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Photon echoes stimulated from an accumulated grating:
Theory of generation and detection |

Wim H. Hesselink and Douwe A. Wiersma

Picosecond Laser and Spectroscopy Laboratory of the Department of Physical Chemistry, The University of

Groningen, Nijenborgh 16, 9747 AG Groningen, The Netherlands
(Received 16 October 1980; accepted 16 June 1981)

We present a theoretical description of the generation and detection of photon echoes, stimulated from an
accumulated frequency grating in the inhomogeneous distribution. We show that detection of the echoes takes
place via interference in the sample between a properly phased and directed probe pulse and the echo
polarization. In this description the echo phenomenon emerges as an induced transparency of the sample
rather than a burst of coherent radiation. By solving simuitaneously the optical Bloch and Maxwell equations,
an expression is obtained which correlates quantitatively the echo intensity to the decay parameters, pulse
intensity, and the transition moment. As an application of the theory we present results on the intersystem

crossing of pentacene in naphthalene at 1.5 K.

. INTRODUCTION

Recently, we reported the observation of picosecond
photon echoes stimulated from an accumulating grating.
This grating can be built up by a train of twin excita-
tion pulses, provided that a bottleneck is present in the
relaxation path of the excited state. Due to the high
time resolution and relative simplieity of the setup, this
photon echo method proved very convenient for mea-
surement of picosecond dephasing? and relaxation pro-
cesses,?® We showed previously that the echo under
certain phase-match conditions can easily be detected
because interference occurs between the echo and an
excitation pulse. However, this description failed to
describe quantitatively the observed transients, In
particular, the fact that the coherent and background
signal (due to saturation) were of comparable intensity
would not be expected. In general, the echo intensity is
only a few percent of the excitation pulse intensity.

This is due to the limited interference efficiency of the
phased optical oscillators.*

1

In this paper we give a detailed description of the
accumulated echo formation and detection. It is shown
by considering simultaneously the Maxwell and Bloch
equations, in a fashion analogous to the description of
self-induced transparency,® that the above mentioned
interference between probe pulse and echo polarization
takes place in the sample. Therefore, this echo phe-
nomenon is more properly described as a transparency
effect than as a burst of coherent radiation,

Using the results of this theory, we can predict quan-
titatively the expected grating intensity, once the decay
parameters are known., This is important since it is
now possible to predict quite accurately the applicability
of the accumulated echo technique to a specific molecular
or atomic system. It is of course also possible to ob-
tain from the measured echo intensity information about
the decay parameters. Using this approach, we studied
the intersystem crossing of pentacene in naphthalene.
The results are also presented in this paper.
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iIl. THEORY
A. Echo detection

Before discussing the echo detection in detail, we
will briefly review the accumulated echo experiment,
which is shown schematically in Fig. 1. We apply a
train of twin (picosecond) excitation pulses with a time
t)» between the pulses and T between the pairs, The
intense pump beam (puises 1 and 3) and the weak probe
beam (pulses 2 and 4) are focused at the same spot in
the sample. The intensity of the probe beam is phase
sensitivity detected at the modulation frequency of the
pump beam. Therefore, the change in probe beam in-
tensily, induced by the pump beam, is detected just as
in an absorption recovery experiment, The molecular
system is represented by a three level scheme, shown
in Fig. 2. Levels [1) and |2) are coupled by the radia
tion field, and level {3) can act as a bottleneck in the
relaxation path of {2). We will describe the system in
terms of the density matrix in the rotating frame,
{(designated by 5). Note that we do not include the fac-
tor expi(k*r+¢) in the transformation to the rotating
frame in order to consider the effects of direction and
phase of the radiation field explicitly [e¢f. Eq. (3)]. The
off-diagonal elements between level | 3) and the levels
{1) and | 2) will be neglected since no coherence is in-
duced on these transitions.

The pulses will be represented by square waves of
duration 7, and area 6 =xr,, where y is the Rabi fre-
quency. The theory presented in this paper applies to
the case where low intensity pulses are used, which are
short compared to the inverse inhomogeneous width
(sharp line absorber). This leads to the following as-
sumptions: 6«1 and A7,<« 1, where A is the detuning
in the inhomogeneous width. Furthermore, relaxation
during the pulse is neglected: 7,< T3,

The effect of a pulse on the system can now be found
by the action of the operator A(6) in Liouville space on
the density matrix. An explicit expression for A(9) is
given in Ref, 3. However, in deriving this expression
resonant excitation is assumed {corresponding to x
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FIG. 1. Schematics of the experimental
setup for the detection of photon echoes
simulated from an accumulated grating.
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>>A). This assumption does not hold for a description a;=k;"r-o;
of the accumulated echo since we deal here with low in- and

tensity pulses. Therefore, a slightly different approach
is taken, starting from the general solution of the Bloch
equation. Since the radiation field only couples states
1) and | 2), we have essentially a two level system dur-
ing excitation and we can apply the familiar equations

of motion for the Bloch vector

U=Pyp + Py
v=0(Dyy — Pz , (2)
w=Pgy —Pyy -

Note that after a series of pulses level | 3) becomes
populated, as discussed below. This means that the

== Av+wysina; - (#/Ty) , (1a) Bloch vector in Eq. (2) is not normalized, when a time
D=Au+wy cos a;~(v/Tp) , (1b) scale long compared to %} is considered. The general
. . ‘ solution of Eq. (1)° can be simplified by applying the

TTXVCOS @y Sinay, (Le) above mentioned assumptions (x7,, AT, <1, T,>7,),

where leading to the following result for A(f):
J

u(t,) 1-3(a7,f -3 sinfa; -A7T, -3¢ sin2q, fsina, #(0)

v(r,) | = | A7, ~16%sin2aq 1-4(am P -3 cosa? odcosaq 2(0) . (3)

w(T,) -8 sina, -8 cos a, 1-3¢ w(0)

12>

1>

FIG. 2. Level scheme for the electronic origin of a typical
organic molecule. 11) is the ground state, [2) the excited
singlet state, and |3) the triplet state. The part within the
circle has a greatly magnified (=~ 10%) energy scale.

Note that Eq. (3) does not hold for regions around o =#
* (n/2)(n=0, 1, 2,...). However, these regions are
small when AT, <1 as assumed above. This simplifi-
cation is necessary since otherwise a closed solution,
as given in Sec. IIB, cannot be found for the behavior of
the system when a pulse train is applied. If necessary,
the effect of the radiation field on the individual elements
of the density matrix can be found by combination of
Eqs. (2) and (3).

In between the pulses the evolution of the system is
governed by the detuning in the inhomogeneous width (A)
and the decay parameters. Solving the Bloch equations
for the off-diagonal elements and the kinetic equations
for the diagonal elements results in the following ex-
pression for the operator B(f), describing the time evo-
Iution of the system:
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1 0 0 1-Be™it (8 -1)et/T1 1 _ gt | p13(0)
RIPSTIVE Y
0 0 0 0 p12(0)
p(8) = B(t)p(0) = el-18-(1/ T2)t) , (4)
0 0 0 0 pz,(0)
0 0 0 et/ 0 022(0)
K 0 0 Behit _ et/ Ty et |\ e |
I

where B =Fky3/(Ryy + B3y = ky;). Ty i8 the population relaxa- t1a) = w(0) 6, e~*12/ T2 cos(Aly, -k, - T+ By) , (8b)
tion time of level | 2), equal to (% + A3)™", and T, is the o2
phase relaxation time (including population relaxation) w(t1s) = w(0) (1 - E*) . (8¢c)
of the 1- 2 transition, The expressions for B(#) given

in Ref, 3 can be obtained from Eq. (1) in the appropriate
limits. With the operators given in Egs. (3) and (4) the
effect of an arbitrary pulse cycle can be described.

We now turn to the specific pulse sequence of Fig. 1.
To simplify the problem, we assume population relaxa-
tion to be negligible during t,: kyy, ks, By < f1i. This
implies that we have simply a two-~level system during
2, in which only dephasing occurs, that we can describe
in terms of the Bloch equations. Between the pulse
pairs we include population relaxation and consider a
three-level system using Eq. (4). Assuming the system
to be initially in the ground state (p,, =1, all other ele-
ments zero), we find, after two pulses (at time ¢},) by
repetitive application of Egs. (3) and (4), for the in-
version parameter

wtyp)=(1-p)-1,

where the excitation parameter p is defined by

- (1-4)(-4) o

X exp(= ty / T,) coS(Aty, —Kyp « T+ Byp) .

(5)

6)

The subscripts 1 and 2 refer to the pump and probe
pulse, respectively, and ky, =k; =k, and ¢;, =@, - ¢,.
The parameter p contains the grating term (cos at,,)
which is responsible for the echo as was shown in our
previous letter.! We will now discuss the echo detec-
tion. In the next section we show that, once equilibrium
is reached by exciting the sample with the pulse train
during a time long compared to k;{, the inversion pa-
rameter before the arrival of a pulse pair (at £=0) can
be described by

w(0)=(1-p)v-1. )

Equation (7) is equal to Eq. (5) apart from an enhance-
ment factor ¥, evaluated in the following section. Since
we assume T> T,, #(0) and v(0) are equal to zero.

After a pump pulse and decay during #, we find,
shortly before the arrival of the probe pulse (£=13,),
from Egs. (3) and (4),

u(t;.z) = - W(O) 91 e-"-z/rz Sin(Atla - kl I+ ¢1) y (83.)

We now consider the transmission of the probe pulse
through the sample which is polarized according to Egs.
(7) and (8). The coupling between the Maxwell and
Bloch equations is done in a way analogous to the de-
scription of self-induced transparency by MecCall and
Hahn.’ ‘

We start with the electromagnetic wave equation

°E _n°® oE 1 &#p

BELF B T o ¢
where 7 is the index of refraction, ¢ is the velocity of
light, and €, is the electric permittivity of free space.
For simplicity, we only consider one direction, which is
the direction of propagation of the probe pulse. We
describe the optical field by a real plane polarized wave

E(z, t)=Ey(z, f)cos(wi-Rpz+¢5), (10)

where E; is the slowly varying pulse envelope. The Z
axis is the direction of propagation of the probe beam.
The polarization in the medium is given by

(9)

p=N [ a&)Tr(uo)da, (1)

where N is the density of absorbing molecules and g{A)
is the normalized inhomogeneous distribution function.
For the expectation value of the dipole operator we
find

Tr(ue) = 2Pz + Pzy)
(12)

Here («/, v/, w') is the Bloch vector obtained by includ-
ing the phase factor expi(K; - ¥ — @;) in the transforma-
tion to the rotating frame. This factor obeys the fami-
liar equations of motion without the factor ¢; [a =0 in
Eq. (1)]. When we substitute Egs. (10)-(12) in Eq. (9)
and neglect the second derivatives of E;, and terms
~#/A, we arrive at an expression for the pulse envelope

= uya[ o cos(wt ~ k2) — o sin(wt ~ k2)] .

) i
" c ot +2€0776‘ B gla)v'(a, r, Hda .

(13)
As we are interested in the total pulse intensity, we
integrate Eq. (13) over the pulse duration. The pulse
area is defined as

J. Chem. Phys., Vol. 75, No. 9, 1 November 1981
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M
o() =1 /,; Ey(z, f)dt . (14)

We then find

86 (Ao‘A’[J.z f f‘g
—_—= A)v (A, v, f)dtdA . 15
e vhe [ [ s w0 (15)

We now have to insert an expression for » from the
Bloch equations in Eq. (13). Note that the treatment
of McCall and Hahn® does not apply to our problem as
we consider here a sharp line absorber (r,«< 1/4). We
obtain from Eq. (lc) the equations of motion for &
[Eq. (1c) with a =0]:

i’ W

‘[)' R
X X
If we assume the puise profile in time to be a square
wave, the integration over 7, in Eq. (15) becomes tri-
vial since the Rabifrequency x is now constant:

[ vat== L (it - wtt - L (4 (1-4)

T

. (16)

2(0) + 8,65 (0) €12/ ® cos(Aty, —Kyp - T+ ¢12)] ,

(17
where w(t},) is obtained by applying the matrix given in
Eq. (3) on Eq. (8), and w(f3,) is given in Eq. (8¢c). We
now insert Eqs. (6), (7), and (17) in Eq. (15) and per-
form the integration over the inhomogeneous distribu-
tion. We assume 4,> 1/8w;y,, where bwy,, is the width
of the inhomogeneous distribution g(A). This implies
neglect of interaction of the probe pulse with the free
induction decay induced by the pump pulse.

The two terms in Eq. (17) have a distinct physical
meaning: The first term corresponds to the absorption,
saturated by accumulating population in state | 3) and by
the excitation pulse immediately preceeding the probe
pulse. Only the first term in the excitation parameter
(6) contributes, since the second term averages to zero
upon integration over A. Therefore, we find

_/:” gAY w(0)da = [1—(1—%21) (1—%21)])/-1 .

(18)
[The second term in Eq. (17) corresponds to the inter-
action of the probe pulse with the echo polarization.
The only nonzero part in the integration is the one con-
taining the grating term of Eq. (6) since all other terms
contain oscillating factors and average to zero:

f*n g(A) W(O) COS(Atlz - kiz ‘r+ ¢12)dA

=76, 6, €22/ [ g(a)cost(al, —kyy 1+ ig)dA

(19)
This equation describes the ecrucial point of the interac-
tion between the echo polarization and probe pulse. By
considering the integration in the right-hand side of Eq.
(19), it is obvious that the wave vector and phase depen-
dence of the echo term is completely eliminated, for the
integral simply yields 0.5. This contrasts with the fami-
liar description of the echo formation in which the con-
structive interference of the phased dipoles leads to a

4195

directional radiation pattern. In that case, due to geo-
metrical factors,* the intensity in the major radiation
lobe is limited to a few percent. This reduction is over-
come in our method by interference in the sample with a
properly phased and directed probe pulse.

By combining Eqs. (15) and (17)-(19), we obtain

3 _ . B [(1.8 g2\ Y
5z~ Zng(0) [(1 g TRTRTE )Y

(20)

SN

where we assumed 6,(probe)< 6;(pump) < 1 and used the

relation 6, =x,7, for the area of a square wave. The
absorption coefficient is defined as’
2
o= M . (21)
Cnﬁ(O :

Equation (20) is simply Beer’s law for absorption, be it
with a rather complex absorption coefficient. By in-
tegrating Eq. (20) over z, we obtain the final result for
the probe pulse intensity for a square wave proportional
to the area squared:

L(1) = 5(0)

xexp{— Qote [1 - gzl - (1 - %i +2e‘e‘12”'2> %Z] l} ,
(22)
where [ is t/he sample length and the effective absorp-
tion coefficient is defined as
gy ——l

Qe = QO 2"g(0) (23)
[In the absence of the first excitation pulse (6, =0), Eq.
(22) simply gives the absorption law for the probe pulse.
The reduction of the absorption coefficient [Eq. (23)]
is due to the fact that we assumed the pulse width to be
much shorter than the inverse inhomogeneous width.
Therefore, the pulse has appreciable spectral com-
ponents outside the absorption line, ¢

The additional 8; dependent term in Eq. (22) has a
positive sign and therefore corresponds to a frans-
parency induced in the sample by the first pulse. The
two components of this term have a distinet physical
meaning as already mentioned above: an incoherent
part (the ordinary saturation) and a coherent part (the
echo) which contains the information about the phase
loss during %,. The interesting point is now that both
terms depend in the same way on the intensity of the
first pulse and on the enhancement factor v. This means,
from an experimental point of view, that the echo is just
as easily detectable as the saturation.

The 1 - (6/2) terms in Eq. (22) correspond to satura-
tion induced by the excitation pulse, preceding the probe
pulse. These terms can be taken equal to unity when
7> 1 (the accumulation effect much larger than the sin-
gle pulse eifect).

The nice result of the description given in this section
is that Eq. (22) correlates, quite unexpectedly, the ob-
served increase in probe pulse transmission directly
and quantitatively to the echo amplitude.

J. Chem. Phys., Vol. 75, No, 9, 1 November 1981
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We have shown previously [Fig. 2(c) of Ref. 1] that
both components of the induced transparency are indeed
observed experimentally. However, instead of the ex-
pected 1: 2 ratio (y> 1, 8,« 1) between background and
echo intensity, we observe only a ratio of approximately
1:1.3. This discrepancy can be due to several factors,
First, our pulses are not short enough to entirely justify
the assumption of negligible inhomogeneous dephasing
during the pulse., This means that the coherent excita-
tion of the wings of the absorption line is not as efficient
as that of the center of the line. Therefore, the grating
can be slightly disturbed in the wings. In the second
place, an often present frequency chirp® in the pulse can
disturb the grating, while the incoherent saturation is
not affected.

B. Dependence of the echo intensity on the decay
parameters

In this section we will derive expressions for the
grating intensity in a two- and three-level system. We
start with a population distribution given by py, (0),
P22(0), and py3(0) and assume the off-diagonal elements
to be zero. After two excitation pulses we find for the
diagonal elements

Pu(t'iz) =%(1 +P) Pu(o) +%(1 -p) P22(0) , (24a)
Paz(t12) =3(1 - p) 011(0)’*'%(1 + D) pg(0) (24b)
P33(ti2) =pss(0) , (24c)

where the excitation prameter p is defined by Eq. (6)
and population relaxation during 7, is neglected. Note
that these equations simplify to Eq. (5) when taking
p11(0) =1 and py,(0) =p,5(0) =0. We assume now that 7,
<« T, which means that the off-diagonal elements of the
density matrix have vanished when the next pair of
pulses arrives at time 7. This assumption is quite
reasonable as the accumulated echo technique is espe-
cially suited for studying ultrafast phase relaxation pro-
cesses. Furthermore, we are in this section primarily
interested in the maximum echo intensity at small delay
times 7,.

The decay during time 7 can be described by multi-
plication of p by the decay matrix B, defined in Eq. (4),
where only those elements of B have to be considered
that act upon the diagonal elements of p:

p(T)=B(T)p(t],) . (25)

Once we have reached a steady state after applying the
pulse train during a time long compared to the bottle-
neck lifetime (%}), the equilibrium condition applies:

p(T) =p(0), (26)

stating that the excitation of the system with one pair of
pulses should exactly compensate the losses, due to
relaxation during a time 7. By substituting Eqs. (26)
‘and (4) in Eq. (25) and taking the normalization Zipis
=1) into account, a solution for the diagonal elements of
p can be found:

'T/Tl(l - B - e'k31T)+}3 e~k31T
2D ?
(27a)

pu@=1-(1-p)2

W. H. Hesselink and D. A. Wiersma: Photon echoes from an accumulated grating

-T/Tl 1 - 'k31T
b0 =(1-p T =) (27h)
“kyyT _ ,~T/Ty
Pg3(0) =(1 - p) _—_———B(e ZDe ) s (27¢)
where the denominator is given by
D=1-e™"T [1 - g 1 —p)]
-/ [pu-em B -»]. (28)

These expressions can be simplified by making the fol-
lowing approximations:

(1) small excitation pulses: p=1;
(2) a “true” bottleneck: k;i>T, which implies e™*17
=1,
(3) no additional bottleneck in state | 2): El>> (&,
+By3)™ and therefore
0<p<1 .
With these three approximations Eq. (28) reduces to
D=1-e*T . (29)

The important point is that D is independent of the ex-
citation parameter p. Therefore, we can now derive
the expression for the steady state inversion parame-
ter, which we already used in the previous section [Eq.
(D], by combining Eqgs. (27) and (29):

w(0)=(1-p)y-1, (30)
with the enhancement factor

_ e Ta0 - etaT) — ]+ gertaT
- 2(1 —e-1T)

(31)

So far we have discussed the accumulation effect in
a three-level system, but the effect can of course also
appear in a two-level system provided 7;> 7. In this
situation, which corresponds to %, =0 and therefore
B =0, we can calculate the factor y directly from Egs.
(27) and (28):
e T/Ty

=1 —pe T

o~ T/Ty
Ry s (32)

Y

where we used again the approximation of low excita-
tion intensity ( p= 1).

When these expressions for y are inserted in Eq. (22),
an expression for the echo intensity is obtained which
depends only on the decay parameters, the intensity and
duration of the pulses, and the absorption of the transi-
tion.

Hl. THE INTERSYSTEM CROSSING OF PENTACENE

The theory given in the preceding sections enables us
to predict quantitatively the echo intensity or alternative-
ly to obtain information about the decay channels. In
our experiments we use square wave modulation of the
pump beam, which means that we measure the dif-
ference between the probe beam intensity with the pump
on (I,y) and off (Iy). It is easy to calculate from Eq.

(22) that the relative probe beam intensity is given by

J. Chem. Phys,, Vol. 75, No. 9, 1 November 1981
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Jon — 1,
S(tlg) - Oﬂl oft
of

® Qget [%ZL (7+1)+9§ye'2"12”'2]l, (33)

under the assumptions S(#;), 6;<<1.

We apply the theory now to a study of the intersystem
crossing (ISC) of pentacene in naphthalene at low tem-
perature. A typical accumulated echo experiment on the
electronic origin was performed under the following
conditions: average power density in the pump beam at
the sample of 1.5 W/ecm?, 7,=24 ps, T=12.2 ns, Oqy!
=0.87, and index of refraction of the sample of 1. 7.

With a transition dipole moment of 0.7 D,!* we ar-
rive at 6; =0. 045 rad assuming a Gaussian pulse shape.
From the observed §(«)=0.11 we calculate from Eq.
(33) that y=124, indicating two orders of magnitude en-
hancement of the accumulated signal over the single
pulse signal! This value for ¥ can be used to calculate
the ISC rate from Eq. (31), since all other parameters
are known. Previously, we reported the observation of
two components in the decay of the grating, with relaxa-
tion times of 15 us and 2.3 ms.! Obviously, these two
components correspond to the decay of two of the triplet
spin sublevels. From the integrated intensity of the two
components we calculate a ratio of steady state popula-
tion of 1:69, indicating that only the long living spin sub-
level (Z) needs to be considered here.

With Ty =19.5 ns and k;; =435 s™ we calculate from
Eq. (31) for the ISC yield to the Z spin sublevel $=2.8
x107%,

Recently, van Strien and Schmidt!® showed that the
intersystem crossing rate to the X spin sublevel ex-
ceeds that to the Z spin sublevel by a factor of = 40.
Consequently, these combined data show that the total
intersystem crossing yield must be = 10%, which is
significantly higher than estimated previously. !

When considering the calculations given in this sec-
tion, a limitation of the model has to be mentioned which
can effect the accuracy of the results, We assumed in
the model a square wave pulse profile in time. The
pulse shape in our experiments, however, is not known,
but is definitely not a square wave. Therefore, the in-
tegration in Eq. (17) is not entirely correct in this case.
The inaccuracy in determining pulse shape and width
also affects the calculated value for the pulse area.
Furthermore, the condition A7« 1 is not met, indicating
that only part of the inhomogeneous width contributes to
the echo phenomenon, Considering these points, we
estimate that the inaccuracy in ¥ and 8 can be as high as
a factor of 2. Note, however, that this does not affect
the physical picture presented in this paper nor the con-
clusions drawn from the calculations in this section.
Finally, it seems worth mentioning that there appears

4197

to be a discrepancy between our results and those of van
Strien and Schmidt!® on the decay time of the long living
Z spin sublevel, We note, however, that by using their
Z spin sublevel lifetime (280 ps) we would conclude that
the ISC yield approaches 100%, which is unrealistic.

Presently, we have no explanation for this discrepancy.

IV. CONCLUSIONS

The theory presented in this paper gives quantitative
expressions for the accumulated echo intensity which
depends only on the decay parameters, power densgity,
and the oscillator strength of the transition studied.
This means that information about an unknown decay
parameter (e.g., the ISC) can be obtained from the
{absolute) photon echo intensity, which is rather unex-
pected since usually only the decay of the relative in-
tensity is considered.

Furthermore, these theoretical results are important
for possible applications of the accumulated echo meth-
od to other molecular and atomic systems., Provided
that a suitable bottleneck is present, the accumulated
echo technique is a simple and convenient method for
studying directly dephasing and relaxation phenomena
on a picosecond time scale.
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