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Nonstationary radio frequency (RF) coherence signals from optically oriented atoms are observed and
investigated during the excitation of hyperfine-structure transitions by microwave magnetic-field pulses,
unmodulated, or modulated to the Zeeman-splitting frequency. Radio frequency coherence nutation and
free-precession signals are experimentally recorded. Multiple spin RF coherence echo signals excited by
two successive microwave pulses are detected. A RF coherence echo signal is also detected after the
passage of a single microwave pulse and the subsequent inversion of the magnetic-field gradient. The
observed effects are analyzed theoretically in the approximation of a three-level quantum system

impulsively perturbable by two variable resonance magnetic fields. Agreement between the experimental

results and the theory is obtained.

PACS numbers: 32.30.Bv, 32.90. + a, 32.70.Jz

0.S. Vasyutinskii and the present authors have ob-
served and investigated! radiofrequency (RF) coherence
of atomic states corresponding to the Zeeman sublevels
of optically oriented atoms during the excitation of hy-
perfine structure (HFS) transitions by a microwave
magnetic field modulated in amplitude at the Zeeman-
splitting frequency. The investigations were carried out
on cesium atoms. The radiofrequency coherence arose
as a result of the simultaneous excitation of two HFS
transitions having a common level. Similar effectswere
subsequently observed during the opitcal pumping of po-
tassium vapor.? In the investigations published in Refs.
3 and 4, RF coherence was recorded for the case of a
two-quantum excitation of HFS transitions (with the use
of microwave and RF quanta).

In the previous investigations!™ stationary RF coher-
ence signals were investigated. Also of interest is the
investigation of the behavior of RF coherence during the
simultaneous pulsed excitation of two abutting HFS tran-
sitions. What is more, since the RF coherence in this
case is due to the appearance of a transverse component
of the magnetization, the appearance of nonstationary
coherence effects—nutation, free precession, and spin
echo—is, by analogy with normal magnetic resonance,’
to be expected here. The present paper is devoted to
the observation and theoretical investigation of such
nonstationary RF-coherence signals from optically ori-
ented atoms.

Transient coherence processes in three-level systems
have been observed also in optical spectroscopy®~® and
NMR.?! In the present investigation we were able to
detect a number of previously unobserved coherence ef-
fects, as, for example, multiple spin echo and complex
nutation of the RF coherence.

1. EXPERIMENTAL PROCEDURE

A block diagram of the experimental setup is shown in
Fig. 1. The experiment was performed with '33Cs at-
oms. Pumping light from the cesium lamp 1, in which
an electrodeless HF discharge was excited, after pass-
ing through the interference filter 2, which transmitted
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only the D cesium line (A =8943 A), and the circular
polarizer 3, entered the absorption cell 4, which was
filled with cesium vapor,and a buffer Ne or Ar gas (the
signals shown in this paper correspond to a cell con-
taining Ne at a pressure of 80 Torr). The change occur-
ring in the absorption of the pumping light by the cell at
the time of magnetic resonance was recorded by the
photodetector 5, the signal from which was amplified by
the broadband amplifier 6 and recorded by the oscillo-
graph 7. The constant magnetic field Hy was produced
by the Helmholtz coils 8. The source of the microwave
magnetic field, which induced the HFS transitions in the
cesium atoms, was the 3-cm-band microwave genera-
tor 9, which had a maximum output power of 500 mW.
The rectangular horn-type antenna 10 was oriented with
respect to the H, field in such a way that both the m(Amp
=11) and o0(Amg =0) magnetic-dipole HFS transitions
could be excited. The switching on and switching off of
the microwave power flux entering the cell 4 were ef-
fected with the aid of the SHF diode 11, which was con-
trolled either with the aid of radio pulses from the
radiofrequency generator 12, or by video pulses from
the pulse generator 13. The first case corresponded to
pulsed switchingonof the microwave field, whose amp-
litude was modulated at a frequency equal to the fre-
quency of the generator 12 and with a modulation index
of 100%.

The coherence between the Zeeman sublevels F =4,
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FIG. 1. Block diagram of the experimental setup.
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FIG. 2. a) Energy level scheme for the ground state of the
cesium atom in a weak magnetic field. b) Diagram of a three-
level quantum-mechanical system. The arrows indicate the
133Ccg HFS transitions excitable in experiment.

mp=—4 and F =4, m; =-3 (Fig. 2a) of the !**Cs atoms,
which was investigated in the experiment, was recorded
from the absorption of atransverse—to H,— light beam
from the cesium lamp 14 after it had passed through the
interference filter 15, which transmitted only the D; line
of !33Cs, and the circular polarizer 16. The detection
of the absorption of thetransverse light beam was carried
out by the photodetector 17, the signal from whichwas fed
to the oscillograph 7 via the amplifier 18. For the ex-
periments on the observation of RF coherence echo sig-
nals, we produced an artificial nonuniformity in the
magnetic field with the aid of the opposing coils 19,
which were powered by the constant-current source 20,
and which, for the purpose of reversing the magnetic-
field gradient, was fed with a video pulse from the gen-
erator 13.

2. EXPERIMENTAL RESULTS

We first of all generated and investigated a RF coher-

ence free-precession signal (under “RF-coherence free-

precession” we mean the behavior of the RF coherence
after the microwave radiation has been switched off).
To generate it, we used an amplitude-modulated micro-
wave magnetic-field pulse whose carrier frequency was
adjusted beforehand to the resonance HFS-transition
frequency, while the modulation frequency coincided
with the Zeeman splitting frequency of the interfering
levels.

Figure 3a shows a free-precession signal of the RF
coherence between the F =4, my =—4 and F =4, mp=-3
Zeeman sublevels, as recorded from the change in the
absorption of the transverse light beam after the expir-
ation of the microwave-field pulse (the microwave-pulse
duration T =200usec) tuned to the (F =4, my =-4) — (F
=3,mp =-3) HFS-transition frequency, and modulated
in amplitude with the frequency f, =170 kHz [in a field
Hy=0.486 Oe, f,(AF =0, Amy =+1)=170 kHz for '33Cs].

Besides the free-precession signal, we investigated
the RF-coherence nutation, by which is meant the mo-
dulation of the RF-coherence signal during the action of
the microwave pulse. Figure 4b shows a RF-coherence
nutation signal generated during the action of a reso-
nance microwave-field pulse of the same characteris-
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FIG. 3. a) RF-coherence free-precession signal obtained with
the aid of an amplitude-modulated microwave radiation pulse
tuned on the (F=4, mp= —4)~ (F= 3, mp= —3) HFS transi-
tion frequency. b) RF-coherence free-precession signal ob-
tained with the aid of an unmodulated microwave-radiation
pulse tuned on the (F= 4, mp= —3)+~— (F= 3, mp= —3) HFS
transition frequency.

tics as the one used in the preceding case, except for
the pulse duration, which in this case had the value 7
=400psec. As can be seen from Fig. 4, the RF-coher-
ence nutation signal has a characteristic shape. What
is more, as has been established experimentally, the

p eak of this signal corresponds to a microwave-pulse
duration 7 =1r/$22, where 29, is the frequency of the nu-
tation observed in the absorption of a longitudinal light
beam!!® during the impulsive excitation of the (F =4, mp
=-4) (F=3,mp=-3) HFS transition by the fundament-
al harmonic of a modulated microwave field (in this case

FIG. 4. a) Theoretical signal (in relative units), b) experi-
mental RF-coherence nutation signal, c¢) microwave-power
pulse (frequency of occupation is 170 kHz).
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the frequency of the amplitude modulation of the micro-
wave field was adjusted away from the Zeeman splitting
frequency).

We also succeeded in obtaining experimentally a
RF-coherence spin echo signal under the conditions
of a nonuniform magnetic field. The nonuniformity of
the the magnetic field in the volume of the cell was
produced with the aid of the coils 19 in Fig. 1. The
RF-coherence echo signals were generated by two
methods. In the first of them, which is similar to
the Hahn method,'? we used a train of two microwave
pulses. In this case we observed in the experiment,
besides the echo signal that appeared after the sec-
ond microwave pulse within an interval of time equal
to the interval between the microwave pulses, two
additional echo signals characterized by a long time lag.
It has been experimentally established that different ex-
citing-microwave-pulse durations correspond to the
maximum amplitudes of the various echo signals. Thus,
the greatest amplitude of the first echo signal is ob-
served when the microwave-pulse durations are equal,
i.e., when 7, =T, =1r/92, whereas shorter microwave
pulses are required for the subsidiary echo signals. In
Fig. 5a we show anoscillogram of the subsidiary RF-co-
herence echo signals, obtained for the optimal—for their
simultaneous observation—values of 7, = 7, =70 usec (the
experimentally determined value of the frequency &,
=67X103 rad/sec).

As the second method of generating the echo signals,
we used the method!? in which the gradient of the con-
stant magnetic field is reversed after the passage of a
single microwave pulse. For this purpose, to the coils
19 in Fig. 1, which were connected to the direct-current
source 20, were fed a rectangular current pulse from
the generator 13, which led to the magnetic field’s be-
ing reversed twice.

Figure 6 shows RF-coherence echo signals obtained
by reversing the magnetic-field gradient (G =2%10"3
Oe/cm) at the moments of time marked by the arrows
on the figure. In this case the microwave-pulse dura-
tion was T =1r/QZ, which corresponded to the greatest
echo amplitudes.

FIG. 5. a) Oscillogram of the subsidiary RF-coherence spin
echoes (3,4). (The signals 1 and 2 are free precession signals,
generated after the passage of the SHF pulses.) b) Microwave -
radiation pulses. c) Current in the coils 19 in Fig. 1.
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FIG. 6. a) Oscillogram of RF-coherence spin-echo signals
(2,3) (The signal 1 is a free-precession signal, generated
after the passage of the microwave pulse.) b) Current in the
coils 19 in Fig. 1.

It should be noted that, compared to the echo signals
obtained by the magnetic-field-gradient inversion meth-
od, the multiple-echo signals excited by two microwave
pulses possess a significantly lower intensity. They
could be recorded only when the maximum power (500
mW) of the microwave generator 9 (in Fig. 1) was used
and the magnetic-field inhomogeneity in the interval be-
tween the microwave pulses and after the second micro-
wave pulse was impulsively enhanced (Fig. 5¢). This is
due to the fact that it is difficult in the case of a station-
ary magnetic-field gradient to meet the condition for the
total excitation of the inhomogeneously broadened HFS-
transition lines and, hence, obtain the maximum echo
amplitude (the inhomogeneous line widths of the AF =1,
Mp=—4+—=mp=-3; AF =1, mp =-3~—myp =—3 HFS tran-
sitions are respectively equal to 7yAH, and 6yAH,
where AH) is the inhomogeneity of the magnetic field in
the cell volume and ¥/27 = 350 kHz/Oe).

Besides the nonstationary coherence effects observed
during the action of pulses of microwave radiation mod-
ulated in amplitude with the frequency of the Zeeman
splitting of the interfering levels, we succeeded in ob-
serving nonstationary RF-coherence signals (free pre-
cession, nutation, and spin echo) with the aid of a mi-
crowave-field pulse without amplitude modulation, but
tuned on the frequency of one of the HFS transitions.

~
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FIG. 7. Dependence of the initial amplitude of the RF-coher-
ence free-precession signal on the duration of the unmodulated
microwave-radiation pulse tuned on the (F= 4, mg= —3)

<~ (F=3, mp= - 3) transition frequency. The magnetic-field
strength Hy= 0.486 Oe.
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Figure 3b shows a RF-coherence free precession sig-
nal, generated after the action of a microwave pulse
that was of duration 7=96 usec, and tuned on the (F =4,
mp==3)(F =3, mp=-3) HFS transition.

Section 3c of the present paper is devoted to the the-
oretical explanation of this signal. Therefore, let us
note here only a few of its distinctive features. First,
as can be seen from Fig. 3b, this signal is amplitude
modulated and, secondly, its initial amplitude is a per-
iodic function of the duration of the exciting microwave
pulse (Fig. 7).

3. DISCUSSION OF THE EXPERIMENTAL RESULTS

a. Radiofrequency-coherence spin-echo signals ex-
cited with the aid of amplitude-modulated microwave
radiation pulses. In considering this effect in the sys-
tem composed of the sublevels of the 6%S;,, ground state
of 3Cs (Fig. 2a), we shall consider only three levels
(Fig. 2b), since an amplitude-modulated microwave
magnetic field excites transitions only between three
levels. For the sake of simplicity, we shall also neg-
lect the effect of the relaxation and diffusion processes
on the echo signals.

Let us find the solution to the Schrédinger equation for
a three-level atom that is at one of the levels i=1,2,3
at the initial moment of time, i.e., at £ =0:

L oY (rt)

h— =(B+V) ¥ (r, 1), (1)

where ¥(r,t) is the wave function of the atom, ;?0 is the
unperturbed Hamiltonian of the atom, and V is the per-
turbation operator. Following Schenzle et al.,'* we shall
seek the solution in stages: the atom is acted upon in
the time intervals 0 <t <t, and ¢, <t <t, (Fig. 8a) by two
variable magnetic fields, H, cosw,t and H, cosw,t (the
fundamental and side harmonics of the amplitude-modu-
lated microwave field) that simultaneously excite the two
magnetic-dipole transitions 3—2 and 3-—1, respective-
ly, and for which

P=—p(H, cos o,t+H, cos ,?), «(2)

where [. is the atom’s magnetic-dipole-moment opera-
tor, while in the time intervals ¢; <¢<t, and ¢ >, the
atom is in the free state, i.e., V=0.

As usual, let us represent ¥(r,t) in the form of an ex-
pansion in terms of the eigenfunctions of #4:

¥ (r, t)-——ZS‘C.-(t)‘P((r)ﬁ 2a‘(t)exp(— t—i—‘t) ¥, (r), (3)
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FIG. 8. Scheme for obtaining RF-coherence spin-echo signals:
a) with the aid of two microwave pulses, b) with the aid of a
microwave pulse and the subsequent inversion of the magnetic-
field gradient G.
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where ¥(r) and E; are the eigenfunctions and eigenener-
gies of the unperturbed Hamiltonian and a;(t) is the prob-
ability amplitude for the state i. Let us note that for the
1,2,3(F,mp=4,-3;4,-4; 3,-3) levels of a cesium atom
located in a magnetic field H, + AH, the following rela-
tions are fulfilled:

E,—E,~hvyrs-6(E\—E,), E,—Es~hvurs-1 (E\—E,),
E,—E,~hy(H,+AH),

(4)

where vy is the hyperfine-splitting frequency for the
133Cs atom, /27 =350 kHz/Oe, and H, is that magnetic
field at the center of the cell which corresponds to the
resonance conditions:

0:=(E—Ey) [hm0y, 0y=(Er—E;)/h=0s. (5)

Substituting (3) into (1), we obtain a system of three
differential equations for the probability amplitudes aft).
Solving this system of equations for V #0, (2) (the solu-
tion is carried out in the resonance approximation: w,
= Wy, Wy = Wys), as well as for V:O, and successively
applying the obtained solutions to the corresponding time
intervals, we obtain

€™ (t>t) = {exp[—i(Ey/R) (ti—titt,) — i@ ts—i(Ed/R) (t—t:) ]}
XZ A(l(tl_tz)Ahu(ti) exp [i (EJ/h) (tl_tl) + t“’l(tz"tl) ]. (6)
=

where w;=0 and m defines the initial conditions for the
atom: C,(t=0)=06;m,m=1,2,3.

The coefficients A,,(¢) have the form

4= Y (18 +0lew An= Y [ (ptA)+ Qe

=i fomi

Ay = 2 (P:-iAl) (p(_‘iAI)ch Ap=Ay= (-Qxﬂa) 2 Ciy

i fomi

@)
A“—A,,H(in,) 2 (P«-,tA.:) Cyy Ayy=Ay= (ma) 2 (pl_tAl) Cq.

ot fumi

In (7) we have adopted the notation: A, =wy= W3,
=§p.nH., Ihgy is the component of the matrix element of
the dipole moment of the k-3 transition in the direction
of H,, (k=1,2), and

.3
eot=exppt) [] 0-p), 0i+oi=er,

Jum i

where the p; are the roots of the equation
(p—iA,) Q2+ (p—iA,) (p—iAs) pHi(A—A2) Q=0 8)

In the experiment, the registration of the RF coher-
ence was carried out by recording the change in the ab-
sorption of a circularly polarized light beam traveling
at right angles to Hy. As is well known," *!% in this case
the optical-absorption signal, S, will be determined by
the element py,(t), pya=p, of the density matrix for
the ensemble of atoms in the cell. Then, by definition of
the density matrix,!® and taking also into account the fact
that the absorption cell is located in a nonuniform mag-
netic field, we have

Srpa(t>t) =pat (A, t>8) 0, (9)

where
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3 .
et A, >t = Y € (1> € (e>tne

du=t

= Zn,°{exp[i(m,—mz)t.+i(E.“—E,") (t—ts)/R]}

fomi

X X A (6=t A (0) Aum (68 Ana(8)

Xexpli(EP—E) (ty=t,)/A+i(0m—01) (t—t,) ] } (10)

is the element of the density matrix of the k-th of the
“isochromatic” atom groups into which the ensemble of
atoms in the cell can be divided.!” An isochromatic
group is formed by the atoms located in the same field
Hy,+AH* and having, consequently, the same detunings
=TyAH*, AY=6yAH*, which follows from (4). The co-
efficients C#’, C8’ are given by the expression (6),
n‘,’ is the relative population of the i-th level of the
ground state of cesium, and (...), denotes averaging
over all the isochromatic atom groups.

Taking account of the fact that the energy of 1,2, 3 lev-
els satisfies the relation, (4), we can easily see from
(9) and (10) that we should observe at the moments of
time

ti=ts+ (t,—t.),

tu=t+6(t.—t,), ty=t:+7(t—t,)

RF-coherence echo signals determined respectively by
the terms in (10) with ,m =2,1;1, 3; 2,3. Indeed, at the
moment of time #; only the phase of the (I,m =2,1) term,
which has the amplitude

3

A (ts—t2) PZ’ n' A, (tl)AH‘(ti)v
will be the same for all the isochromatic groups of at-
oms of the cell, the phases of the remaining terms in
(10) being different for different groups.

Thus, the RF coherence will be partially rephased at
t =t;, and this partial rephasing is the cause of the ap-
pearance of the echo signal. Similar arguments are
valid for the moments of time #;; and ¢;;;. Then theam-
plitude of the RF-coherence echo at the moments of time
tvtu:tm will have the form

sw)=| j [ [u ot et anu () Am () | B dns
(11)
where j,1,m=1,2,1; 1,1, 3; 11, 2, 3 and g(4,) is the nor-
malized distribution function of the atoms over the mag-
netic field in the cell:
[ eands=1.

In order to compute the integrate (11), we must solve
Eq. (8). In the general case the solution of this cubic
equations has a fairly complex form.!® However, the
solution can be simplified, since the term

i(A—AL) QP=—"/6iA Q3
in (8) is negligible compared to the term —-iA,Q2 inas-
much as the experimentally determined quantity Qi/ﬂf
=9. Then the solution to Eq. (8) has the form

Prs='hi(Aska); o=(A+4Q%)" (12)
Using the expressions, (7), for A;,(¢) and the solution

Py=ilA=%[3iA,,

261 Sov. Phys. JETP 50(2), Aug. 1979

(12), and also taking into account the fact that the con-
dition, |Ay/Q| <1, Agmya <A, <Agnay, for the total ex-
citation of the inhomogeneously broadened HFS transi-
tion lines, we obtain

S(t)= I( ‘2’) n,"[cosQ(t:—tz)—‘“‘{?; -1)

[ (1+ :’f :;z‘:)]-f%sin’ﬂt.}l. (‘13,,),
S(tu)= , ‘Q’ n,’ [1 + %f; c0s Q (ts—ts) ]sin Q(ts—ts)
Xsin Q¢ [cos.Qt,Zn‘o ?;z —%’;—(1-—-"—{)]' ’ (14)
S (tur) = | Q;?’ n.°[cos Q(t,—t,) — 1]sin @ (t,—t,)
Xsin Q¢, [cos Qt‘g z—::gg;‘z ; ( ) ] I (15)

where Q2=-Q2,

From the expressions (13)-(15) we can easily derive
the optimal conditions for the observation of RF-coher-
ence echo signals if we allow for the values of n) (n?
=0.11, 7n3=0.233, n3=0.026; for their calculation, see
Sec. 3b), as well as for the quantity 22/92=9. Then,
as can be seen from (13), the maximum amplitude of the
echo appearing at the moment #; is attained when the
durations of the microwave pulses are equal, i.e., when
ty=ty—t,=m/Q=7/Q. In their turn, it follows from
(14) and (15) that the maximum amplitudes of the echoes
for ty; and fyy; are obtained with shorter pulses (for f;,
t,=0.71/Q,t y— t,=1/2Q; for tyy, b= 1/4Q,t,— t, =21/3Q).

All the three RF-coherence spin-echo signals that ap-
pear respectively at the moments of time #y, #yy, and ;g
were observed in the experiment. As an example, in
Fig. 5a we show the experimentally obtained and theo-
retically predicted two subsidiary RF-coherence echo
signals (in Fig. 5a the echo signal corresponding to the
moment #; is not visible both because of the non-optimal
conditions of its excitation (7, =7, ="7T0 psec for 2, =67
X103 rad/sec) and, especially, because of the free pre-
cession that occurs after the second microwave pulse,
and prevents its observation). It should also be noted
that the theoretically obtained values for the optimal
microwave-pulse durations and the conclusion that the
RF coherence is partially rephased at the moments #;,
11, trr explain both the empirical values of the optimal
durations of the exciting microwave pulses and the small
sizes of the multiple-echo signals, in spite of the mea-
sures taken in the experiment to ensure the most exact
fulfillment of the condition IAZN,/Q |<< 1 (see Sec. 2).

Let us now find the amplitude of the RF-coherence
echo obtainable with the aid of an amplitude-modulated
microwave field pulse, and following the inversion of
the magnetic-field gradient. As in the preceding case,
let us divide the solution of the problem into a number
of successive stages:

1. When 0<t<t, (Fig. 8b), two variable fields,
H, cosw,t and H, cosw,f, act on an atom located in the
magnetw field Hy= aH®,

2. When ¢, <t <{t, the atom is in the free state in the
field H, +H}.
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3. At the moment { =¢, the gradient of the magnetic
field is reversed, and the atom finds itself in a magnetic
field of strength H, + AHj.

Solving Eq. (1) in much the same way as the equation
for the case of multiple spin echo was solved, we ob-
tain

pu (t>t) = <Zn¢" {expli(0:—@,)t,+iyH, (t—t,)

+iyAHMt,—t,) + IAH M (t—1,) 1} A, (8) A () > . (16)

1 3

1t follows from (16) that, if for any k-th isochromatic
group of atoms AH? =nAH (n <0), then a RF-coherence
echo signal should be observed at the moment of time ¢
=ty=n(t,- ti). And, in contrast to the preceding two-
pulse method, complete rephasing of the RF coherence
produced by the microwave pulse occurs in this case.

The amplitude of the RF coherence for the case when
the gradient inversion is perfect (# =-1) and the condi-
tion |Ayme, /S|« 1 is fulfilled has at the moment of time
t =2ty - t;=t; the following form

S, = Q;g’;f;n,'{&:'(cosﬁt.—i)‘
x[n' +—+cos$2t,(1+—— :)] }r:%:-sin‘ﬂt;}l ! an

where Q3/Q% =9, n{ =0.11, nJ=0.233, n}=0.026.

As can be seen from (17), the maximum amplitude of
the echo is attained when the microwave-pulse duration
ty =1/Q=n/Q,. Furthermore, calculations similar to
the preceding ones predict the appearance of a second
echo signal at the moment ¢y; =2(¢, - t3) +1, if the grad-
ient is reversed again at t =¢;> ¢, (AH? =-AH}) (Fig. 8b).

The echo signals that were obtained in the experiment
when the magnetic-field gradient was reversed (Fig. 6)
are in accord with the results of the theory.

b. The RF-coherence nutation signal. Let us consider
in greater detail the first part of the solution to the pro-
blem of the RF coherence spin echo, i.e., of the be-
havior of py,(t) during the action of the microwave pulse
(0<t<t). Using the solution to Eq. (1) for V+0, (2),
and also taking into consideration the initial (i.e., ¢ =0)
distribution of the atoms among the 1, 2, and 3 levels,
we find that, for the resonance case, i.e., for &, =A,
=0, the amplitude of the RF-coherence signal is

|pa (0<t<t)) |=S, at: t,=t.

In order to construct the theoretical dependence of
Ipzl(t)| on the m1crowave-pulse duratlon, we must know
the populations of the n,, nz, and n3 levels. Since in the
experiment we used a cell with the high Ne-buffer-gas
pressure of 80 Torr, we can use the theory of optical
orientation for the case of total mixing in the excited
state!’® to estimate the populations of the (F,mp=4, -3;
4,-4; 3,-3) sublevels of the cesium atom. The values
of 6, the optical-relaxation times, and Ty, the longitud-
inal-relaxation times, necessary for the computation of
the n{ were obtained in an experiment in which the HFS
transitions were excited with the aid of the 180-degree
pulse method.!'® As a result of a calculation with 8/T1
=0.9, we obtained for the n{ the values: n{=0.11, nJ

(18)
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=0.233, n)=0.026. Figure 4a shows the theoretical
curve

I=lpu (@) / 2.8,

o

corresponding to these values of n{ and the experimental
values Q3/Q} =9 and @, =57X10° rad/sec. As can be
seen from Fig. 4, there is satisfactory agreement be-
tween the experimental and theoretical RF-coherence
nutation signals.

c. The nonstationary RF-coherence signals obtained
with the aid of an unmodulated microwave-radiation
pulse. Besides the nonstationary RF-coherence signals
observed with the aid of amplitude-modulated SHF ra-
diation, we also obtained nonstationary signals, using
unmodulated microwave-radiation pulses tuned to the
frequency of one of the HFS transitions of the cesium
atom. As an example, we show in Fig. 3b a RF-coher-
ence free-precession signal obtained with the aid of an
unmodulated microwave-radiation pulse tuned to the
frequency of the (4, -3+ 3, -3) transition. The fact that
RF-coherence signals are generated under the action of
an unmodulated- microwave-field pulse can itself be ex-
plained by the broad frequency spectrum of the radio-
pulse, as a result of which several HFS transitions are
excited simultaneously.

As is well known,!? the modulus of the spectral char-
acteristic of a rectangular radiopulse [S(¢) =A(t) cosw,t;
A(t)=A; when 0<t<T7 and A(t) =0 when 7<#<0] has the
form

|S(0) |=(4,7/2) | [sin (0—a,) 7/2]/[ (0—0,) T/2]], (19)

Ewhere Ay, wy, and T are respectively the amplitude,

frequency of occupation, and the duration of the radio-
pulse. It follows from this that the most efficient exci-
tation of the interfering levels characterized by AF =0
and IAm F| =1 should be realized when the frequency of
occupation of the microwave pulse is precisely tuned on
the HFS transition, i.e., when w; =w(AF =1, Am; =0,
+1), and the pulse duration satisfies the condition
1=(2n+1)nw,™", (20)

wheren =1,2,3,..., and wy=vH, is the Zeeman split-
ting frequency for the interfering levels in the field H,.

Figure 7 shows the experimental dependence of the
initial amplitude of the free precession of the RF coher-
ence on the duration of a microwave pulse tuned on the
(4,-3-—3,-3) HFS transition frequency. The points in-
dicate the amplitudes corresponding to the pulse dura-
tions computed from the formula (20). As can be seen
from the figure, the theory agrees fairly well with the
experimental data. A characteristic feature of the sig-
nal shown in Fig. 3b is the modulation of the free-pre-
cession amplitude. The appearance of this modulation
is also due to the broad spectrum of the radiopulse, be-
cause of which there occurs a simultaneous excitation of
coherence between the (AF =0, Amg =11) Zeeman sub-
levels of both the upper (F =4) and the lower (F =3) hyper-
fine-structure levels of the cesium atom (Fig. 2a), which
differ inthe magnitude of the Zeeman splitting. The dif-
ference betweenthe Zeeman-splitting frequenciesis given
by the expression!!¢

N. A. Dovator and R. A. Zhitnikov 262



Af=(2n)"[0o(F=3)—0.(F=4) |=2uH./Ik . (21)

where p; is the magnetic moment of the nucleus of the
13Cg atom and I is the nuclear spin. In an Hy=0.486-Oe
field, in which the signal shown in Fig. 3b was obtained,
Af =546 Hz, which coincides with the value of the modu-
lation frequency determined experimentally from Fig.
3b.

Thus, we have observed and investigated nonstationary
RF coherence (free precession, nutation, spin echo)sig-
nals during the impulsive excitation of the HFS transi-
tions of optically oriented cesium atoms. The RF-co-
herence spin-echo signals were obtained with the aid of
either two successive microwave pulses, or one micro-
wave pulse with the subsequent inversion of the magnet-
ic-field gradient. We have obtained for the nonstation-
ary coherence signals theoretical expressions which
have allowed us to explain the characteristic SHF-pulse-
duration dependence for the nutation signal and the ap-
pearance of subsidiary spin-echo signals, as well as to
determine the optimal conditions for echo-signal excita-
tion for two methods of realizing it. We have also ex-
plained the behavior of the nonstationary signals ex-
cited by an unmodulated microwave-radiation pulse.
There is good agreement between the experimental re-
sults and the theory.
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Relativistic dynamical invariants and the Hamiltonian
formalism of charged particles in plane waves

V. Ya. Davydovskil

V. D. Kalmykov Taganrog Radiotechnical Institute
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The longitudinal integral of the motion of a charged particle in a plane wave, an integral which is
equivalent to conserved particle energy or conserved longitudinal particle momentum in reference systems
in which the wave is either stationary or uniform, can be treated as a one-dimensional Hamiltonian if the
quantity kt-wz is regarded as the time. The validity of the adiabatic invariant that follows from this
Hamiltonian is investigated on the basis of the exact equation. Adiabatic invariants that are valid in the
particular cases when the above-mentioned adiabatic invariant is not conserved are constructed.

PACS numbers: 03.20. + i

The integrals of, and the adiabatic invariants as-
sociated with, the motion of charged particles located
in plane periodic electromagnetic fields enable us
to investigate such problems as the acceleration of
trapped particles when the wave velocity increases and
the attendant damping or monochromatization of the
waves,'-* the autoresonant motion and radiation of
electrons, 58 stationary nonlinear® and slowly evolving
waves in a plasma,!® semiclassical quantization,™! etc.
This incomplete list shows that the dynamical invari-

263 Sov. Phys. JETP 50(2), Aug. 1979

0038-5646/79/080263-04$02.40

ants are fairly widely used, and it is therefore useful
to generalize this approach, which is the object of the
present communication. )

Let us consider a plane electromagnetic field that
has the nature of a wave, and is described by the
potentials

A, 9=A, ¢(¥), p=o0t—kz 4))

where the potentials, the frequency w, and the wave
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