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Accumulated photon echoes with incoherent light in Nd3+-doped silicate glass
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Accumulated photon echoes were observed in Nd3+-doped silicate glass by using coherent and in-

coherent light, and it was theoretically and experimentally verified that the time resolution is determined
not by the pulse width but by the correlation time of the excitation field. Even by using a cw laser, instead
of a mode-locked laser, a subpicosecond time resolution was obtained when it was operated with a broad
and smooth spectrum. The broadest output spectrum, and hence the highest time resolution, was attained
when the dye laser was pumped by a mode-locked Ar+ laser, and their cavity lengths were mismatched by
a few p, m. In an experiment with a resolution time of 220 fsec, a new very fast decay was observed in the
echo decay curve besides a slower decay already reported.

Since the first observation of accumulated photon echoes
by Hesselink and Wiersma, ' nearly transform-limited
mode-locked pulse trains have been used as the excitation
source, and resolution times have been longer than 1 psec,
being limited by the widths of the pulses. Although ad-
vances have been made in generating ultrashort pulses,
these techniques are still difficult to apply to practical uses
in spectroscopy. In this paper we show theoretically and ex-
perimentally that the time resolution of the accumulated
photon echoes is determined not by the pulse width but by
the correlation time of the excitation field. To verify this
principle we show that a subpicosecond resolution was possi-
ble even by using a cw laser (non-mode-locked) with a
broad and smooth spectrum. But the highest time resolu-
tion was obtained when an incompletely mode-locked pulse
train was used.

In an accumulated photon-echo experiment a sample is ir-
radiated by two excitation beams, which are originated from
a single laser. The two beams are noncollinear as in Fig. 1,
and one beam is delayed with respect to the other. The ex-
citation of the sample by the two beams results in a periodic
distribution of the population in space and in frequency
within the inhomogeneous width of the sample. Accumu-
lated photon echoes can be regarded as free-induction de-
cays induced by either of the two excitation beams from this
population modulation or population grating. In Fig. 1 the
directions of the accumulated photon echoes are shown
when the excitation beam E2 is delayed with respect to the
other beam E&.

Accumulated photon echoes are effective in a system
where either there is a bottleneck in the optical pumping cy-
cle, or the excited level of the resonant two levels has a

long lifetime. In the former case the population grating ac-
cumulates in the ground level during the bottleneck life-
time, and reaches to a steady state. In the latter case the ac-
cumulation occurs both in the excited and the ground lev-
els.

It is known that as far as the excitation intensity is within
the range where the saturation broadening is negligible, the
formation of the population grating can be described by a
rate equation if Tj && T2, where T~ is the lifetime of the
bottleneck or the excited level, and T2 is the homogeneous
transverse relaxation time between the two resonant levels.
This condition is very well satisfied since T~ is usually very
long in the accumulated photon-echo experiment. In this
situation the shape of the steady-state grating is determined
simply by the power spectrum of the excitation light and the
relaxation times of the sample. We express the fields of the
two excitation beams as

E)(t, r)=E(t —nt r/c)

E2(t, r ) =E(t —r&2 —n2 r/c)

where n~ and n2 are unit vectors representing the beam
directions, and assumed to be nearly parallel, and ~~2 is the
delay time of the second beam E2 with respect to the first
beam E~ at r =0. The power spectrum of the excitation
field is expressed as

p T/2

S(co, r ) = lim T '
J dt[Et(t, r )+E2(t, r )]~ -rp

2

x exp( —irut)

Therefore the steady-state grating accumulated in the
ground (or the excited) level is given as

Excitation

Sample

2Q-Q

Echoes

H(o), r )~ J do)'[ '+7(co —cu')') 'S(cu', r ), (4)

where y= l/T2, and the inhomogeneous width is assumed
to be much larger than the spectral width of the excitation
field, and the saturation of the grating is neglected.

Next, we consider a free-induction decay induced from
the population grating H(co, r ) by a short pulse represent-
ed by a 5 function as

FIG. 1. Directions of the excitation beams and the accumulated
photon echoes. The beam E2 is delayed with respect to the beam
E).

E3(t, r )~S(t —7 —n r/c) (5)

where n= nt or n2. The polarization induced by E3(t, r )
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2 =2 do)F(o)) exp[i~(t —v —n r/c)]

B= dcuF(cu) exp(ico[t —T —vtg —(n+ n~q) r /c]}

(8)

C = dcoF(cu) exp(ico[t —v+ vtq —(n —ntq) r /c])

where

r T/2 2

F(cu) = lim T ' dtE(t) exp( —icut)—r/2
(10)

and n 12
= n 2

—n 1. When 7 12 & 0, the B term gives the echo
polarization since the argument of the exponential function
in Eq. (8) vanishes for all the frequency components at time

t=v+vtp+(n+ntg) r/c) v+n r/c

The directions of the echo emission are, therefore, given as
I

n, = n2 when n = n1, and n, = 2n2 —n1 when n = n2. The
echo along n 2 interferes with the excitation beam E2, and is
observed as a heterodyne beat. ' On the other hand, the
echo along 2 n 2

—n 1 is spatially separated from the excita-
tion beams (see Fig. 1). We consider the latter case in the
following. In the present experiment the echo is induced by
Eq(t, r ), and thus the echo polarization is given as

Pt —n2 r /e

P(t, r ) =J dvP(t, r;v)E(v —vtq), (ll)

where P(t, r;v ) is given by Eq. (6), and the relation

Ev(t, r ) = dv5(t v —nv r/c)E—(v &gv)—oo

is used. From Eqs. (6), (8), and (11) the echo field at an
observation point R is written as

fr'
E,(t, R)~ Jl dvG(t' —v —v~q) exp[ —2y(t' —v)]

x E(v —viq) (12)

where t'= t n, R/c, —

dcoF(a ) exp (i ruv)

T/2
=2vr lim T ' dtE(t)E'(t v)—

y' oo & —T/2

G(v) =
—oo

(13)

and G(v) is the autocorrelation function of the excitation
field. In the above calculation we approximated that
nq r/c = n, r /c. If the angle between n~ and nv = 20
mrad, and the beam diameter = 100 p, m, then (nv
—n, ) r/c =6 fsec. This is the resolution limit by the
noncollinear two-beam excitation. From Eq. (12) the aver-
aged echo intensity observed with a slow detector is given as
a function of 7 12 as

goo oo

I(st~)cc ~ dv dv'G(v) G'(v') G(v' —v)
12 12

is expressed as

P(t, r;v)cc dcuH(cu, r ) exp[(ice —y)(t —r —n r/c)]

= (A+B+ C) exp[ —2y(t v ——n r/c)], (6)

when t~v+n r/c, where

Equation (14) leads the following conclusion: If the width
of G(v ), or the correlation time v, of the excitation field, is
much smaller than T2, then

I (vtq) ~ exp( —4v ~q/ Tq) (15)

If v, is not very short, then v, becomes the resolution time
in measuring T2, and the rise time of the echo intensity
curve [Eq. (14)] at v~a=0 is v, . Since the correlation time
7, is related to the spectral width Av of the excitation field
as v, = I/hv, one only needs to use an excitation light with
a broad and smooth spectrum to obtain a high time resolu-
tion. Therefore, it is concluded that a transform-limited ul-
trashort pulse train is not always necessary for the accumu-
lated photon echo, but one can use a temporally incoherent
light such as a non-transform-limited pulse train or even a
cw laser with a broad and smooth spectrum. (In the case of
a cw laser the term "photon echo" may no longer be ap-
propriate. ) It is usually easier to obtain a temporally in-
coherent light than to obtain a coherent ultrashort pulse
train. The idea of a coherent transient spectroscopy in the
ultrashort time region by using an incoherent light was first
presented by Yajima and co-workers in the analysis of a
transient four-wave mixing, and their experiment was done
in Na vapor. 7 In the present paper we have treated the ac-
cumulated photon echo, where the accumulation of the po-
pulation grating plays an important role. The analysis of the
grating can be easily made by a rate equation, as we have
shown above, and this has clarified the relation between the
spectrum of the excitation light and the time resolution.

The decay of the accumulated photon echo depends not
only on the transverse relaxation but also on slower relaxa-
tions on time scales comparable to the bottleneck lifetime
(for example, the spectral diffusion). To investigate the ef-
fect of the spectral diffusion on the shape of the population
grating Hq, we assume the following equation:

&
Hq(~, r, t) = —(I,&+rg)Hg(~, r, t)

Bt

+„f do)'W(o)' co)Hg(o)', r, t)

+uH(cu, r ) (16)

where I'~ = I/ Tb n is the pumping rate, I q is the rate of the
spectral diffusion, and W(cu' co) is the probability that
the transition frequency jumps from co

' to co. The values I
and W(co' cu) are related as

x G(v) G'(v') G(v' —v)

x exp[ —2(2v~q+ v+ v')/ Tv], (18)

where D(ti) = 1/[I'~+ I z —W(ti) ], where
f oo

W (ti) =„dh W(b, ) exp (i 85 )

I g= des' W(a)' co)- oo

If W(co' cu) is a function of o&
—o&'=b, the steady-state

solution of Eq. (16) is easily found, and the intensity of the
echo induced from this grating is given as

~(~tp)~ J dv dv'D(v, p+ v)D (v,g+ T )

xexp[ —2(2v~g+'7+v )/Tz] . (14) As an example, if W(b) is a Gaussian-shaped function ex-
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30 FIG. 6. The decay curve of the accumulated photon. echo in
Nd3+-doped silicate glass by an incompletely mode-locked pulse
train.

FIG. 5. Semilog plots of the echo-decay curves. Curves {a), {b),
and (c) correspond to Figs. 4(a), (b), and Fig. 6, respectively.

limited by the time resolution of the present experiment. A
further study is needed on this point, but a possible ex-
planation would be a spectral diffusion' where frequency
jumps are large comparable to the inhomogeneous linewidth
(see Fig. 2). The shorter T2 obtained from the wing of the
decay curve in Fig. 5(c) is due to a somewhat higher tem-
perature of the sample than in the cases of Figs. 5(a) and
S(b).

In conclusion, we have theoretically shown that the time
resolution in accumulated photon-echo experiments is

determined by the correlation time of the excitation field,
and verified it in the accumulated photon-echo experiment
in Nd3+-doped silicate glass. By using an incompletely
mode-locked dye laser the highest time resolution of 220
fsec was obtained, and with this time resolution a new very
fast decay in the decay curve of the accumulated photon
echo was observed besides the slower decay already report-
ed. The use of an incoherent light in accumulated photon
echoes enables us to measure T2 in femtosecond resolution
without the difficulties of ultrashort pulse generation, and
this method will be a useful tool in ultrafast coherent tran-
sient spectroscopy.
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