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It is shown that a laser pulse of length T will produce an inversion of the population of rotational levels of 
molecules when w;'T.(I, where w, is the rotational frequency. When the molecule has an intrinsic dipole 
moment, it is possible to produce generation at the frequency corresponding to a purely rotational 
transition. 

PACS numbers: 32.20.Ky 

Existing optical methods of producing population in
version depend on resonance between the frequency of 
the pump field and the frequency of the quantum transi
tion in the system to be excited, or on certain definite 
phase relationships as, for example, in the case of a 
1T-pulse. In this paper, we shall consider the situation 
in which optical excitation produces a redistribution 
within the quantum-mechanical system even when 
neither of these two conditions is satisfied. 

We shall be concerned with the excitation of rota
tional levels of a molecule by an ultrashort pulse of 
light. We shall consider transitions between the rota
tional states of linear molecules produced by a laser 
pulse of length T much smaller than the reciprocal of 
the rotational frequency w, (w, T« 1, see[ll). For very 
approximate calculations, let us suppose that T -10-12 

sec. Since the ratio of vibrational and rotational times 
is large, the quantity w, T could be large, where Wv is 
the vibrational frequency. Therefore, the vibrations 
undergo an adiabatic perturbation up to T-1O-13 _10-14 

sec and, therefore, their excitation has a low prob
ability. Since the characteristic wavelength of light is 
much greater than the linear dimensions of a molecule, 
the electric field can be regarded as quasistationary, 
i. e., we can write 

E=eE,,(t) COS"',.!. 

where e is the polarization vector, Eo is the amplitude, 
and Wo is the wave frequency. In actual fact, Wo cor
responds to the infrared or red region in the visible 
part of the spectrum, so that it is appreciably smaller 
than the electronic frequencies of the molecule. We 
may therefore use the expression for the energy of in
teraction between the molecule and the electromagnetic 
wave averaged over the electron state: 

(1) 

where a i~ is the molecular polarizability tensor. 

When dispersion is taken into account, a ik must be 
replaced by 
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When the molecule has a dipole moment, the corre
sponding interaction has the form d· eEo coswot and its 
contribution to transitions is negligible because of the 
rapid oscillations [the characteristic length of Eo(t) is 
equal to the pulse length T which, by hypothesis, is 
much less than W;l but, of course, is much greater than 
wa1 ]. 

In the approximation we are conSidering, the transi
tion amplitude between states K, M and K', lvl' is given 
by ll] 

:t 2:t 

(/""f.f.·,u·=J J \jlK."f\tl.q;)e-·,···1.jJ'K· .. ",\~,q;)sin8d8dq;, 

p""\ Vdt. (2) 

where e and cp are angles defining the rotation of the 
molecule, K and .11 are rotational quantum numbers, 
and III K,.II are the rotational wave functions. 

For a linear molecule, the tensor a ik referred to the 
principal axes has only two independent components, 
namely, all = a22 = aL , a33 = all' Transforming to the 
laboratory frame, and assuming that light is linearly 
polarized, we obtain 

(3) 

The term independent of () is omitted from (3). 

Only those transitions are possible for which the se
lection rules ~i1I = 0, ~K =± 2, ± 4, ... are satisfied. 

Henceforth, we shall be interested in the population 
of the rotational levels of the molecule, f (K, M), after 
the application of the pulse. Equation (2) shows that 
the relation between the density matrix p+ after the 
pulse is related to the initial density matrix p_ by the 
formula 

(4) 

where fj* is the Hermitian conjugate operator. We 
shall suppose that the initial matrix is diagonal and 
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corresponds to the equilibrium Boltzmann distribution, 
i. e. , 

i-(K. M)=Z-' exp {-eK(K+1)}. (5) 

where e =B/kT, B is the rotational constant, T is the 
temperature, and Z is the rotational partition function. 
The occupation numbers after the application of the 
pulse are then given by 

i+(K.Jl)= 5: laK"K·,,·I'!_(K'.M'). (6) 
K' . .\f' 

Let us consider in greater detail the population of the 
two lowest-lying rotational levels. They correspond 
toK=O, M=O andK=l, M=±l,O. We shall suppose 
that the electronic ground state of the molecule corre
sponds to the term 1~. The rotational wave functions 
can then be expressed in terms of the associated Le
gendre polynomials. To determine the occupation num
bers for the above states, we must have the amplitudes 
aO,O;K,O; al,O;K,O; al,.l;R;.l' Calculations based on (2) 
yield 

. K" --. (K-1)!! (KH , 3 .' 
a"oKo=(2q) -12K-ri F --. K-:--: IV) . 

. ' . (2K+1)!! 2 2' 

a'."KO=(2i~)(K-"i'13(2K-j-l) K!! F(~'-1. K,~: i'I). 
I (2K,])!! 2 2' 

where F is the confluent hypergeometric function. 

For realistic values of the field Eo in the pulse, the 
parameter y may turn out to be substantially greater 
than unity. For example, for the HCN molecule, we 
have all - aL = 16 a. u., and for T = 10-12 sec we find that 
y becomes greater than unity when Eo j:! 107 V/cm. The 
case y» 1 is, of course, of particular interest. The 
Boltzmann distribution is then substantially distorted, 
and it can be shown(1) that the most populated states are 
those with K2 - y. Therefore, the population looked 
upon as a function of K has a maximum and, conse
quently, the lower levels are overpopulated. 

When e y» 1; we can use the asymptotic behavior of 
the hypergeometric function, and obtain 

(8) 

The populations of sublevels with different M and given 
K exhibit a peculiar modulation in this limit: f+(K, M) 
is proportional to y -lor y -2, depending on whether 
K +M is even or odd. 

To determine the populations in the region ye $ 1, 
we have carried out a numerical calculation for the 
HC12N14 molecule. The results for E =0.02 were as 
follows: 

8 

1 
-7.4.10-4 

.j 
10-' 
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When the molecule has an intrinsic dipole moment, 
these states are connected by a dipole transition. We 
therefore have the possibility of generation at frequency 
corresponding to a purely rotational transition of the 
molecule. 

Let us estimate the gain i3 for the HCN molecule 
(dipole moment d=2.9 Debye units, B=44 316 MHz): 

i.'W 
~ =~I1[j_(1. ±1)-f_(O.Ol J. 

where'\, W, and r are, respectively, the wavelength, 
probability, and linewidth of the given transition, and 
n is the gas density. The probability W of a purely 
rotational transition is given by the well-known for
mula[2) 

.. I\. "d' 
I\" = 3i.' d' 21\.- I = 9;: . 

We shall now estimate the gain for n -1018 cm-3, T 
-102 OK, T = 10-12 sec, y = 10 (which corresponds to 
Eo =4x 107 V/cm, i. e., the current density is Q =4 
X1012 W/cm2). 

(10) 

For these values of the parameters, the quantity r 
must be interpreted as the collisional width, since it is 
the largest width. In fact, according to[3), the colli
sional width for HCN is 2.5 X 109 sec-1 for n = 1018 cm-3, 
whereas the Doppler width is kv - 6 X 105 sec-1. The 
value obtained for the gain is i3'" 0.3 cm-1. We note that 
this estimate is not very dependent on the gas density 
and on the dipole moment of the molecule since, so far, 
the predominant broadening mechanism is provided by 
collisions between molecules, and the quantity r is pro
portional to nd 2 which cancels out with the correspond
ing factors in the overpopulation and the spontaneous 
transition probability. 

The resulting emission is associated with the rota
tional transition 1, ± 1- 0, 0 (,\ '" 0.3 cm), i. e., two 
circularly polarized waves are generated. The quan
tization axis for the angular momentum is the direction 
of the wave vector of the generated wave, whereas, in 
population calculations, we assumed that the quantiza
tion axis was the direction of the electric field in the 
exciting pulse. It follows that the generated radiation 
originating from the rotational transition is propagated 
at right-angles to the direction of propagation of the 
exciting pulse. 

It is clear from the foregOing estimates that the nec
essary field Eo is very high, and the problem therefore 
arises as to whether the ionization of the molecule is 
possible under the action of the laser pulse. It is clear 
that, if a substantial fraction of the molecules is ionized 
during the operation of the pulse, this will lead to 
strong excitation of rotational and vibrational degrees 
of freedom which, in turn, will highly distort the dis
tribution over the rotational sublevels, which we have 
established. 

The molecule can be ionized in two ways: either by 
a cascade breakdown due to the acceleration of elec
trons in the field of the laser wave, or directly by field 
ionization through tunnel or multiphoton effects. To 
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estimate the efficiency of the cascade mechanism, we 
must compare the energy ~ given to the electron during 
the operation of the pulse with the ionization potential 
10 , Assuming that the electron velocity is of the order 
of 108 cm/sec, and that the cross section for a collision 
between the electron and the molecule is of the order of 
10-16 cm2, we find that v-1010 sec-1 when n -101S cm-3. 
Suppose that the frequency Wo of the laser pulse corre
sponds to a 1. 2-eV photon. In this situation, we have 
wo» l/T» v, and elementary calculations show that 
~=e2EovT/4mw~-3xlO-3 eV, where e, m are, respec
tively, the charge and mass of the electron. The ioniza
tion potential 10 of the HeN molecule is 13.9 eV, i. e., 
'iff «10, so that the cascade does not succeed in develop
ing during the operation of the pulse. 

The field ionization probability can be estimated from 
the results reported by Keldysh. [4] Estimates show that 
the largest contribution is provided by multiphoton ion
ization through an intermediate level. 

The probability of ionization during the pulse is of 
the order of[4] 

I 012T[sec 1· (6· 1O-"Q[W/cm2 j)"'-" 

where ns is the number of photons in the energy interval 
between the ground and intermediate levels. Hence, it 
is clear that, for our values of T and Q, the fraction of 
ionized molecules is negligible. 

We note in conclusion that, since the above mechanism 
of prodUCing overpopUlation is not selective, it should, 
at least in principle, enable us to achieve generation 
simultaneously on a number of rotational transitions in 
a given molecule, or simultaneously on different mole
cules, when a gas mixture is employed. 
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A negative muon captured by a metastable nucleus can accelerate the de-excitation of the latter by several 
orders of magnitude. For a certain relationship between the nuclear and mesonic level spacing, this de
excitation is accompanied by the ejection of a meson, which can then participate in the de-excitation of 
other nuclei. When a specimen with sufficiently high density of metastable nuclei and a meson beam of 
sufficiently high intensity are used, this process leads to a rapid increase in the y activity of the specimen, 
and can be used as a basis for a powerful source of monochromatic y rays. The single-particle model is 
used in this paper to calculate the decay probability for different channels of metastable nuclear states in 
the presence of a meson. The conditions under which an experimental realization of the de-excitation 
acceleration effect may be possible are discussed. 

PACS numbers: 23.20.-g, 25.30.Ei 

I. INTRODUCTION. FORMULATION OF THE PROBLEM 

The possibility in principle of accumulating consid
erable quantities of metastable nuclei during the pro
cesses involved in nuclear technology, followed by con
centration through chemicalll •2 ] and laser[3] methods, 
leads naturally to the question as to whether the rate of 
decay of such nuclei could be controlled. The possibil
ity of controlling the rate of radiative decay of metasta
ble nuclei through stimulated y emission in a laser-type 
device (the current state of the y laser problem is re
viewed in[7]) was discussed in[4-61. The possibility of 
influencing nuclear decay involving the participation of 
atomic-shell electrons (K capture and internal conver
sion) through ionization was considered in[Sl. The pos-
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sible acceleration of the de-excitation of a metastable 
nucleus through the transfer of some of its angular mo
mentum to the atomic-shell electrons was recently con
sidered in[9]. The influence of the electron sheil turned 
out to be negligible because the ratio r./r a of the nu
clear to atomic radius was very small. In this respect, 
the me sonic atom is more attractive than the ordinary 
atom because the ratio rnlra can then vary in a broad 
range of values, depending on the nuclear charge. 

In this paper, we consider the possibility of de-exci
tation of metastable nuclei by negative-muon bombard
ment. We shall not consider muon capture as such, 
since it has been discussed in detail in the fundamental 
papers. [10-12] The y-ray spectrum emitted during cap-
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