filippov
for their constant technical assistance. We are grateful to S.
L. Popov for assistance in performing the experiment and
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also to M. V. Zelepukhin, A. I. Chumakov, and I. M. Pavli-
chenkov for reading the manuscript and discussing the re-
sults of this work.

DDecay of the excited state is also produced by interaction of the nucleus
with the radiation field. In this channel the decay is accompanied by
emission of a y ray. The two channels, conversion and radiation, act
simultaneously.
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