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We show that molecules and nuclei with well-expressed rotational degrees of freedom can be ex-
cited by means of a multistep process, initiated by a short and sufficiently strong electromagnetic
pulse, into a coherent superposition of rotational states. Properties of a molecule or a nucleus in
such a nonstationary state change (quasi-) periodically in time, due to the fact that the energies of
the rotational states satisfy (approximately) the rule cd(J+1). Accordingly, their interaction with
an electromagnetic field or with other particles changes {quasi-) periodically in time. A gas of mole-
cules in a coherent state exhibits a (quasi-) periodic change of the refractive index, an effect which
has been observed for the case of CSq gas at 325 K. The nuclear case does not lead to direct experi-
mental detection, because of its short coherence period.

I. INTRODUCTION

In this paper we identify mechanisms by which molecu-
lar or nuclear systems can be excited in a coherent super-
position of rotational states, whose characteristic proper-
ties then show up in the subsequent time evolution of
transition probabilities and in the expectation values of
dynamical variables. In both cases the superposition of
coherent rotational states is obtained by means of a mul-
tistep process generated by a strong electromagnetic pulse
of short duration in time.

A coherent superposition of states of a pure rotational
band exhibits a periodic behavior in time. The periodicity
is due to the fact that energy levels of a pure rotational
band are given by coJ(J+1). Actual systems, however,
will show a quasiperiodic behavior, since the coJ(J+1)
formula is only approximately satisfied.

All physical properties including the interactions with
other systems change periodically in time. These proper-
ties include radiation in bursts' or the periodic change
of refractive index ' (when many molecules are simul-
taneously excited by the same electromagnetic pulse).
Analogously, a molecule or a nucleus in a coherent super-
position of rotational states can be partly or completely
oriented in space. " Orientation will also exhibit quasi-
periodic behavior.

The periodic properties of coherent rotational states
have been discussed in both nuclear and molecular sys-
tems. ' ' While in nuclear systems' the effect is not
directly measurable because of the very short period
( —10 ' s), it has been measured for a molecular system
(where the period is —10 ' s).

In the molecular case, the excitation of the molecule

provided by the electromagnetic pulse goes via Raman
scattering. In Refs. 8 and 9 Lin et al. have given the
theoretical evaluation of this phenomenon in first-order
perturbation theory, using an effective semiclassical in-
teraction Hamiltonian. However, for a strong optical
pulse a multistep process occurs with contributions to
many orders of perturbation theory. In order to take this
into account in Ref. 10 use has been made of the sudden
approximation, with the same effective semiclassical
Hamiltonian.

Part of this paper consists in describing this
phenomenon using, in the sudden approximation, quan-
tum field theoretical methods for the electromagnetic
field. It has to be emphasized that the multistep process
described by means of the sudden approximation in a
low-temperature regime predicts persistence of the effect
even close to 0 K, while first-order perturbation theory
does not.

The paper makes use of Cxlauber coherent radiation
states for the electromagnetic pulse. For clarity sake we
have thought wise to repeat some of the existing results.
The paper points out that both the generation and the
time evolution of the coherent superposition of rotational
states are very similar for molecular and nuclear systems,
except for the time scale.

We note that the effect is measurable in molecular sys-
tems also because many molecules contribute simultane-
ously to the same event.

The paper is organized as follows. In Sec. II we give
the formal definition and properties of coherent superpo-
sitions of rotational states, following the approach of bo-
son operators. We calI these states coherent rotational
states (CRS). In Sec. III, we present the theory of forma-
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tion of coherent superpositions of rotational states for
realistic systems in the framework of the sudden approxi-
mation using pure state or statistical mixture formalisms.
Since, for realistic systems, these states are not identical
(although they are very similar) to the CRS, we call them
realistic coherent rotational states (RCRS). It is shown in
Sec. V that indeed the properties of the RCRS are very
close to those of the CRS. The subsequent evolution in
time of a system in a coherent superposition of rotational
states is treated formally in Sec. IV. The electromagnetic
decay of such a system is discussed, as well as the change
of refractive index of a gas due to the (quasi-) periodic
change of properties of the system. Measuring the refrac-
tive index is suitable for systems of molecules at room
temperature since in that case the electromagnetic decay
rate is very small in comparison with the collision rate,
while the time of measurement is short in comparison
with the average collision time. One says that the gas is
"collisionless" in this case.

The applications to the 92 U nucleus and the CS2 gas
are shown in Sec. V, where we show that the multistep
process generates superpositions of about 40 states in the
molecular case and about 20 states in the nuclear one.
Section VI contains the conclusions. Units A=e =1 will
be used throughout the paper.
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The angular momentum operators can be expressed as
bilinear forms of the operators (a +,a+ )
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The operators a+ lower the angular momentum of the
state by —, and the third projection by + —, :

II. DEFINITION OF COHERENT ROTATIONAL
STATES AND THEIR PROPERTIES

In this section we shall present one of the formal defini-
tions of CRS (Ref. 11) to point out the similarities with
our realistic coherent states (RCRS). In particular, as we
shall see in Sec. V, the coefficients of the states in the two
cases are very close, assuring the similarity of physical
properties for both states.

Coherent rotational states can be defined in several al-
most completely analogous ways. " ' We choose that
definition employing boson creation and annihilation
operators' because of its similarity with the case of
coherent vibrational states' and because of the simple an-
alytic properties of expectation values of operators be-
tween these CRS. (The fact that in this method the ex-
pansion of a state vector on the set of CRS contains both
integer and half-integer angular momenta is only an ap-
parent difficulty. In fact, a physically realizable state
contains only one type of angular momenta and therefore
the coefficients of the expansion pertaining to the other
type automatically vanish. )

The method" ' introduces two pairs of annihilation
(a+,a ) and creation (a +,a ) operators with bosonic
commutation relations:

[a+,a +]=1, [a +,a +]=[a+,a ~]=[a~,a +]=0 .

(2.1)

Defining
I Pp& as the vacuum eigenstate of the angular

momentum operators, the operators a +, operating on

I Pp &, create the eigenstate of the angular momentum
A

2 3operator J with the expectation value of J equal to 4
1andof J, to+ —,:

a+
I gp& =P+

I 4p&, (2.4)

where P+ can be any complex number.
I Pp& can be nor-

malized: (gp I fp& =1. For any pair (P+,P ) of complex
numbers one has

l&p&= X 2 aJM I'6M&
J=0M = —J

with coefficients:
~+M~ —M

p —(1/2)(
I P+ ~

+
~ P ~

) P+ P-
QJM =e

[(J+M)!(J—M)!]'n

(2.5)

(2.6a)

The phases of the coefficients are defined by

V~iM =V'+(J+M)+V' (J M) . — —
(2.6b)

CRS have the following characteristic properties.
(i) The absolute values of the amplitudes aJM are

peaked around mean values of ((/pl J
I
Pp&)' and

(ii) The phases yJM [Eq. (2.6b)] are equidistant for fixed
J or M. As a consequence, for large

I p+ I
and

I
p

I
the

where N+ ——a +a+, N =a a, and N =N+ +N
The eigenstates of angular momentum

I PJ~ & can be
expressed as follows:

(~ t )I+M(~'t )J —M

[(J+M)!(J —M)!]'i
CRS

I Pp& are defined (in complete analogy with the vi-
brational case' ) as eigenstates of a+."
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CRS have large expectation values of the quadrupole mo-
ment operator. '

(iii) If the vacuum state
I
1(o) represents a rotor, the

CRS describe a rotor which is oriented in space for large
values of

I P+ I
and

I P
(iv) For a rotor, a CRS is a nonstationary state with

periodic time evolution properties:

and

Q2, o = g D„'.(4, &,0)Q 2".',

I
lp(t) & =e—'

I hatt & = g ~~M e ""+' "
I AJM &

J,M

(2.7)

(2.8)

The phases expIi [yJM+toJ(J+1)t]] change periodi-
cally in time. Therefore, expectation values of operators
which do not commute with Ho also change periodically
in time. As an example, we show in Fig. 1 the expectation
value of the quadrupole moment operator as a function o

where Ho is the Hamiltonian describing the rotor (we as-
~ ~

sume zero ground-state energy for stmphctty):

Ho ——coJ

The periodic structure of the quadrupole moment is ap-
parent from (2.9). The sum appearing on the right-hand
side is periodic with period ~/4' for even J,a/2' or
odd J. On the other hand, the whole function duplicates
itself exactly only after a period m/co because of the in-
terference between the factor exp(i6tot) and the sum.
E.g., for even J we obtain bursts at integral multiples of
~/4', but only every four bursts is the detailed pattern
completely reproduced.

Figure 2(a) presents the coefficients
I

ago I
of the CRS

for different values of p and Fig. 2(b) presents the expec-
tation values of the operator Qz o for the corresponding
CRS with p=V22. Since (/pl J

I pp) =p (p +1), one
notices that the coefficients do not change much with p.

&Wp«)
I Qz, o I

&p(t)&

(Col Q20 I 4) ~+ e ge +JM+c c
J,M

(2.9)

with

3e
—

I
pl'

I p I
[2J(J+1) 2M 1]

2(ZJ+3)(2J —1)(J+M)!(J—M)!

2(2J +3)(J +M)!(J M)!&(2J+5—)(2J + 1)

III. CREATION OF COHERENT ROTATIONAL
STATES

(3.1)
g (2J + 1)exp( Eq!kT)—pJM

——exp( EJ/kT)—

We present in this section a possible mechanism
through which a molecule or a nucleus with an almost
ideal rotational band can be excited into a coherent super-
position of rotational states. We call these states RCRS.

A particle may initially be in the ground state
I goo), or

llin one of its excited states
I PJM ), or its state may initia y

be described by a density operator of statistical nature:

p(t=t )= gp I PJ (to))(P (to) I,
J,M

I &v, lo„lv,&

0 3~ v
4

. 1. Time evolution of the expectation value of the quadrupole moment operator (t(jp
I Q2o [ y p Only even integer angular

momenta are taken into account. P+ ——/3 =P= 10, &p =p =p = . p p
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We show that a short and sufficiently strong electromag-
netic pulse can, in a multistep process, excite a molecule
or a nucleus into a RCRS. The collision time of the mole-
cules in a gas should be long compared to the period of
the coherent state, so that the molecule in the coherent
state is not disturbed by collisions. It will be shown (see
later Figs. 4 and 5) that the RCRS created from different
initial states have similar properties, so that the statistical
nature of the initial density operator does not appreciably
change the periodic properties of the expectation values of
operators.

In this paper a sudden approximation formalism is used
since it creates a RCRS with properties close to those of
the CRS and since it is rather simple and numerically
manageable. Nevertheless, experiments under the condi-
tions for which the sudden approximation is valid, can be
performed, as discussed below.

A. Creation mechanism in the sudden approximation

Let Hp describe a system at the t &tp and let H'(t)
( t & tp) describe the interaction of the system with an elec-
tromagnetic field:

H =Hp+H'(t) . (3.2)

If the system is in a pure state
~

(t JM ) at t =tp, the state
vector at time t has the form:

(t)) = Up(r —tp)U](r tp)
~
yJM(tp)) t ) rp (3.3a)

—iHot
with Up(t) =e and U~ determining the evolution of
the system under the influence of H'(t):

U&(t, tp) = T exp i —H I(t')dt' (3.4)
0

(aj

0 4. 8 12 16 20 2( 28 32 36 40

(qla20I(ll) P=IZZ +q=2

~ + ~~ ~ ~ ops

FIG. 2. (a) Coefficients a)&& determining the coherent rotational states are presented for P+ ——P =P= V 20, V 22, V 24. (b) The
same as in Fig. l except that P= ~22. The corresponding coefficients

~
aJO

~

are presented in (a). The expectation values of Qz 0 for
P= ~20 and P= V 24 are close to that of P= V 22.
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where

and T is the ordinary time-ordering operator. The opera-
tor U, (t, tp) [Eq. (3.4)] can be rewritten in a form in
which the ordering operator T does not appear

Ui(t, tp)

=exp i —H t(t, )dt,
to

1 2
dt2 dt) [H t(t2), H t(t, )]+

fp to

(3.5a)

CJ M (t) = &t))J'M (tp)
l
Ut(t, tp)

l
AJM(tp) )

In a multistep process many coefficients CJM' can be-
come appreciably different from zero so that

l

1(' ') is a
superposition of many rotational states. Figure 3 shows
that the coefficients CJ M

' are often similar to the coeffi-
cients aJ M [Eq. (2.6)] determining the CRS. In such
cases, the state (3.3b) has properties similar to those of the
CRS of Eq. (2.7). To illustrate this, we shall present in
Sec. V numerical results for the electromagnetic excitation
of a system with rotational degrees of freedom. We will
show that a short electromagnetic pulse of a quadrupole
type is able to generate the desired RCRS.

B. Raman excitation of the coherent rotational states
in a sudden approximation

where the ellipses represent terms with higher-order com-
m utators.

If the interaction H ' has a very short duration ~ in
time (that is, bEr && 1, where bE is the energy difference
between the highest relevant state excited in this process
and the initial state of the systetn) all the commutators in
Eq. (3.5a) are approximately zero. It follows that the
operator U&(t, tp) has, in the sudden approximation, the
simple form

(3.5b)

If &pJ M l

H'
l pJ I )z is larger than 1, P„ is appreciably

different from zero even for rather high n.
If at t = tp the system is described by a density operator

[Eq. (3.1)] then the density operator of the system p(t)
evolves in time as follows:

R(t, to j
U, {t,t, )=e ' ', R(t, tp)= i H—,'(t')dt' .

'o

Operating on an initial state
l PJM ), the operator U& {t,t )p

populates many excited states of the system as long as the
transition probabilities among excited states are high in
comparison with the duration r of the interaction H (t).
One can estimate' the probability P„ that an n-step pro-
cess takes place by supposing that the matrix elements for
the transitions between any two neighbor states are ap-
proximately the same and equal to the matrix element
determining the transition from the ground to the first ex-
cited rotational state &PJ M l

H'
l

(()J M ) (for the rigid ro-

tor this is justified). One obtains

Let Hp describe a free molecule and the free elec-
tromagnetic field:

mo1+0 elTI (3.7)

0.5

Ipp I

P

w'th H o =H o +roJ and H o l P ) =E„
l
(t„). The

operator H p"' describes all molecular degrees of freedom
except the rotational one. Let the coupling between the
rotational and other degrees of freedom be negligibly
weak. We express the electromagnetic field A operator in
terms of creation a k and annihilation ak operators:

d kA'(r)=,
&2 f (a k e '"'+at, e'"')ek

(2~)'" 2k

(3.8)
Here the symbol of integration means both integration
over momenta k and sum over the polarization vectors
&ke.

We suppose a strong electromagnetic field described by
the Glauber coherent monochromatic polarized state
which does not change appreciably during the interval ~

p{t)= Xp. l4" '(»)&0™(t)
l

~

J,M
(3.6)

where the time evolution of the states
l

f' '(t) ) is
described by Eq. (3.3a). The statistical nature of the den-
sity operator p(t) is described by coefficients pJM which
are independent of time.

If for the interaction H' the basis
l PJM) is complete,

we may write

0

I s 1

4 8 12 16 20 24 28 J

with

J', M'
(3.3b)

FIG. 3. Coefficients
l

CJo
'

l
of Eq. (3.17a) obtained in a

heavy ion collision of 2oCa and 92U (see Table I) for the
coherent soperposition of rotational states of 9&U are presented
together with the corresponding coefficients

l
aJM (p= ~10).
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when the interaction is switched on (in the calculations
which follow we actually made use of box quantization
for the electromagnetic field so that

I
ak ) are strictly

normalized states. In this spirit we also have
+k I ako 0& dekko~ oPk I

ako o)):

contribution to the coefficients CJ M
' of Eq. (3.3a)

in second order but may contribute to higher orders. Ex-
panding e+—' ' to first order in Eq. (3.8) (since k r-10
for a molecule and a monochromatic pulse with A, -1
pm), one obtains

I ak...&
—=exp( ——,

'
I ak...I

')exp(ak, .p k...)
I

o &,

where 10) is the vacuum photon state and

ak I
ak ) ak, I ak, , &

(3.9)
(2n) ~ 2k

&&[&. Ho "](&k +&k )~(t to r),

The interaction between the molecule and the electromag-
netic field can be written as

Z
H'(t)= —g [A(r;).p;+p; A(r;)]8(t, t ,o)r, (3.10)

2m ).

with
~ w

=[r;,H o "]
m

and

1 if to&t &to+&
Ot, t, r = 0 otherwise .

Z is the total number of electrons in the molecule. We
have neglected the term A (e /2m;) which gives zero

(3.11)

where p, = g,. e;r; is the electric dipole operator. We
have omitted higher terms in Eq. (3.11) by supposing that
contributions of the magnetic dipole, electric quadrupole
and all higher-order operators are negligible in compar-
ison with the electric dipole operator.

We assume in addition that the duration r of the in-
teraction between the electromagnetic field and the mole-
cule is so short that the sudden approximation (3.5b) can
be used (for the estimates see Sec. V).

Since
I QJM ) are pure rotational states and R(t, to) is

proportional to an electric dipole operator, then

&ak
I &/AM I

R
I QJM )

I
ak ) =0 (n is an integer)

because all states of the rotational band have the same
parity. On the other hand, we have

CX

= z H f " "&ak... l &AM IR 14" & Iak„„&&ak„.„ I &W. IRIS''JM & lak, &~0.
tt) „k„cr„

(3.12)

Here 1$„) represents all molecular excited states and
I
ak ) is an (over) complete basis of coherent photon states. All

molecular states with a parity opposite that of
I /AM ) contribute to the sum.

In the optical region, the wavelength of the electromagnetic field is much smaller than the characteristic wavelength
of the rotational band and only high-energy states

I P„) contribute appreciably to the matrix element

&ak
I &QJM IR IQJM ) Iak ). Since, according to Eq. (3.11), &ak I &Q„ IR Ip„) Iak ) is proportional to

(E„E„)r,then —&ak, l &QJM IR Ip„) Iak ) is much larger than &ak, , l &Q„ IR Ip„) Iak, ,) if
I p„) and lp„)

are from high excited states.
One can then approximately express coefficients CJ M' from Eq. (3.3a) in a rather simple form by performing the diag-

onalization of the operator R within the (truncated) subspace [ I /AM ) ]:
&ak,~,(to) I &AM(to)

I

V R (t to) V
I AJ M (to) & I a'k,'~,(to) & =4J &MM ~JM'' (3.13a)

with V V=I, and eigenvalues AJM. The matrix elements (3.12) are given by Eq. (A6) of Appendix A.
Due to the properties of the operator R discussed above, we can write

&ak, , I &AM I
e'16'M & I ak & &ak, I &6M 1(e" ' +e " '

) 14~'M & I ak, , &

Restricting ourselves to the truncated space [QJM ], one finally obtains

(g )1/2 (g )1/2c,".M™(t)=2 2 &&JM I vl &J-M-&(e " " +e " "
)&pJ-M-

I v'IpJM&
JIIMII

(3.14)

In Sec. V we shall present some numerical results for a
gas of molecules both for temperatures close or far from 0
K to show how closely the coefficients CJ M resemble the
coefficients aJM given by Eq. (2.6a). We shall see that

I

about 40 states contribute to the RCRS.
One can formally rewrite the matrix element (3.12),

describing a two-step process as a one-step process. For
the special case of Raman scattering, for t &to+r, it fol-
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lows that

( 0JM I
( ~(z cos'& + (z). )

I &i ~ &P'.' (3.15a)

where r(t) is the position vector of the projectile referred
to a coordinate system with its origin in the target' and

Q2 denotes the electric quadrupole moment operator.
In this case one diagonalizes directly the operator R, ob-
taining

The derivation is performed in Appendix A. p is the
time average of the square of the electric field:

to+7
p= —I [(ak ~ (t)

i Ei ak (t))] dt . (3.15b)

The summation is limited to highly excited states with
E„—EJ-ko, where EJ is the energy of rotational state

i PJM ). The expression is valid for a strong mono-
chromatic polarized electromagnetic field in the sudden
approximation:

kor » 1, (E~ Ei )r && 1—.

Coefficients CJ ~' [Eq. (3.14)] can then be obtained by
diagonalizing the matrix:

(QJM(ro )
i

V t(A(x cos 8+(ZJ )prV
i

(t j' M( r)o)

~JM JJ'~MM' . (3.13b)

%'e shall make use of this expression in Sec. V to point
out the similarity between nuclear and molecular cases.

C. Comments on formation of the RCRS in a nuclear
system

Since the formation of nuclear RCRS has already been
described in Refs. 1—6, we shall give here only a short re-
view and present the final results.

A short electromagnetic pulse of a quadrupole type,
with which two co11iding heavy ions interact, can, through
a multistep process, excite one or both nuclei into a
RCRS. The energy of the projectile has to be kept
below the Coulomb barrier, so that H' of Eq. (3.2) is of a
pure electromagnetic type. Under special conditions (see
Table I of Sec. V), the relative motion of the two nuclei
can be described by a classical trajectory and also the sud-
den approximation, presented in Sec. IIIA can be used.
The duration of the interaction is however very short in

this case ( & 10 ' s) so that one can approximate H 1(t')
with H'(r') in (3.5b).

If one of the nuclei has well expressed rotational de-

grees of freedom, the interaction Hamiltonian H'(t) [Eq.
(3.2)] is of quadrupole type:

4wz, eH'(t)= g 3 Y2~(r(r))Q2, ~5(r(t))'
(3.16)

The two constants a(( and ai (ha =—
a~~(

—a) ) determine
the expectation values of the polarization tensor operator
with respect to the molecular ground state (in our approx-
imation) in the diagonal representation; 5 is the angle be-
tween the polarization vector of the electric field and the
symmetry axis of the rotational ellipsoid. The polariza-
tion tensor operator is defined as follows:

(3.15c)

(3.17a)

(3.17b)

When the backscattering of the projectile is considered,
the operator R(to, to+r) obtains the simple form

R = —i —', v'n/5q Y2o(8) (3.18)

with

ZieQo

4Ub

We shall present numerical examples in Sec. V.

IV. TIME EVOLUTION
OF COHERENT ROTATIONAL STATES

Since the time evolution of the RCRS exhibits periodic
properties, (spontaneous) y decay of the RCRS exhibits
radiation in bursts. ' For a molecular gas the periodic
properties of the RCRS can also be measured through the
refractive index of the gas. ' If a gas is at room tem-
perature, the electromagnetic decay rate is much smaller
than the collision rate. Since the system has to be ob-
served at times shorter than the collision time (so that col-
lisions do not disturb the measurement process), the elec-
tromagnetic decay of the molecules in the RCRS is ob-
servable only at low temperatures.

We shall present in this section the theory of the
periodic change of a refractive index of a gas of molecules
in RCRS as well as the theory of electromagnetic decay.

A. Refractive index of a molecular gas
in a RCRS measured with a short pulse

At time (t & to+r) molecules of a gas are in a RCRS.
The density operator is in this case [Eqs. (3.6)]:

o)( ) y i

p(JM)( ) ) ( g(JM)( )
i

J,M

Weights pJM are due to scattering of molecules before to,
when a short electromagnetic pulse appeared, leaving each
molecule in the RCRS. If the temperature of the gas is
zero, all pJM except one are 0. We shall test the time
behavior of the molecules in the RCRS by using addition-
al polarized monochromatic electromagnetic pulses of
short duration ~ at delayed times t». At time t», with
to] ) to+&, we let a pulse go through the gas and we
predict the change of the polarization of the pulse as a
function of t».

Let, at time t & to +r, the molecule (evolving with
HP& ') and the free electromagnetic field (evolving with

with V t V=I and

CJ'M' = g &A'~
I VI WJ-M-&e '

&4J M-
I
V'I 41M)
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Ho ) be described by the density matrix po(t):

Po(')= I&kouo(i))Po (r)~~ko~ (r)
I

&&ro+r .

The free monochromatic field has a polarization ek . At
0 0

time tp& the interaction H' between a molecule and the
electromagnetic field takes place:

H =Hp+H', tpi (t (tpi+~, (4.2)

with Ho H——o "+Ho . The interaction H' is (approxi-
mately) described by Eq. (3.11). After the interaction
takes place, the density operator for the system can be
written as follows:

P(r)=UO(t —~ 10)U1(r iOi) i&kov (r01))PO (r01)(~koe ( Oi) i
1( 01)UO( —Ol) . (4.3)

The sudden approximation is now used. (See Sec. III).
The change of polarization of the electromagnetic field

can be tested by measuring the intensity of photons with
polarization changed over to

Tr[p(t)a ko (ako (], (4.4)

with ek .ek =0. Equation (4.4) in the sudden approxi-

mation takes the form

Tr[p(t)a k ~ a k ~ ]

kp
Tr[p () "(toi )( b a cos 8+a) )] .

(2n. )
(4.5a)

The derivation is presented in Appendix B. Since

Q2 o =Q p o Y2 o(8) for a pure rotational band with K =0,
and cos 5= —,&4m/5Yzo+ —,

' v'4m. Yoo, Eq. (4.5a) can be
written as follows:

Tr[p(r)a k, ,ak, , ]

(2~)3 3 (~ ~ Q
i()t

+ —,
' (b,a —a, ) (4.5b)

B. Spontaneous electromagnetic decay of a system
in a coherent rotational state

The time dependence of Eq. (4.5b) is determined by the
expectation value of the quadrupole moment operator
Tr[po (roi)Qz o]. Such an expectation value was already
graphically presented in Sec. II for the case when

po "(to&)—=
~
imp)(i'~~~. The discussion there given on the

coherent periodicity is therefore also valid here. We shall
present some more examples in Sec. V.

Since A ~ and A '"' are different from zero only within a
small sphere of molecular or nuclear radius R, the radia-
tion power can be defined as

P~(()= — (g(t) f „A dV ()()))

(p(t) f A '
Q(t))

d
t ~end@

$(tl f d kkaq~q @(t)) .
dt

(4.7)

%'e follow the derivations of Refs. 1 and 4.
Let us suppose that our system obeys the rule

(oJ(J+ I). Then in H'"'= f A '"'dV only a quadrupole
interaction appears:

H'"'= f d k&k/2a k [Qk, H "]+H.c. ,
6(2~) ~

(4.8)

electromagnetic decay time so that first-order perturba-
tion theory can be used. According to energy conserva-
tion one has

(g(t} f A dV gt))l

dt
p(r) f ~i'dV+ f M' dV

+ f A" '"'dV t/i(t))=0.

(4.6a)

Here
~

P(t) ) is the wave function of the system, described
by the total Hamiltonian density:

Let A ~, A ', and A '"' be the Hamiltonian densities
of a free molecule or nucleus, a free electromagnetic field,
and an interaction between the molecule or nucleus and
the electromagnetic field, respectively. We shall treat a
system at zero temperature so that the electromagnetic de-
cay can be followed at times long enough to notice the
periodicity of the RCRS and short in comparison with the

where again the integral contains also a sum over polari-
zations. Dipole terms and higher than quadrupole terms
have been neglected. The quadrupole moment operator

Qk is defined by

(k r; )(e. kr;)
Qk =

k
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Let the system be in the RCRS [Eq. (3.3a)] at time
t =0:

l
t)I(0)) =

l p (0)) and let
l p» '(t)) denote

one-photon states:

lP" '(t))="t e '"'lg™(t))
Looking for solutions of the equation

l
q(t) ) g ~(JM)(t)

l

q(JM)(t) )
J,M

+ g f d'k '(I) lt)'" )(t))+.
J,M

For the radiation power [Eq. (4.7)] to second-order pertur-
bation theory one obtains

~
l
P(t) ) =t—

l
P(t) ),

dt
(4.9)

we expand the state vector on states with 0, 1, . . . , pho-
tons:

p, (t) = y f d'k k
l
~»™(t)

l

2.d

tJM

After some algebra, ' one finally gets

(4.10)

1 d 5 5 (JM ) (JM )Q (Q, —Q, )f/ 2sin(All ALL )—t/2
Py g g [~II'~LL'~(~II')+~LL'~II'~(~LL')]Qll'MM'QL'Llv'N e

J,M" I,I', L,L', ~II' ~LL '

M, M', N, N'

(4.1 1)

Here V. NUMERICAL EXAMPLES

~JJ=EJ—EJ *

Qll'MM' —CIM CI'M' & AIM I Qka l
NI'M' ~

(JM") (JM")+ (JM")

the expression QQ* means that the average over direc-
tions it/k and polarizations of the photon has been per-
formed. 8(x) is 1 for x &0 and 0 otherwise. The expres-
sion (4.11) is obtained under the restriction that
t »1/bII for any J&J'. In this way we loose only the
description of the first few revolutions, which is short in
comparison with the time interval which we are interested
in.

In Sec. V we shall present the radiation power for the
CRS and for the RCRS generated in the collision of 20Ca
against 92U.

When either a molecule or a nucleus with well-
expressed rotational degrees of freedom is excited into a
RCRS, they both exhibit properties similar to those of the
CRS. Only the energy scale, and consequently the time
scale, is different, Also, the multistep processes exciting
the particles in coherent states are similar in both cases.
We shall here illustrate the derivations, presented in the
preceding sections, by numerical examples.

A. Formation of the coherent rotational state
of particles with well-expressed rotational degrees

of freedom

We shall present in this section the numerical evalua-
tion of the coefficients as given by (3.14) and (3.17b),
respectively.

These coefficients, both in the molecular and in the nu-
clear case, are obtained from the diagonalization of the
same matrix

J 2 J' J 2 J'
&PJ'M'

I
+4~/5+20

I 4JM ~ ~MM'[(2J+ 1)(2J + 1)l'"
M () M () () ()

(5.1)

where J'=J,J+2.

&O'M l
«4~/»20''l O.M &=4M&,g&M M

For the eigenvalue XJM one gets

4
3 i q JM, nuclear case

CKg—+ +—~IM
Aa

molecular case .

In the nuclear case we consider the heavy-ion collision

between the projectile 2oCa and the target 9zU in the sud-
den approximation, assuming classical trajectories of ions
with relative kinetic energy below the Coulomb barrier.
The nucleus 2oCa remains in the ground state while 92U is
excited into a RCRS. In Table I, we represent the quanti-
ties needed in numerical calculations of the coefficients
CIM' [Eq. (3.17b)] together with the conditions needed
for the approximations used.

Table II contains the analogous quantities for the
molecular case. We treat the gas CSz, excited into RCRS
by a strong electromagnetic pulse of short duration ~,
again in the sudden approximation.
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Quantity

b

b /(2X )

L
AL /L
U/C

b/U

E
bE/E
q =Zpe Qol(4ub')
Z(Z e'/[ro( A,

' ' ~ A~ ') ] =E,
E/E,
( b /U)(2'/Co)
4m. /co (coherence period)

Value

25 fm

168

340
0.03
0.08
10—21

106 MeV

0.01

230 MeV

0.46
0.002

6 4~10 s

Condition

In Fig. 3 the coefficients
~

CJo '
~

are presented, deter-
mining the RCRS for the nucleus 92U, if before the col-
lision it was in the ground state. Coefficients

~
CJo

'
~

are
compared with coefficients aJM for p=v 10, which deter-
mine the CRS with &gp~ J

~
fp&=p (p +1). One can

notice the similarity between coefficients
~

CJQ
~

and

~
ajo ~. In Table III the phase differences

~ pJ —grJ z ~

of
the coefficients CJo

' are presented. They must be com-

TABLE II. Quantities which appear in the calculations
presented in this paper for excitation of molecules CS2 by
means of a strong laser pulse of short duration. 2'/~ is the
molecular rotational period, Ao. =o;~I —a&, with a~~ and a& being
the two polarization constants, ko is the wave vector of the (ex-
citation) electromagnetic field, ~ is the duration of the pulse, and

g is the intensity of the electric field.

TABLE I. Conditions which the projectile 20Ca and the tar-
get 92U satisfy for the calculations presented in this paper.
Here b is the distance of closest approach; X is the wavelength
of the relative motion; L, E, and U are the total angular momen-

tum, the total energy, and the relative velocity, respectively; hL
and hE are the angular momentum and energy transfer from
the relative motion to the intrinsic motion of the target 92U,

ega=&16vr/'5(go
I Q 2",o

~
fo& (quadrupole

moment of the uranium nucleus), and co is the rotational fre-
quency.

pared with q&p+
——

yp
——0.4 of the CRS.

Figure 4 shows the coefficients
~

CJo '
~ )Cgo

'

and
~

CJo ' '
~

determining the coherent state of 92U after
collision with 20Ca takes place under the same conditions
as in Fig. 3, except that initially 92U was in the state

~ f26 p &,
~

(bus p &, and
~ $3Q Q & respectively. The states,

described by the coefficients from Fig. 4, have the expec-
tation value of the angular momentum operator equal to
20, 22, and 24, respectively. It can be noticed that the
coefficients do not change appreciably if the coherent
state is generated in a neighboring excited state. The
reader should notice here that the parameter q is rather
large.

Figure 5 shows the corresponding coefficients
~

CJo ' '
~, ~

Cqo ' '
~, and

~
CJo '

~

obtained when Ra-
man scattering is used to excite molecules into the
coherent superposition of rotational states [Eq. (3.14)] for
harP/3=15. 6. Initially the molecule was in the state

~ $2o o &,
~ $22 o &, and

~ P2q o &, respectively. The similarity
with the coefficients of the CRS and the coefficients of
the nuclear case can be noticed. Again, the corresponding
states have the expectation value of the angular momen-
tum operator equal to 20, 22, and 24, respectively.

B. Time evolution of systems
in the coherent superpositions of rotational states

In Figs. 6(a) and 6(b) we present the y decay of the 92U
nucleus. The corresponding coefficients are presented in
Fig. 3. While marked periodic bursts appear in Fig. 6(a),
where the ideal coJ(J+ 1) spectrum is assumed, the realis-
tic nucleus exhibits a quasiperiodic behavior in time as
shown in Fig. 6(b). But bursts are still present.

Figure 7(a) presents the y decay of a CRS, described by
p+ —p =v22. Figure 7(b) shows the y decay of a
coherent superposition of rotational states described by
the coefficients CJ{)

' presented in Fig. 5. In both cases
the coJ(J+ I) rule is supposed determining the periodic
nature of bursts. The width of the profile is determined
by the number of states

~
PJ~& contributing appreciably

to the coherent state.
The statistical nature of the initial state of a particle

(nonzero temperature) can be treated through Eq. (3.6).
To study the influence of the statistical nature of the ini-
tial state on CRS, we simulated Eq. (3.6) by

Pr)=y ' I~p&&~pl
P P

Quantity

Coherence period ~/4m

her

Ao

ko

6) /ko

ko~

,
' ha~P—

Value

1.35)&10 ' eV

38 && 10

75)&10 ~~ cm3

1.06&(10 " cm

1.17 eV

1. 15)& 10

1&(10 ' s

2.07 ~ 10-'
1.8 0& 10'

15.6

Condition with

Ep=&fpl Ho"
I Wp&

Figure 8 shows the expectation values of the quadru-
pole moment operator taking into account the statistical
nature of the initial states. One can notice that the
periodic time dependence remains well expressed.

In Sec. IV we derived Eq. (4.5b), which measures at
time t =to& the change of polarization of the electromag-
netic field passing through the gas of molecules which
were excited into a RCRS at a previous time t =to. We
saw that the time evolution of this physical quantity is
completely determined by the time dependence of the
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1+JTABLE III. Phase differences for the coefficients CJO
' ——

~
CJO

'
~

e, obtained in the calculation of
a heavy ion collision of 92U and zoCa under conditions presented on Table I.

10
3.4047 3.7205 2.3929 2.7370 1 .8534 1.673 1

12
1.5 134

14
1 .6090

16
1 ~ 5985

18
1.5919

20
1 .5540

22

quadrupole moment operator. Therefore Fig. 8 also deter-
mines the time dependence of the refractive index in the
gas.

This effect has been observed by Heritage, Gustafson,
and Lin for the CS2 gas at 325 K. For this gas, whose
molecules are linear and symmetrical the statistics of the
identical sulfur nuclei allows the existence of only even ro-
tational states ( J is even). At 325 K about 20 rotational
states (0(J(40) are relevant in the formation of the
RCRS, while collision times are a few hundred pi-
coseconds. Since the duration of their laser pulse was
around 5 ps, the gas was in good approximation "col-
lisionless" with regard to the phenomenon under study.

The experimental results, are shown in Fig. 9, where
bursts show up at 38 and 76 ps, after the initial excitation,
in agreement with the discussion of the coherent behavior
of the quadrupole moment (2.9) given in Sec. II. The
structure shown in Fig. 9 is not perfectly periodic because
of the interference provoked by the coupling to vibrational
levels and, to some extent, by molecular collisions.

In Refs. 8 and 9 Lin et al. have given a theoretical
evaluation of the effect using perturbation theory to the
first order in the effective dipole-electric field semiclassi-
cal Hamiltonian H'= ——,

'
g (t)(ba cos 8+crt). Even

though the interaction lasts a short time, due to the inten-
sity of the optical pulse a many-step process actually
occurs with contributions to all orders of perturbation

theory and this has been taken into consideration in this
paper through the use of the sudden approximation with
quantum field theoretic Hamiltonian (3.11).

The difference between the two approaches is dramatic
as far as the gas temperature dependence of the final re-
sult is concerned. In particular, when the temperature of
the gas reaches zero, the effect of the periodic change of
refractive index disappears completely in the approach by
Lin et al. ' Instead, in a multistep process many rota-
tional states are populated, leaving the effect well ex-
pressed even when the temperature goes to zero.

VI. CONCLUSIONS

We have shown in this paper that a short and suffi-
ciently strong electromagnetic pulse of a quadrupole type
generates, in a multistep process, a coherent superposition
of rotational states for a system with well-expressed rota-
tional degrees of freedom. This process occurs in a very
similar way both in molecular and in nuclear cases in
spite of the fact that the relative mechanisms seem com-
pletely different in the two cases. We used as a generating
mechanism in the nuclear case the collision between two
ions below the Coulomb barrier, and in the molecular case
the Raman scattering of a laser pulse on a molecule.

(~S Dj

JD

0.5—

0.4—

0.2—

0.1—

(

0 4 8 12 16 20 24 28 32 36 40 44

FICx. 4. Coefficients
f

CJO
' '

f, J
C~o ' ' J, and

f
CJo ' '

f

for 9zU are presented for the same conditions as in Fig. 3, except that ini-

tially the nucleus is in
~ $26 o),

~ $2s 0), and
~
$3Q0), respectively.
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2 Oj

2&0j
)0

16 20 2l, 28 30 3l, j

FIG. 5. Coefficients (24,0)
Jo ', and

l
CJO

' for the Raman scatterin of a la

the calculations are shown in Table II.
ng o a aser pulse on CS2. The parameters used in

Such systems show a periodic behavior in time for their
ynamical observables. The origin of th

in thin t e fact that each of the coherent states evolves in time
in a different way destroying the initially arranged phases.

ince the energies of the rotational b d b h
co + ) rule, the phases recover periodically. Molecules
and nuclei differ only in the time scale. While in the nu-

clear case the scale is 10 ' s and th f h fs an ere ore the effect is
not directly measurable, the scale of 10 ' so s makes it
easi e in the molecular case. An experiment of this kind

has been in fact fperformed showing periodic changes of7

p- d ecay rate

(a)

p -decay rate

22 - Y- decay rat e

20

18

dec ay r ate (b)
12

10

8 ~ ~ ~

0
0

FIG. 6. (a) y-deca ratey ate for an even-even nucleus with the
ideal rotational band. co is taken to be 0.007 MeV (which repro-
duces rather well the energies of 'U) Th
in the ground state (see Fig. 3 and Table I). (b) y-decay rate for
92, obtained using actual experime t 1en a energies.

FIG. 7. (a E
P, = =v 22.

ectromagnetic decay rate for a CRS ha wit

+
——P = 2. The coJ (J +. l ) rule is assumed. (b) Elec-

22, 0) f F.
tromagnetic decay rate for a CRS d bescri ed by coefficients

J0 rom Fig. 5. The coJ (J + 1 ) rule is assumed.
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Ã
4

FIG. 8. The time evolution of the expectation value of the quadrupole moment operator. The statistical nature of the initial densi-
—F. fkT —F.

p fkT
ty matrix operator is simulated by g&(gp~ Qpp

~
i//p)e ~ /g&e ~ . We choose kT = —,o eV and P= 20, V 22, V24.

the refractive index in the gas CS2. In both the nuclear
and the molecular case, the statistical nature of the initial
density matrix does not spoil the effect, if the generating
mechanism is strong enough.

Since moleeules and nuclei never obey perfectly the
cd(J +.1) rule and since other degrees of freedom (vibra-

tional, internal) are coupled to the rotational one, they ex-
press quasiperiodic rather than periodic structure in time
evolution. Additionally, the statistical nature of collisions
in a gas eventually spoils this effect.
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APPENDIX A
FICx. 9. The measured time dependence of the fraction of the

energy transmitted through the analyzing polarizer Ref. 7.
Time t =0 is chosen when the first pulse excites molecules of
CS2.

In this Appendix we shall prove Eq. (3.15a). Starting
from the matrix element (3.12) and using (3.5b) and (3.11)
one gets
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(to) I &AM(to) I
&

I
PJ'M (to) & I aj, ,(to) &

= g (E„E—J)(EJ E„—)
2(2m) kp

o+, p „—i(E„—EJ )(t' —to) —i (EJ —E )(t tp)
t ~1

I
t ~1

I I
~ I

u
~ I I ~

0
~ ~ II ~ u

I I ~ 0

to 'o

x & pe(to) I (ek,~, pe) I
(()~(to) & &Au(to)

I (ek&&~0'P~ )
I

Wz'M'(tp

ag
X

ik(&(t' —to) —ikp(t —to ) g iko{t' —tp ) o("—to)
X (ak, ,e +a„e )(a„e +ak, ,e ) . (A 1)

The wavelength Ap ——2n. /kp of the monochromatic polarized field should be short, so that ko7 &~1 (in our case
kor-10 ). Consequently, after integration over t' and t", one can drop all the terms proportional to (sinkpr)lkpr.
Keeping only those terms for which E„EJ—k—p, one finally gets

&ak,~ (to) I &O'JM(to)
I
&

I
((&MJ(t )o&'I ak, ~ (to) &

r kpIak
PiM «a,.,.»". X & ))&&. I «a,.;&.& 1@iI &

Zm)
(A2)

Let us now introduce the electric field vector operator:

E=
3&2 I d k&k/2(ak~e'"' ak~e '"')—ek . (A3)

(2m. )
~

Following the same line of thought as above, in the dipole
approximation exp(+i k r)=1 one gets

to+ r
p—=—I, [&ak,~,(t) I

E
I ak, ~,(t)&]'«

are the expectation values of the polarization tensor
operator in the diagonal representation. In order to get
(A5), we have used the fact that the parities of

I PJM & and

I PqM & are the same so that the mixed term sing. cos5
does not contribute.

Introducing the anisotropy ha—:a&~
—az, one finally

gets (3.15a):

&ak, , I &AM I&'IPJ'M'& Iak

ko

(2 )3 0 0
(A4) &PJM I

(~acos'&+ai)
I yj M &Pr .'' (A6)

where by
I
ak (t) & we mean exp[ iH p (t-

—tp)]
I
ak (to) &. On the other hand, the matrix element

appearing in (A2) can be simplified using the notion of
polarizability. In general, we define the polarizability ten-
sor from (3.15c). In the diagonal representation one splits

p into )&t~~+p~ where p~~
——(p, a).a, a being the symmetry

axis of the molecule. One finally gets

JM kooo I e u u &kocro Pe J'M'

APPENDIX B

In this Appendix we derive Eq. (4.5a), which describes
the change of polarization of an electromagnetic field
when interacting for a short time r with a molecule of a
gas.

Let po describe the state of the system of a free rnole-
cule and a free monochromatic polarized electromagnetic
field:

=a~~&&I(&JM
I

cos @
I
4'm'&+ x&aI(M&&JI sin @

I AJ'M & po(t) =
I ak, ,(t) &po "(t)& ak, ,(t) I

. (B1)

where 5 is the angle between the polarization vector of
the electric field ek and the symmetry axis a; a~~ and aJ

Let at time to~ the interaction H' [Eq. (3.11)] of a short
duration r take place. The density matrix operator p of
the system at t ) toi is then

P(t) = Uo(t —toi ) U& (t tot )
I ak, (to& ) &p o "(tot ) & ak, ,(toi )

I
K(t toi ) U o(t —to& ) . (B2)
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H errlz —)H mol R(t, t01)Here, Uo(t)=e ' e and U~(t, to~)=e ' " . We check the change of the polarization of the electromagnetic
field by counting the number of photons which changed polarization from ek to ek0~0 0 1

Tr[p(t)a k, ,ak, , ]

with Ek E'k ——0. One readily obtains
0 0 0 1

Tr[p(t)a k ak, ]=Tr[p o "(toJ ) (X(t)
~

X(t) )],
where

~

X(t) ) is a photon state defined by

(B4)

lX(t) &=ak, ,
e

' "
l
~k (tol))

Using the identity

[a,e ]=e [a,R]

which holds since [a, [a,R ]]= [R,[a,R ]]=0, one gets

01
e k e

—iH 0 (t' —t01)
I hark, ~,(toi ) &

~ mol
ikp(f f01 iH p

(t' —t01) ~ —iH0 (i f01)(X(t)
~

X(t)) = dt'e e Dt, e

lkp(l tp1 ) /'Hp (t —fp1 ) g
—pH p (f —f01 )dt" e e Ok e

'01 0 1

where we have defined

Ok ——(2m. )
' (2k) '

ek .[P„Ho "] .

The evaluation of (X(t)
~
X(t) ) is rather straightforward if the integration over time is performed in a similar way as in

Appendix A. Then one gets

~ko
Tr[p(t)a k ak ~ ]= Tr[po "(to, )(ba cos @+a~)] .a~i 0~&

(B5)

Since expression (B5) depends on the time to~, when the test pulse appears, it measures the time dependence of the coher-
ence of the molecular state formed at time to and described by p o

'
(to& ).
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