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Coherent Transients by Optical Phase Switching: Dephasing in LaC13.Pr +
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A novel coherent transient effect is observed following a rapid shift in the relative phase
of an exciting laser and sample polarization. An analytical expression is derived for the
signal which is a sum of exponentially decaying terms with characteristic times involving
both T& and T2. Phase switching is a powerful approach to the study of optical relaxation
and is applied here to measure dephasing in LaC13 ..Pr3+.

PACS numbers: 42.65.6v, 42.10.Mg, 42.60.Fc, 76.30.Kg

Studies of optical coherent transients provide de-
tailed dynamical information about selectively ex-
cited states in atoms, molecules, and solids. In
the past, a variety of transient effects has been
generated by bringing the sample in or out of res-
onance with the laser by switching either the laser
amplitude, ' the frequency of the sample polariza-
tion, ' or the laser frequency. ' ' Such transients
are induced by changing the light-matter interac-
tion in a time short compared to the homogeneous
dephasing time of the excited transition. In this
Letter, we present a new and powerful approach
to transient spectroscopy in which the relative
phase of the laser and sample polarization is
switched. ' Once the phase shift is accomplished,
the laser and sample are again at the original fre-
quency and a transient signal is detected as the
sample polarization relaxes towards equilibrium.
Unlike other coherent transient effects which can
be used to measure relaxation rates, the laser
interacts resonantly with the sample while the
signal is detected. We present here an analytical
solution for the phase-switched transient and
show that this method can give the relaxation
times of both the diagonal and off-diagonal ele-
ments of the density matrix, T, and T,. With this
method, coherent transient spectroscopy can be
performed in the infrared (IB), visible, and ultra-
violet on a time scale of -50 psec to microsec-
onds. The method should also make possible the
observation of ultrafast transients with rf and
microwave radiation. In this Letter, we confirm
the theory by resu1ts in I, vapor and by measure-
ments of dephasing in the 'H, -'D, transition of

LaCl3:Pr" at low temperatures.
The power of the phase-switching method lies

in its simplicity. The phase may be switched by
applying a voltage step to a modulator placed in
the laser beam. For the most rapid electronic
switching a velocity-matched, extracavity modu-
lator can be used to switch the phase in a time
equal to the step rise time which can be ~ 50
psec. Since the required phase change is no more
than & rad, a lower modulation voltage is re-
quired for observing transient signals with phase
switching as compared to extracavity frequency
switching. " The reduced voltage requirement
is particularly attractive in the infrared where
large voltages are necessary to shift the optical
phase of long-wavelength radiation and should
make possible the observation of direct absorp-
tion transients three orders of magnitude faster
than has been demonstrated to date." Even fast-
er transients may be observed utilizing the ac
Stark effect induced by a picosecond laser to
switch the phase of the sample relative to an ex-
citing cw laser.

The small field emitted by the sample propa-
gates collinearly with the laser beam and at the
same frequency; thus, the laser serves as the
local oscillator for homodyne mixing to greatly
enhance the detection sensitivity. We note that
since the signal is unmodulated a reduced detec-
tion bandwidth is required for observing phase
switching as compared to frequency switching.
Thus the method of optical phase evitching is
ideally suited for rapid transients and yet is
equally applicable to studying dephasing on all
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longer time scales.
As an example of the transients observed in

phase switching, the signal obtained for the 'H4-
'D, transition at 6011 A in LaC1, :0.1% Pr" at 1.6
K is shown in Fig. 1(a). A 295-V step was applied
to a 1039 D Lasermetrics deuterated ammonia de-
hydrogen phosphate (AD "P) modulator to change
the phase by & rad and the signal shown was ob-
tained from an average of 20 shots. We have ob-
served similar signals in LaF, :Pr" when the
sample phase was swit-ched by a pulsed Stark field.
Using a CdTe extracavity modulator, we have also
observed IH phase-switched transients in the 0-1
v 3 transition of SF, w ith a CO, laser operating on
the P(18) transition at 10.6 pm.

We have obtained an analytical solution for the
signal produced in an optically thin, inhomogene-
ously broadened two level system when the laser
phase is instantaneously shifted. In the calcula-
tion, we consider relaxation that occurs in the
presence of the driving field and begin by treating
the response of a single frequency component of
the inhomogeneously broadened line which is off
resonance from the driving field by h. It is con-
venient to express the field whose phase is.instan-
taneously shifted by p at t =0 as

E(t) =2E sin[mt+ p(t)]=-i(E e '-E e '"'),
with

IE, t(0,
I
Ee"'~, t &0.

The components of the oscillating P'(t) corre-
sponding to E (t) are obtained by solving the ]3loch
equations, which may be written as'

P' = (~is —1/T, )P' +2(p'/h)NWE',

NW =-N(W-W, )/T, - (E'P +E P')@,
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FIG. 1. Phase-switched decay in LaC13.0.1fo Pr +

at 1.6 K; {a) signal, and {b) logarithm of signal, giving
&2=0.64 psec {homogeneous linewidth 500 KHz).

where p is the dipole matrix element between the
ground and excited state which is assumed to be
real, lV is the density of molecules for which the
states involved in the transition are occupied, W
describes the population inversion for the isochro-
mat and W, is the equilibrium value of the inver-
sion in the absence of the field. We solve these
equations for the excitation conditions described
in Eq. (1), and assume the system is in steady
state at t =0. The signal we observe for t & 0 is
the homodyne beat between the laser field and the
sample emission which is proportional to the po-
larization, i.e. , S(4, t) ~[P'(b. , t)E +P (A, t)E'].

With use of a Laplace transform to solve Eq.
(2), the signal is

S(b, , t) =4m((un/e)WONLy'e '~~'sin22cp

x Z(1-X'(T,/T. )[&'+(1/T.)'+X'T, /T. ] '+1/T, &,) '
~ '~ +c ~c,(Z, +is+1/T, )e &'

j=1 i i- j- i 2+~

where y =2Ep»/h is the Rabi flopping frequency, n is the index of refraction of the medium, L is the
length of the sample, and Z,. are the roots of the characteristic equation

F (~) =[~+(1/T,)] [~+(1/T.)]'+~'l~+(1/T, )l+X'[~+(1/T.)1. (4)

Simple solutions for these roots can only be calculated in the cases (i) T, =T„(ii) & =0, and (iii) y =0.
The results for the first two cases will be given elsewhere" and the third case is considered here as
the starting point for a perturbation treatment in the low-power limit y T,T,«1. In this regime, pow-
er broadening is negligible and the intrinsic relaxation times T, and T, are exhibited in the signal. In

439



VOLUME 45, NUMBER 6 PHYSICAL REVIEW LETTERS 11 AUGUST 1980

this case the roots of E(z) may be expanded as

Z, = 1-/T, q—'6/(6'+~') +Op'),

Z, , = 1/-T, +id, + ill'/2 (a+ i5) +0(y'),
(5)

where 6 =1/T, —1/T, . To obtain the nonlinear phase-switched transient, one must collect all terms up
to second order in y in Eq. (3) and integrate the result over the inhomogeneous line profile. For ex-
citation at the center of a Gaussian line and in the limit where the inhomogeneous linewidth, 4„ is
much greater than 1/T„we find

'4m'i'(&un/c)W, NLy'/[Ao(1+y'T, T,)'"]= S(0), 8&0,

&
S(0) +4~"'(&un/c) (W,/A, )NLy'T „T,sin' —,p (6)

~/2 ~"&(T ) g ~ e"P(y ) +
{g ~)(2 ~) e"P(y )

b,S(t) =4@'~'(vn/c)(Wo/Do)NLy T,T2 sin a p exp(- 2t/T, ),

where e =T,/T, .
We note that the normalized signal is characterized by only two parameters, T, and T„and also that

the function is well behaved for e =1 and & =2. The transient is seen to be a nonlinear effect and the
signal is proportional to the laser intensity squared while the terms linear in the laser intensity vanish
in the limit bo- ~. The discontinuity at t =0, 4S =S(0 ) -S(0 ), is analogous to the first-order effect
in the free induction decay which displays a rapid change on the time scale 4, ', ""which was set
equal to zero in the present calculation. The sin 2p dependence of the signal amplitude in Eq. (6),
which is characteristic of the phase-switched transient, is confirmed in Fig. 2, which shows the jump
in signal in iodine vapor as a function of phase shift imposed by a variable voltage pulsed across an ex-
tracavity AD*P phase modulator.

In the limit T,«T„ the change in signal after the phase switch is

and the dephasing time T, is given directly. We
note that the signal in Eq. (7) decays at twice the
dephasing rate 1/T, . This is because during the
preparation time (f & 0) a hole whose width j is the
homogeneous linewith is imposed on the inhomo-
geneous absorption line, and after the phase shift
(f & 0) each isochromat relaxes at the rate 1/T, .
Thus, the contribution from the preparation and
probing stages add together to give the overall
decay observed experimentally. "

The limit T,«T, is found to be appropriate to
LaCl, :Pr'' as well as many other solids Rt low

temperatures. In ICaI, :0.1'%%uo Pr'+ we measure
a phase-switched transient decay of 0.32 p, sec
(see Fig. 1) using preparation times of 2-10 psec
obtained by acousto-optically gating the light in-
tensity at 50 Hz repetition rate. Signals were
measured in the regime where their amplitude
was proportional to the square of the laser power,
i.e., in the absence of power broadening. The ab-
sorption by the sample was 8% and - 5 mW fo-
cused to -1 mm diameter gave -3% change in ab-
solute transmission immediately after the phase
switch. The population decay time T, =195+ 2

psec was measured by observing the fluorescence
decay. Since the transient decay time is much

shorter than T„we may assume that T,«T, and
use Eq. (7) to obtain T, =0.64 psec, correspond-
ing to a homogeneous linewidth full width at half
maximum (FWHM) of 500+ 30 kHz. As expected
from Eq. (7) we obtained the same dephasing rate
within experimental error from a measurement
of free induction decay following laser-frequency
switching. Previous work" with use of satura-
tion spectroscopy measured a width of 7.5 MHz
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FIG. 2. Change signal b, &(p) in I2 vapor measured as
function of phase shift p induced by voltage step applied
to an AD*P modulator (0.011 rad/V at 5900 A). Results
are in good agreement with theoretical prediction,
~&(p) = sin & p =

~ (1 —cosp).
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limited by laser-frequency jitter. In our case
laser, jitter contributed no more than -30 KHz.

As in the much studied LaF, :Pr", (where T,
= 5.6 p sec),"the homogeneous optical linewidth
will be determined at low temperature by magnet-
ic interactions between the Pr" ion and fluctuat-
ing fields due to surrounding nuclear spins. How-
ever, the ground state of Pr" in LaC1, is a non-
Kramers doublet with a much larger (100x) mag-
netic moment of 1.0 Bohr magneton. " The faster
optical dephasing observed in this material is con-
sistent with stronger magnetic interactions aris-
ing from this large moment. A detailed treatment
of this dephasing will require inclusion of Pr"-
Pr" spin interactions, the effect of random strain
fields" on the anisotropic magnetic moment, and

the effect of the large Pr' moment on the nuclear
spin dynamics.

In conclusion, we have described a new coher-
ent transient effect in which the phase of the co-
herent exciting radiation is switched relative to
that of the sample polarization. An analytical ex-
pression for the resulting transient signal has
been derived and shown to directly yield the de-
phasing time T, in the limit of low power and T,
«T, . We have observed a phase-switched tran-
sient in the 'H, -'D, transition of LaC1, :0.1% Pr'
and found T, =0.64 psec. Because of its inherent
simplicity and reduced modulation requirements
compared to frequency switching, phase switch-
ing is a powerful approach to coherent transient
spectroscopy in frequency regimes from the rf
to the ultraviolet. It is particularly well suited to
the measurement of fast dephasing and should con-
siderably decrease the time scale on which direct

absorption transients can be measured at infrared
and microwave frequencies.
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Light-Induced Critical Behavior in the Four-Wave Interaction in Nonlinear Systems
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It is shown that the four-wave interaction of a powerful stationary pump field and a
weak signal field in a dielectric modeled with an assembly of anharmonically interacting
particles exhibits a behavior radically different from that expected from the usual per-
turbation theory assuming small oscillation amplitudes. A light-induced critical behavior
in the intensity of the reflected phase conju-gated field is obtained as a consequence of the
interaction of the pump with the matter.

PACS numbers: 42.65.-k

It is well known that optical nonlinear processes
result from the anharmonicity in the equation of
motion of bound charges. These processes have

almost exclusively been treated within the per-
turbation scheme. ' We recall that in this scheme
the induced polarization, which acts as a nonline-
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