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Excitation of nuclear isomers by X rays from laser plasma”
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Abstract. The possibility of obtaining isomer nuclei is studied
by the example of the molybdenum isomer **Mo upon
irradiation of a niobium **Nb target by ~ 50-J, 100-fs laser
pulses. It is shown that the modern laser technique allows
production of isomer nuclei by accelerated protons and
radiative de-excitation of isomer nuclear states by thermal or
line X-rays from laser plasma.
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1. Introduction

At present, the study of the isomer nucleus excitation and
de-excitation with the help of X rays from hot laser plasma
attracts significant interest [1]. Investigation of these
processes is both of fundamental interest, for example,
development of a new approach to nuclear spectroscopy of
low-energy transition and of practical interest — possibility
of designing a gamma laser and recycling of nuclear waste.
Low-energy radiative transitions in isomer nuclei were
termed ‘anti-Stokes’ ones [2]. The theory of radiative
processes with their participation was developed for a
long time in a number of papers [1-6]. However, the
experimental papers studying nuclear processes caused by
intense X rays are scarce. This is explained, first of all, by
the lack of nuclear spectroscopic data on the presence of
low-energy (less than 100 keV) transitions in nuclei [7]. As a
result, in planning such experiments, scientists mainly have
to grope in the dark because even if the data on radiative
absorption cross sections, excited-state lifetimes of nuclei
for the transition energy below 100 keV are known, they
have an insufficient accuracy for performing experiments
with the given energy of the X-ray pump quantum. In this
case, radiative nuclear processes can be observed by using
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two experimental schemes. In the first scheme, plasma of
the low-energy transition of a stable nucleus is pumped by
X rays and then quanta emitted during the reverse
transition are observed. In this case, detection of this effect
requires rather sophisticated devices of temporal selection
of nuclear y quanta generated from the pump quanta [1].
The second scheme, the so-called two-stage pump scheme
[7], involves preparation of a long-lived (isomeric) excited
nuclear state and then its excitation by an X-ray quantum
up to the first active state whose decay can be observed by
using detection of nuclear y quanta (or other nuclear
particles) with the energy differing manifold from the pump
quanta energy.

Note that production of nuclear isomers is also possible
with the help of a laser accelerator generating intense proton
beams [8] and the laser used in such an accelerator allows
following de-excitation of the isomer by X rays from hot
laser plasma. To this end, in both cases the X-ray pump
intensity de-exciting the isomer should be very high because
nuclear transitions with the energy below 100keV have high
multipolarity degrees and small radiative widths. For these
transitions, the use of thermal and linear radiation from
laser plasma produced upon irradiation of solid-state targets
by intense laser pulses is optimal in observing the effects of
nuclear excitation. For example, the intensity of thermal X
rays from laser plasma produced upon irradiation of a
heavy (Au, Ag) solid-state target by a 10'” — 10"°-W cm ™
laser pulse can be tens of percent of the laser pulse intensity.
The energy of thermal X-ray quanta corresponding to the
maximum of Planck’s spectrum is several kiloelectronvolts
(up to 10 keV), and this plasma at present is a source of X
rays with a highest peak intensity. X-ray quanta with a
higher energy (up to 100 keV) while retaining the high (of
the order of Planck’s one) radiation intensity can be
obtained also with the help of radiation of K, lines in
laser plasma (the parameters of the lines are given, for
example, in [9]).

In this paper, we describe quantitatively the processes of
radiative excitation of nuclei by using the modern laser
technologies and determine the physical parameters of
excitation for which detection of the nuclear processes
caused by X rays is reliable. In this case, consideration
presented below is suitable for de-excitation of any isomer
with a specified structure of nuclear and electron (to take
electron conversion into account) levels and concrete
numerical estimates are presented for the isomer **Mo.
The advantage of this isomer is the extremely low (0.0361)
coefficient of internal electron conversion, significant life-
time of the isomer state (~ 7 h), and high (268 keV) energy
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of the y quantum produced during the decay, which makes it
possible to separate rather easily the quanta produced
during nuclear processes from X-ray pump quanta. At
the same time, a disadvantage of this Mo isomer is the
absence of the K, line whose energy is close to the de-
excitation energy 4.80 keV. As a result, this molybdenum
isomer can be pumped only by X rays from laser plasma.

The database [10] presents the scheme of y transitions of
the ** Mo nucleus (Fig. 1): the isomer state |1) has the energy
of 2424.89 keV with the lifetime of 6.85 h, and the excited
state |3) — the energy of 2429.69 keV (17/2+4) and the
lifetime of 3.53 ns. The radiative transition occurs to the
level with the energy of 2161.83 keV (the state |2), 13/2+),
which then nonradiatively decays. The energy of the pro-
duced y quantum is 267.90 keV upon transition from the |3)
level to the |2) level with the transition multipolarity E2.
Other nuclear levels of **Mo are not participating in the
selected channel of the isomer state de-excitation. Consider
the processes of production and de-excitation of isomer
gl}uclei by high-power laser radiation by the example of

Mo.

13) — 2429.69 keV (17/24)
3.53 ns
4.80 keV ——> yquanta
226790 keV
1)
2424.89 keV [2) — 2161.83 keV (13/2+)

6.85h

Nonradiative transitions

10)

Figure 1. Energy level diagram of low-energy transitions of the “*Mo
molybdenum isomer (|0), |1), |2), and |3) are the ground, isomer, final,
and active states).

the parameters stated above is ~ 6 x 10”. At the same time,
protons with the maximum energy are generated on an area
of the order of the laser spot area, S; ~ 107> cm?, and the
volume Sy /, contains ~ 6 x 10'° niobium nuclei. As a result,
~ 10* laser pulses are required so that the number of **Mo
isomer nuclei constitute 0.1% of the number of **Nb
niobium nuclei, these pulses being shot during the time
smaller than the isomer lifetime (~ 7 h). Therefore, the pulse
repetition rate in this case is 0.4 Hz, which is quite feasible
for modern laser technologies.

Thus, it is possible to obtain the **Mo isomer nuclei
concentration of ~ 10'° cm ™3 with the help of a ~ 50-J, 100-
fs laser with a pulse repetition rate of ~ 1 Hz, intensity of
5% 10" W ecm ™ and laser spot area of 107> cm?. With this
method of isomer production, a continuously advancing
polystyrene ribbon (or a rotating disk) whose protons are
incident on the Nb target can serve as a laser target for
proton generation.

3. Generation of X rays to pump an isomer

Papers [4, 5] describe the computational method, which
makes it possible to calculate the conversion coefficient of
laser radiation energy into X-ray pump energy of a nuclear
isomer. When an isomer target is pumped by thermal X
rays from laser plasma, the nuclear line width I'; (the level
width is |3)) is determined by the Doppler effect: I's ~
I'sp = wyuri/c, where o, is the X-ray quantum frequency
and vp; is the thermal velocity of a plasma ion. Figure 2
shows the conversion coefficient ¢ of the laser radiation
energy into the thermal X-ray energy falling into the
spectral region of the nuclear pump for a molybdenum
target as a function of the laser radiation intensity. The
laser pulse duration was taken equal to 200 ps. The target
thickness, corresponding to Fig. 2, should exceed ~ 40 pm
(the absorption length of a quantum with the energy
4.8 keV in molybdenum, according to data from [9]) to
provide a sufficient optical thickness and Planck’s spectrum
of X-ray quanta. Using a 20-J, 200-ps laser pulse with the

2. Production of an isomer
with the help of intense laser radiation

In producing an isomer due to nuclear reaction with the
help of an accelerator, isomer states of *Mo are populated
with a probability higher than 0.001 in the reaction
“Nb(p,ny) with the proton energy starting from 5-—
6 MeV. These population probabilities are caused by the
equilibrium between generation and decay of **Mo isomer
nuclei upon continuous irradiation of a niobium (**Nb)
target by protons.

Consider the possibility of producing an isomer with the
help of a super-high-power laser operating as an accelerator.
In this case, the number of Mo isomer nuclei produced
during the action of a separate laser pulse can be estimated
as Ny, = Npnnyonplp, Where the free path length /, of a
proton with the energy ~ 5 MEv in metallic niobium with
the concentration ny, &~ 6 x 10** cm ™ calculated by using
the SRIM software [11] is equal to ~ 100 um. The cross
section oy, of the reaction “*Nb(p, ny) is ~ 1072° cm?, and
10" — 10" protons can be produced per one laser pulse [8].
Then, the upper estimate of the number of **Mo isomer
nuclei produced during the action of a single laser pulse with
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Figure 2. Conversion coefficient of the laser radiation energy into the
thermal X-ray energy as a function of the laser radiation intensity for a
molybdenum or silver target.
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focal spot diameter of 100 um, it is possible to obtain the
optimal laser radiation intensity ~ 1.3 x 10> W cm™2. In
this case, the maximal conversion coefficient is 1.5 x 1074,
which corresponds to the number of pump quanta falling
into the spectral region conforming to the Doppler
broadened nuclear level, N, = £7(20 J/4.8 keV) =~ 4 x 10'2.

Consider another method for generating X-ray pump
(see Fig. 2 from paper [4]), which is realised by focusing
laser radiation on an outside silver target. The choice of the
material of the additional target arises from the fact that
silver and molybdenum have close nuclear charges (47 and
42) and masses (107 and 93). Then, the additional target
should be located at a distance L; from the isomer target
that is longer than the ion path length during the laser pulse
action f: L, = ¢,t;, =~ 20 pm (¢ is the ion sound velocity),
and the isomer target should be bent and overlap as far as
possibly the large solid angle in order to avoid geometric
pump-radiation losses. Figure 2 presents the results of
calculation of the conversion coefficient for a silver target.
One can see that the conversion coefficient in this case is
approximately three times higher than that for the molyb-
denum target; however, the geometrical losses are
substantial in this case and are approximately of the
same order. As a result, the advantage of the outside target
is lower heating and absence of the spread of the isomer
material. The Doppler width of the nuclear level for this
target is much smaller and comparable with the natural
width of the excited isomer level: (3.53 ns)~'.

The modern level of the development of laser technol-
ogies makes it possible to produce laser plasma with a
temperature of several kiloelectronvolts. According to this,
isomer nuclear levels with energies not exceeding 10 keV can
be excited by thermal X rays. Use of laser plasma to excite
K, lines makes it possible to increase by an order of
magnitude the pump quantum energy of nuclear isomers
but requires coincidence of the K, transition energy with the
isomer transition energy, which is a rare case [3].

4. Estimation of the number of isomer nuclei
de-excited by thermal X rays from laser plasma

Let us estimate the number of excited nuclei upon
irradiation of a nuclear isomer, whose energy level diagram
is shown in Fig. 3, by X rays from laser plasma. Thermal X
rays from laser plasma pump the |1) —|3) low-energy
transition of the nuclear isomer. As a result, a part of
isomer nuclei during the time 7 of plasma emission undergo
transition to the |3) state, followed by the spontaneous
decay into the low-lying state |2), which leads to emission of
vy quanta with the energy corresponding to the |3) —|2)
transition.

Isomer nuclei from the |3) state can both decay into the
|2) state and undergo transition to the |1) state emitting an
X-ray quantum 7w, or due to the electron conversion there
occurs a nonradiaitve transition to the state shown in Fig. 3
as |4). The probabilities of the mentioned transitions are
proportional to radiation widths of nuclear levels and the
electron conversion coefficients. In particular, the extremely
low (0.0361) coefficient of internal electron conversion
makes the |1) — |4) transitions unlikely for the Mo isomer.
Let us pass to a detailed description of the processes of
excitation and decay of nuclear levels.

The transition probability w3 of a nucleus from the |1)
isomer state to the |3) excited state during the time t of the

4)

T34 = T304

2)

Figure 3. Energy level diagram of excitation of the nuclear isomer: [1) is
the isomer state; |3) is the active state of the nuclear isomer; |2), |4) are
the final states to which a nuclear isomer undergoes transition after
emission of y quanta or due to internal conversion.

X-ray pump (in the order of the laser pulse duration) is
determined by the perturbation theory (Fermi rule) as

2n N
wiz = 1 GV 8(es — &1 — ), (1)

where V is the operator of nucleus—electromagnetic-field
interaction; ¢; and &, are the energies of |1) and |3) levels.

In the case of magnetic dipole transitions with the
multipolarity M1, the operator V), of interaction with
the external field H can be written in the form

I}Ml ~ ,UpHg, (2)

where p, = eli/(myc) is the nuclear magnetic moment
corresponding to the proton mass m,; § is the spin operator
of a nucleus. For a transition with the multipolarity E3, the
operator Vg, of interaction with the external field E can be
presented in the form [12]

A OF,
Vir = Oup a 3)

where Q,; is the nuclear quadrupole tensor whose
components are approximately equal to erl.; o, f=
X, ¥, 25 Fawe ~ 1075413 is the characteristic size (in
centimetres) of a nucleus with the mass 4. The matrix
element (3|V|1) is estimated in this case as eEwr2,./c. When
taking into account the finite width I'; of the upper excited
level, the 6-function in (1) is replaced by the asymptotic
representation:

hF3/2TC
(&3 — &1 — hw)” + (h3/2)°

d(e3 — &) —hw) =

(4)

In the expression for the matrix element \V13|2, it is
convenient to separate the Poynting vector for the pump
wave cH?/(4m) or cE*/(4m), and to express the remaining
part, corresponding to the magnetic or quadrupole
moment, by the radiation widths of nuclear transitions [12]

3 2
M1 :4w}|#PS13| E2 :(DS|Q13|2 (5)
. 33 N T 15¢5h
Note that paper [13] presents expressions for the widths
ArMY =21 x 107 %(hw),  ArE =4.9 x 1072 (hw)’ 443,
where Al }f“, nr 3}312, and 7w should be in kiloelectronvolts.
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However, these expressions do not take into account the
specific character of a concrete nucleus, and they can yield
the radiation widths of nuclear levels, which differ from
tabulated data. Here, the effect of the electron conversion
changing the nuclear radiation widths by several orders of
magnitude is not taken into account [14].

As a result, expression (1) for the |1) —|3) transition
probability of the nuclear isomer (E2 in the case of **Mo)
can be written via the cross section o, of the radiation
absorption of the pump quanta and the flux (in's~' cm™?) of
monochromatic pump quanta I, = cEZ/(4rchw):

w3 = 1oy, (6)

where 7/, is the total number N, of pump quanta per unit
area of the isomer target, and

_ 601TC2 h2F3Ele3
®? (&3 — & — o)’ + (h3/2)"

(N

Ox

Note that in the case of resonance (fiw =é&; —¢;), the
maximal cross section o, . = 151,(21“31312/(711"3). In the case
of magnetic dipole transitions, I'i! is used instead of the
width I'? in (7), and the numerical coefficient will be equal
to 37 instead of 60m.

In the case of the thermal X-ray pump with a continuous
spectrum, the flux (in s™! cm™2) of the pump quanta will be
determined by the Planck distribution: dI, = w’>dwx
{rn?c?[exp (hw/T,) — 1]}71, where T, is the electron temper-
ature. To calculate the excitation probability in (6), it is
necessary to perform integration over the entire Planck
spectrum of the X-ray pump quanta:

00 2
T ®
Wi =12 Jo exp(iw/T) — 1 ox(w)do. ®)

Because of the sharp dependence of cross section (7) on the
pump quantum energy, the integral in (8) is easily calcu-
lated, and the number N; of nuclei excited from the |1)
isomer state to the |3) active state, in the case of resonance
excitation by X-ray quanta, can be written in the form [4]

. 2J3+1F31 &3 — & !
N3 = 120N10 2J] 1 F3 F3'L' eXp Te 1 ,(9)

where Ny, is the initial number of isomer nuclei in the |1)
state irradiated by the pump quanta; I'5;, depending on the
transition, is determined by expression (5). These isomers
reside in the cylindrical region with the base area in the
order of the laser spot area S} and the height in the order
of the absorption length /, of the X-ray quantum (it is
assumed that the laser spot diameter is larger than the
absorption length). In estimating N, it is necessary to take
into account that the Ilimiting concentration of the
molybdenum isomer in the solid-state target can achieve
10~ of the total concentration of nuclei. In expression (9),
the total width I'y of the |3) excited state is not specially
reduced in order to point out that the number of excited
nuclei is formally independent of this parameter, and the
Doppler broadening of the nuclear line does not lead to an
increase in the number of excited nuclei, which differs from
the results of paper [6]. Expression (9) describes the initial
stage of the excitation process when the number of the
active nuclei is proportional to the pump duration t. The

finite pump duration is limited by the lifetime 75 of the |3)
excited state (t3 = 3.53 ns for Mo) because at large 7 a
dynamic equilibrium between excitation and decay of the
|3) state is established. Expression (9) additionally takes
into account different statistical weights of the initial and
final nuclear states by introducing J, 5 spins of these states.

Consider now generation of the y quantum during the
decay of the |3) state, which after excitation can decay both
in the states |1) and |2) and in the state |4) responsible for
the electron conversion of the emitted quanta. The lifetime
73 of the |3) excited state is estimated by the expression

5 =Ty (14 ayy) + T (1 + ), (10)
where o3, o3, are the internal conversion coefficients for the
transitions |3) — |1) and |3) — |2), respectively; and I’y 3,
are the radiation transition widths. The probability that a
hard y quantum will be generated during the decay of the
|3) state, will be equal to the product 7313, (the absorption
probability of this quantum by the electron shell is
730300 73).

The total number N, of y quanta produced during the
emission of the laser plasma is found by multiplying the
number of excited nuclei (9) by the generation probability of
a y quantum [5]:

275+ 1
2J + 1

-1
x[exp<83Tgl> — 1} .

Note again that expression (11) cannot be used in the
saturation regime of nuclear levels and describes only the
initial stage of the de-excitation process when the quantum
yield is proportional to the pump duration t. In (11), the
limiting pump duration is 7 ~ 73. Expression (11) makes it
possible to evaluate the possibility (criterion N, > 1) of
radiative de-excitation of the isomer nuclear state with the
specified structure of nuclear and electron (to take
conversion into account) levels by thermal X rays.

Let us estimate now the number of emitted y quanta in
the case of the “*Mo isomer by setting the laser plasma
temperature such that the energy of the X-ray pump
quantum at the |1) —|3) transition corresponds to the
maximum of the Planck distribution [(e3 — &)/ T, ~ 2.8]:

(12)

N}, = N3F32'C3 ~ 102N10 F31F32T'L’3

(11

N’Y ~ ]0N10F31F32‘E‘L’3.

The internal conversion coefficients in (10) are calculated
with the help of the RAINE software package [14]: a3, =~
4.87 x 10°, a3, = 0.03. The low 03, is caused by the fact that
the |3) —|2) transition in the case of the molybdenum
isomer has the energy 268 keV, and the |3) — |1) transition
is a low-energy transition with the energy 4.8 keV (see
Fig. 1). Therefore, hard quanta with the energy 268 keV do
not fit into the range of characteristic energies of the
electron shell. The excited-state lifetime of the Mo isomer,
taking into account the coefficients of internal conversion
and radiation widths is determined only by the radiation
width of the |3) —|2) transition. Because 73 is known from
reference data and the ratio of the partial widths is
I3 /T3, ~ (4.8/268)° (both transitions have the multipo-
larity E2), we, knowing that I'y; ~ 73" = 3 x 10® Hz, can
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obtain I';; = 0.5 Hz. Thus, all the quantities in expression
(12) are found.

Note that the internal electron conversion at the |1) — |3)
transition can hamper generation of hard nuclear quanta
under condition o3 I'3 > I'3,, which is not fulfilled for
»Mo.

As a result of the performed estimations at 7 ~ 0.1 ns
(t <€ 13), the number of emitted y quanta (12) is

N, =2x107""N. (13)
Then, to obtain, for example, N, ~ 102, it is necessary to
have N,y ~ 10'? in the pump region, which corresponds to
the total number of isomer nuclei in the laser spot region of
diameter 1004, ~ 1072 ¢cm. In this case, we assumed that
pump radiation is absorbed in the 404; -thick layer with the
molybdenum isomer concentration in the laser target equal
to 107° of the solid-state target.

Therefore, the estimate of the possibility of de-exciting
the isomer states requires detailed information on the
structure and radiation widths of nuclear levels and the
knowledge of the electron conversion coefficients of nuclear
transitions. Then, the method presented in this section
makes it possible to consider other isomer nuclei.

Note that the obtained estimate of the number of
emitted y quanta (13) is valid for such pump durations
at which the population of the |3) level is small. A more
rigorous analysis requires using, instead of the transition
probability (1), nonstationary equations for the populations
of all the nuclear levels participating in the de-excitation.

5. Population dynamics of nuclear levels during
de-excitation of the isomer state
by pulsed X rays

Consider now the nonstationary model of the isomer
nucleus excitation by X rays from laser plasma to produce y
quanta with the energy corresponding to the |3) —|2)
transition. The equations for the density matrix elements of
the system of nuclear levels can be written as the equations
for the populations N; — N4 of the corresponding states:

dn dn
d—tl: W([)S|3 +"/13N3, dtz :’}Y23N37
(14)
dn dn.
d_t»* = —W(t)s;3 — 2N3, _dt4 = V43V,

and the equation for the nondiagonal matrix elements s;3 of
the |1) — |3) transition has the form

ds
2= 2W(1)(Ny = Ny) = s13.

& (15)
In equations (14), (15), time ¢ is measured in the units of 73;
the X-ray pump intensity has a Gaussian time profile
W (1) = Gexp[—(t — ro)/rp)z} with the characteristic pump
duration 7, and the instant of the pump ‘switching on’
t = 7; the dimensionless matrix element is G = 3|V |1)73/h
((3|V|1) was estimated in the previous section); ;3 = I'3;T3;
Y23 = I'3p73; Y43 = I'3103173. Expression (1) is the solution of
equations (14), (15) at t — 0 and is independent of the
pump intensity duration, i.e. represents an expansion in the
Taylor series of a more general solution of the nonsta-
tionary system.

Figure 4 presents the results of numerical solution of
system (14), (15), which explicitly demonstrate that the
population of the |2) state is determined by the dimension-
less matrix element G (with respect to the pump intensity)
and 7, (with respect to the pump duration). At 7, < 1, the
population of the |2) state increases linearly with increasing
T,, as was shown in the previous section. In addition, one
can see from Fig. 4 that the population of the |2) state
becomes noticeably other than zero if G2 0.1 (i.e. (3|V|1) ~
0.1%/13) and 7, > 0.1.

Ny b
0.4
0.3
0.2

0.1

Figure 4. Dependence of the |2) state population N, on the dimension-
less pump intensity G at y;3 = 1075, py3 ~ 1, 7453 = 107°, 7, =1 (a) and
0.1 (b).

Figure 5 presents the temporal dynamics of nuclear level
populations for t, = 1, G = 0.5, and 7y/7, = 6. One can see
that in the initial time interval z € [6; 6.5] the populations of
all the levels change linearly with time, in accordance with
the expressions of the previous section. At 7 > ¢ > 6.5 the
population of the |3) upper level normalised to unity is
saturated at the level ~ 0.2, while the populations of the
levels |1), |2) continue to change linearly with time. At ¢ > 7,
the pump terminates and the population of the |3) upper

Ni, Ny, N3
1.0

0.8
0.6
0.4

0.2

0

Figure 5. Temporal population dynamics N, N, and Nj of the levels |1),
[2), and |3) at 7, = 1, G = 0.5, and 7y /7, = 6.
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level starts decreasing, while the populations of levels [1), |2)
tend to constant values, excitation of the isomer state
(change in the population of the |1) level) terminates earlier
than emission of the excited state (change in the population
of the |3) level). At the given pump duration and intensity,
~ 0.4 of the total number of isomer nuclei irradiated by the
pump decay.

For the **Mo, we will estimate numerically the pump
intensity at which the dimensionless matrix element G
achieves the value of ~ 0.1. It follows from expression
(3) and definition of G that the dimensionless electric field
strength [E = eE/(m.cwy), where m, is the electron mass
and oy is the optical laser frequency] of the X-ray pump is

h

E~cO0] 57—
FiucWxWLMeT3

(16)

At the energy hiw, = 4.8 keV and wavelength A; = 2mex
or ' =1 pm, expression (16) yields E ~ 0.3. At such field
strengths the X-ray pump intensity is ~ 107 W cm 2. By
equating the pump intensity to the flux density of Planck’s
radiation, cE> /(4m) ~ oT*, we obtain the radiation temper-
ature ~ 1 keV required to pump efficiently the Mo isomer.
In this case, the pump duration should exceed ~ 0.3 ns
(tp = 0.1). For the laser plasma spot area 4 x 107 cm?, the
total X-ray pump energy (in the entire Planck spectrum)
should be 80 J and the laser pulse energy should be equal to
500—-1000 J, depending on the conversion coefficient &7.
These parameters are quite feasible for modern laser
technologies.

Therefore, a more rigorous consideration of the pop-
ulation dynamics of the *Mo nuclear levels during de-
excitation of the isomer state by a thermal X-ray pulse also
allows one to come to the conclusion that experimental
realisation of this process is possible under laboratory
conditions.

6. Conclusions

The present level of the development of the laser technique
allows efficient investigation of nuclear processes with the
help of high-power lasers. In particular, with the laser
acceleration of protons it is possible to obtain *Mo isomer
nuclei in a metallic niobium sample as a result of the
reaction **Nb(p,ny) when a 50-J, ~ 100-fs laser with the
pulse repetition rate of several hertz and the laser spot area
of 1073 ¢cm? is used to generate protons.

High-power lasers can also de-excite nuclear isomer state
by the thermal X-ray pump or linear X-ray pump from laser
plasma. For example, thermal X rays, obtained upon
irradiating a silver target by a 1-kJ, 300-ps laser pulse
with the focal spot diameter of 20 pum, are sufficient for de-
excitation of **Mo. In this case, the number of 268-keV hard
nuclear quanta emitted during de-excitation is no less than
10%, which is sufficient to detect the effect.

Consideration of the population dynamics of the nuclear
levels has shown that the optimal X-ray pump duration of
the laser transition should be in the order of the lifetime 13
of the upper excited nuclear level. Because the X-ray
emission duration of laser plasma exceeds the laser pulse
duration by two — three times, the latter should be two —
three times smaller than the lifetime of the excited nuclear
level.
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