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Femtosecond photon echo measurements of electronic coherence
relaxation between the X„

1Sg¿… and B „

3P0u¿… states of I 2
in the presence of He, Ar, N 2 , O2 , C3H8

Matthew Comstock, Vadim V. Lozovoy, and Marcos Dantusa)

Department of Chemistry and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824

~Received 29 July 2002; accepted 3 July 2003!

Photon echo and reverse transient grating measurements of the loss of electronic coherence for
molecular iodine are presented. Systematic measurements of the coherence decay rate were made as
a function of buffer gas. From the dependence of decay rate on numerical density, we calculated
experimental cross sections of decoherence. These values range from 135 Å2 for helium to 1170 Å2

for I2 . We find Lennard-Jones parameters for the long-range interactions responsible for
decoherence which can be modeled by dispersion forces. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1603739#
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I. INTRODUCTION

There is considerable theoretical and experimental in
est in controlling the amplitude and phase of quantum m
chanical states in atoms and molecules.1–3 The motivation
behind these efforts comes from evidence that intramolec
dynamics and chemical reactivity can be controlled us
phase and amplitude shaped pulses.4,5A second motivation is
the future construction of a computer that will opera
through the coherent manipulation of individual quantu
states.6–8 For both of these applications, coherent intera
tions between the laser field and the atom or molecule
required. Here we explore the loss of electronic coherenc
gas phase iodine molecules, a model system that has
explored for the coherent manipulation of information,9,10 as
a function of number density and the addition of differe
buffer gases. The rate of decoherence determines how
information can be manipulated without loss of fidelity. T
loss of coherence and the nature of the long-range inte
tions between ultracold atoms and Bose–Einstein cond
sates has become a subject of recent interest.11,12 Our mea-
surements may help to shed light on that subject as wel

This work is a continuation of work from our laborator
where we have used femtosecond three-pulse four-w
mixing ~FWM! methods, involving different pulse se
quences, to measure many of the processes that contribu
coherence relaxation in ground and excited state iodine.13–16

We make the distinction between different measureme
such as electronic coherence decay~involving two electronic
states!, from vibrational or rotational coherence decay~in-
volving vibrations or rotational motion in a given electron
state!, and spatial coherence decay~involving the motion of
atoms or molecules in space!. The focus of this report is on
the nature of interactions~long-range collisions! that lead to
a loss of electronic coherence~decoherence!. For our mea-
surements, we ignore the lifetime of the upper electro

a!Author to whom correspondence should be addressed. Electronic
dantus@msu.edu
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state,T1 , because it is in the microsecond time scale. O
measurements involve pure iodine as well as iodine in
presence of buffer gases that range from He atoms to
pane molecules.

The signal measured from coherent spectroscopic m
ods, such as FWM, depends on phase coherence amon
molecules emitting the field. As the phase coherence is
the strength of the signal diminishes. Measuring the rate
decoherence and understanding the nature of the interac
that cause it in gas phase environments are the goals of
work. In the gas phase, decoherence typically results fr
long-range interactions, which cause a phase change in
polarization of the single molecule. In Fig. 1, we consider
iodine molecule in an electronic coherence between
B(3P0u

1 ) and theX(1Sg
1) states, the potential energy curve

for the relevant electronic states are shown. The molec
whose polarization oscillates with frequencyv, can be per-
turbed through long range interactions with buffer gas m
ecules. This perturbation changes the energy of theB andX
states and result in a time dependent frequency cha
Dv(t). The accumulated phase changeDw that results from
one such long-range interaction leads to the measu
dephasing as the emitted electric field destructively interfe
with the emitted fields from other molecules in the samp

In this study, we use two types of pulse sequences: p
ton echo~PE! and reverse transient grating~RTG!.17 Both
methods measure the electronic coherence decay that re
from the first order polarizationr (1) ~see Fig. 2!; however,
they have a very different dependence on homogeneous
inhomogeneous contributions. In condensed phases, th
homogeneous contribution to coherence loss is very sig
cant making PE measurements the only viable method
obtain measurements of electronic coherence decay in
condensed phase. In the gas phase, inhomogeneous con
tions are much smaller; therefore, both PE and RTG
provide valuable information. In principle, for very low pre
sures and small molecules it is possible to measure the D
pler free linewidth of individual spectroscopic transitions
il:
6 © 2003 American Institute of Physics
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6547J. Chem. Phys., Vol. 119, No. 13, 1 October 2003 Electronic coherence relaxation of I2
estimate the pure homogeneous broadening. However
room temperature iodine in the presence of buffer ga
time-resolved measurements as performed here are cl
advantageous and provide both homogeneous and inhom
neous decoherence rates. In the Theory, we describe the
nals from the two methods and recover the isolated mole
and condensed phase limits. We later show in the Res
that, under certain conditions, our measurements involve
intermediate case, between the two limits, that has not
ceived much attention in the literature.

The article is organized as follows: Section II describ
the theory behind PE and RTG measurements. Particular
phasis is placed on contrasting the response from liquid
gas phase samples. Section III describes the experime
setup used to carry out the measurements. Section IV
sents the results and describes the data analysis. Secti
presents a discussion of the observed results and places
in the context of measurements in other laboratories and
timates obtained from dispersion forces alone. Section
summarizes our findings and general conclusions.

II. THEORY

The intensity of the PE signal as a function of delay tim
in the liquid phase has long been known to conform to
exponential decay with time constant1

4T28 , whereT28 is the
homogeneous relaxation time.18 Similarly, it has been shown
that for gas phase samples, the photon echo decays with
1
2T28 .19 In this section, we explore the reason for the factor
2 difference for these two limits, and develop a means
extractingT28 even from the intermediate region where n
ther the gas phase nor the liquid phase limits apply.

To correctly describe the evolution of the system inclu
ing relaxation and obtain an expression that bridges the
between the liquid phase and the gas phase limits we u
density matrix approach. The formalism we use to desc
PE and RTG is based on this approach published earli20

Here we apply it to derive simple formulas for the interm

FIG. 1. A graph of the potential energy curves~solid line! involved in the
electronic coherence between theB and X states of iodine. Dashed line
represent the perturbation caused by the approaching buffer gas mole
The overall change in energy is indicated byDv. The phase shiftDw nec-
essary to destroy the coherence during a long-range collision is given b
accumulated phase shift taking place during the interaction.
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diate between liquid and gas phase cases. For PE and R
the first pulse arrives at time zero while the second and th
coincide in time, following after a delayt. In the case of PE
the emission goes in the phase matching directionkPE5k3

1k22k1 ~responsesRII andRIII ), while in the case of RTG
the emission goes in the phase matching directionkRTG5k3

2k21k1 ~responsesRI and RIV),21 as depicted in Fig. 2.
There are no differences in amplitude between the Liouv
pathwaysRI andRIV and betweenRII andRIII for a two level
system. Notice that the PE signal has a maximum at timet.
For RTG the maximum is at zero time~before the second
pair of pulses, in the ‘‘virtual’’ unphysical region!, as shown
in Fig. 2. The difference between PE and RTG is very i
portant when molecules within the ensemble have differ
resonance conditions because of inhomogeneities.

The inhomogeneous relaxation can be described by
normalized Gaussian spectral distribution exp@2(v2v0)

2/
D2# of each transition frequency with widthD. The signal
measured as a function of the delayt corresponds to the
temporal integral of the emission intensity. We can sepa
the electric field of the PE and RTG signals because they
generated in different directions. It is possible to analytica

FIG. 2. Pulse sequence and phase-matching geometry for PE and
measurements. The PE setup~a! with pulseb arriving before pulsesa andc
undergoes rephasing and has a maximum at timet after the second two
pulses. The RTG~b! with pulsea arriving before pulsesb andc, undergoes
no rephasing and is thus maximum at the time of the second two pulse
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calculate the relaxation in the case of an exponential ho
geneous decay and a Gaussian inhomogeneous decay
these cases we obtain

SPE~t!}E
t

`

exp~22gt !exp~2~ t22t!2D2/2!dt

5exp~2g2D22!@12erf~220.5tD120.5gD21!#

3~2/p!0.5/D, ~1!

SRTG~t!}E
t

`

exp~22gt !exp~2t2D2/2!dt

5exp~2g2D2224tg!@11erf~220.5tD

220.5gD21!#~2/p!0.5/D. ~2!

The first exponent for both cases is the homogene
decay~2g is decay rate is twice of density elements deca!.
The second Gaussian function (D2/2 is twice faster of Fou-
rier image of inhomogeneous distribution of frequency d
main! is centered at time 2t for the PE~echo spike! and at
zero time for the RTG~inhomogeneous dephasing!.

We define the homogeneous relaxation time in terms
the relaxation rateT2851/g and the inhomogeneous rela
ation time in terms of the inhomogeneous spectral wi
T2* 51/D. In the limit tT28!T2*

2 there is no difference be
tween the PE and RTG signals. In this case, Eqs.~1! and~2!
can be simplified to obtain

SPE~t!5SRTG~t!}exp~22tg!5exp~22t/T28!. ~3!

In the opposite casetT28@T2*
2, the liquid phase limit,

there is a difference between the PE and RTG signals.
can replace the integral formula for the PE Gaussian fi
with a delta function at time 2t and get a simple decay wit
rate 4g. In this case Eqs.~1! and ~2! can be written as fol-
lows:

SPE~t!}exp~24tg!5exp~24t/T28!, ~4!

SRTG~t!}exp~2 1
2D

2t2!5exp~2t2/2T2*
2!. ~5!

Note that for short time delays,t, the producttT28 is
always small. Therefore, for small delays we expect the
phase limit to be a good approximation. For larget, the gas
phase limit is no longer accurate even for gas phase exp
ments. Figure 3 demonstrates this transition between
limits. Note that initially the PE has a decay rate of 2g, then
goes through an intermediate region and, finally, at long
lay times, has a rate of 4g. In the case of RTG, the initia
exponential decay with rate 2g transforms to a faster Gaus
ian decay. For neat iodine at small density we found the
and RTG signal decays are dramatically different; expon
tial for PE and Gaussian for RTG.16 In the case of high
density buffer gas or very short time, homogeneous dep
ing is faster than inhomogeneous dephasing, making PE
RTG decay with approximately equal rates~2g!. This condi-
tion was accomplished for experiments with relatively hi
pressure of buffer gas and is different from the previo
work from our group, where the homogeneous dephas
much slower.16
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III. EXPERIMENT

The experiments were carried out using a colliding pu
mode-locked dye laser~CPM! pumped by a continuous wav
intracavity doubled Nd:YVO4 laser. The output of the CPM
was centered at 620 nm and was amplified by a four st
dye amplifier pumped at 30 Hz with the second harmonic
a nanosecond Nd:YAG laser. For most measurement
double pass prism pair compressor was used to obtain 6
pulses with an average energy of 0.3 mJ per pulse. For s
experiments, requiring longer pulses, the bandwidth of
CPM was purposely narrowed to;1 nm and shifted to 615
nm. The fourth stage of the amplifier was double-pass
producing pulses that were 1.2 ps in duration with avera
pulse energy of 1 mJ. Pulse durations were determined
autocorrelation in a second harmonic generation crystal.

The laser was split into three beams of equal intens
which were attenuated to less than 80mJ per pulse~short
pulse mode! or less than 300mJ per pulse~long pulse mode!
and recombined at the sample in the forward b
geometry22,23 ~see Fig. 2!. The beams occupy three corne
of a 25 mm square and were determined to be parallel o
one meter by using a template of the appropriate geometr
50 mm diameter, 0.5 m focal length lens focused the bea
into the sample cell, the beams crossing at an angle of 2
This crossing angle produces a transient grating with a
mm spacing. At the temperatures used in our measureme
the transient decays by diffusion after 60 ns. This time sc
is three orders of magnitude longer than the coherence d
times being determined and is therefore neglected.

A computer-controlled actuator delayed the first bea
and the other two beams were overlapped in time. The p
sequence defines the physical emission process which
detect in phase matching directionkFWM5ka2kb1kc ~see
Fig. 2!. By changing the arrangement of the beams at
lens we controlled whether beamb or beama was first. PE
measurements withkPE52k11k21k3 require beamb to
arrive at the sample before beamsa andc, while RTG mea-
surements withkRTG5k12k21k3 require beama to arrive

FIG. 3. Calculated PE and RTG decays (g5231010 s21 and D5231010

s21) showing both gas and liquid phase limits. At short times, both PE
RTG approach the gas phase limit~thin-solid line!, at longer times, PE
follows the liquid phase limit~thin-dashed line!, and RTG decays nonexpo
nentially.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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before beamsb and c.13 Time zero for both beam arrange
ments occurs when all three beams are overlapped in t
The temporal overlap of the beams was found using a
movable 0.1 mm thick quartz plate.

The signal beam was collimated with a 0.5 m foc
length lens, identical to the one that initially focuses t
beams, and was spatially filtered through a 50mm pinhole
before being sent to a 0.27 m monochromator for detec
~homodyne! by a photomultiplier tube. Data for the sho
pulse laser was collected at 620 nm, and for the long pu
laser data was collected at 615 nm. Both detection wa
lengths represent the center of the laser’s Gaussian spe
profile in the particular laser arrangement to which they c
respond. Data were collected using a boxcar integrator,
eraging 30 laser pulses. The laser pulse intensity was m
tored with a photodiode and pulses with energy outside
standard deviations from the mean energy were discar
Typical data sets were averaged for at least ten scans of
time delays each.

Sample cells consisted of quartz cylinders 4 in. in leng
with optical windows. The cells were pumped to 1025 Torr
while the solid iodine sample~Kodak Chemical! was frozen
with dry ice. The sample cells were then thawed, refroz
and pumped out again. Buffer gases~AGA! were added at
room temperature and buffer gas pressure was measured
a baratron on a sealed gas line. Optical density measurem
were made using a CW intracavity doubled Nd:YVO4 laser
~532 nm! and a photodiode covered by a 530610 nm band-
pass filter to exclude stray light. The number density of
dine in the neat iodine cell was determined by transmiss
using established iodine absorption cross-section data.24 The
Nd:YVO4 laser was determined to be of sufficient bandwid
to blur any fine structure on the absorption curve. This w
confirmed using an absorption spectrometer with resolu
set to half the laser bandwidth. A curve of iodine numeri
density versus temperature was created. Our measureme
the extinction coeficient,e5813620 L mol21 cm21 is in ex-
cellent agreement with that of previous measureme
e5810624 L mol21 cm21.24 Using O.D.5e nl we calculated
the number density,n. These data agreed favorably wi
measurements from two other sources25,26 in the temperature
region considered here. Buffer gas sample cells were
heated with a heating tape until the desired iodine num
density was reached. For pure iodine measurements,
number density was varied from 131023 to 831023m23 by
controlling the temperature of the sample cell. All measu
ments involving buffer gases were made at a number den
of iodine 531023m23 and 110–120 °C.

IV. RESULTS

A. Experiments on neat iodine vapor

Photon echo traces obtained from pure iodine va
were taken as a function of number density, using 60 fs la
pulses. Figure 4 shows a plot of the homogeneous relaxa
rate,g, as a function of number density. Each data point
this plot represents a PE data set at a specific temperatu
the pure iodine cell. A typical data set involved the measu
ment of PE signal intensity as a function of time delay b
Downloaded 15 Oct 2003 to 35.8.27.8. Redistribution subject to AIP 
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tween the first pulse and the other two pulses. The inset
typical PE data set plotted on a logarithmic scale. The
decays were measured fromt5210 ps to as much ast5800
ps, with at least 300 data points per scan. The final data
were the result of from 10 to as many as 100 averages
quiring approximately 4 h of acquisition time.

Experimental decays were fit to exponential decays
the form exp~22gt! to obtaing. It has been verified previ-
ously that PE signals from gaseous iodine dec
exponentially.16,27 We use Eq.~3! to fit the PE data becaus
the Doppler dephasing timeT2* for iodine under these con
ditions is 720 ps, making the conditiontT28!T2*

2 valid. This
was verified experimentally, as the RTG signal decays ex
nentially with a strong temperature dependence. The s
black line in Fig. 4 is a linear fit to the data, and the dott
lines represent the 90% confidence interval for that fit. Er
bars in each dimension represent two standard deviation
the uncertainty of our measurements. Uncertainty in the
cay rate comes directly from noise in the data set. Unc
tainty in the number density is due to uncertainty in t
absorption cross section of iodine. The uncertainty in
number density used in Fig. 4 results from the uncertainty
the absorption cross section reported previously.24

From a plot of coherence decay rate versus numer
density, we extract a cross section,s, for electronic phase
relaxation using the equation,

g5ns v̄1g0 , ~6!

wheren is the number density of the gas sample,v̄ is the
average relative speed of the colliding moleculesv̄
5(8kT)1/2(pm)21/2, and g0 is the relaxation rate at zer
pressure.

A fit through the experimental data in Fig. 4 allows us
determine a cross section of 11706110 Å2 for neat iodine
vapor, and a 1/g0 of 5864 ns. This 1/g0 value is in good

FIG. 4. Plot of homogeneous relaxation rate,g, vs number density for nea
iodine vapor. Results for 37 measurements are shown. Horizontal error
indicate uncertainty in the absorption cross section of iodine, vertical e
bars indicate uncertainty in the exponential fitting routine. Dotted lines r
resent the 90% confidence interval based on a linear least squares fit. In
a typical PE data trace plotted on a logarithmic scale. This trace corresp
to a number density of 531023 m23.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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agreement with our estimation of the diffusional dephasi
60 ns. The cross section obtained from Fig. 4 is in go
agreement with the measurement obtained earlier in
group, 11506150 Å2.16 The electronic coherence decay cro
section for iodine obtained by Zewailet al. is 5906110 Å2.
This value differs from our findings by a factor of 2.28 It is
unclear how theT2 values were obtained from the data
this reference. The difference could be explained if they
tainedT28 directly from the observed echo decay time wit
out the factor of 2.

B. Experiments with buffer gases

Electronic coherence relaxation rates were measured
function of number density for various buffer gases. T
number density of iodine in the cell was monitored with
CW laser beam as described in the experimental section
transients were obtained for several buffer gas pressure
each of the different buffer gases. Each of the data sets
fit to Eq. ~3! @single exponential decay with lifetime 1/~2g!,
andg values were extracted#. These data are shown in Fig.
for PE in the presence of He, Ar, O2 , and N2. The solid lines
are linear fits to the data, from which coherence relaxat
cross sections were extracted@see formula~6!# and collected
in Table I. Error bars represent the 90% confidence limits
each data point based on the uncertainty in the fit. Erro
the pressure of the buffer gas is smaller than the data po
about62 Torr. For all cases the data points fall within th
linear fit taking into account the uncertainty in the measu
ment. Values forg were also extracted using Eqs.~1! and~2!
~to take into account inhomogeneous broadening!, with a
two-dimensional nonlinear least squares fitting meth
Theseg values agree with the values extracted using Eq.~3!
to within experimental error.

C. Photon echo and reverse transient
grating measurements

For all the gaseous samples we measured both PE
RTG transients. RTG measurements are helpful in determ
ing the inhomogeneous contribution to the relaxation rateD
~see Theory!. In Fig. 6 we present data obtained wi
531023 iodine molecules per cubic meter and 2.531024 pro-
pane molecules per cubic meter. Data were taken using
ps pulses to blur the vibrational dynamics of the coheren
This allowed us to obtain a smooth decay across the en
temporal range. The dots are experimental signal intens
plotted as a function of delay timet. The solid lines are fits
using Eqs.~1! and ~2!, and the dashed lines are exponent
decays~pure homogeneous dephasing! using theg deter-
mined by the same fit. The difference between PE and R
decay times is small and within the experimental error. Si
larly, the fits obtained from the theory@Eqs. ~1! and ~2! for
the PE and RTG# and the simulations obtained from th
single exponential decay@Eq. ~3!# are within experimenta
error.

Figure 7 shows data points obtained from 37 indep
dent transients for PE and RTG in the presence of propan
various pressures. The values for the decoherence cross
tion obtained@see formula~6!# from these two plots are in
Downloaded 15 Oct 2003 to 35.8.27.8. Redistribution subject to AIP 
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agreement to within experimental error. From this we c
conclude that inhomogeneous broadening plays a minor r
with an upper limit of 33109 s21. This observation indicates
that under these conditions,T2*

2@T28t, confirming that the
gas phase limit applies for delay timest less than 1 ns for the
I28–propane case presented.

V. DISCUSSION

The measurements of electronic coherence relaxation
low us to calculate cross sections. Assuming collisions oc
at an average distance,R, determined bys5pR2, we can
then calculate the average radius of interaction. The deco
ence cross section for iodine–iodine collisions was measu

FIG. 5. Plots of homogeneous relaxation rateg, of the PE signal with 50 fs
excitation pulses, vs number density for~a! helium, ~b! argon,~c! oxygen,
and ~d! nitrogen. Error bars indicate uncertainty in the fit. Error in th
number density is smaller than the data points. The point at zero num
density in each plot represents the relaxation rate of iodine a
31023 m23 number density, and the uncertainty in this number is sma
than the data point in both dimensions.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 15
TABLE I. Parameters calculated for the long range interactions responsible for electronic coherence de
of I2 molecules and buffer gases~M!.

M s, Å2 R5s1/2/p1/2 v, ms21 e t i , ps a,Å3 IE, eV C6 , J m6 g C6cal, J m6 h

He 135612 6.561.5 1435 0.6 0.21a 24.619a 4.9310277 0.306310277

Ar 500670 1263.5 485 3.4 1.63a 15.781a 43.6310277 2.061310277

N2 300650 1061.6 567 2.3 1.76b 15.581c 14.2310277 2.215310277

O2 450640 1261.1 534 3.0 1.60b 12.0697c 36.9310277 1.816310277

C3H8 500655 1261.3 465 3.6 6.31a 10.962a 41.8310277 6.861310277

I2
f 11706110 1961.4 274 10.1 9d 9.307c 190310277 9.046310277

aD. A. McQuarrie and J. D. Simon,Physical Chemistry~University Science Books, Sausalito, California, 1997!,
p. 668.

bD. A. McQuarrie,Statistical Mechanics~University Science Books, Sausalito, California, 1997!, p. 481.
cW. G. Mallard,NIST Chemistry Webbook, http://webbook.nist.gov/chemistry/~2001!.
dB. Friedrich, Phys. Rev. A,61, 025403~2000!.
eAt 383 K.
fs511506150 Å ~Ref. 16!; 5906110 Å ~Ref. 26!.
gCalculation withr 26 potential and experimental data.
hCalculation with formula for the dispersive force for parameters for iodine in theX state.
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to be 1170 Å2, giving us an interaction radius ofR519 Å.
Notice that this value for the interaction radius is more th
10 Å greater than the van der Waals radius~see Fig. 8!. Since
we are dealing with the relaxation of electronic coheren
no energy needs to be exchanged by this interaction. Her
use a hard sphere model to describe these interactions, d
ing an ‘‘interaction region’’ around the molecules in the c
herence. We define this interaction region such that any m
ecule passing through it will produce at least ap shift in the
phase of the electronic wave function of the iodine molecu

The colliding partner, moving with a velocity in cente
of-mass coordinatesv̄, interacts with an impact parameterb,
the shortest distance between the two molecules during
interaction. The interaction potentialDU(r ) is a function of
the distance between the two molecules,r, and it reflects the
perturbation in the energy difference between theB and X
electronic states of iodine caused by the buffer molecule~see
Fig. 1!.

If we picture the interaction region as a sphere arou
the iodine molecule, using the experimentally determineR
~see Table I!, we can estimate how long these dephas
interactions take, based on the average speed of the
ecules,v̄. The average time of each interaction assuming
average interaction length,l̄ 5(4/3)R, is then given byt̄
5 l̄ / v̄. The values obtained using our measurements are c
piled in Table I and range from 0.6 to 10 ps for helium a
iodine, respectively. The intermolecular distancesR, deter-
 Oct 2003 to 35.8.27.8. Redistribution subject to AIP 
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mined in this report, are graphically depicted in Fig. 8, wh
the molecules are represented as 98% electron density
calculated using the Spartan molecular modeling program29

The above analysis of the experimental data shows that
interactions are long range when compared to the van
Waals radii, and short lived when compared to the lifetime
the electronic coherence.

As a plausible approximation, we assume the inter
tions to be dispersive and to follow anr 26 dependence, as
obtained from the second term in the Lennard-Jo
potential.30 Based on the distance and weakness of the in
action we assume the molecules follow a linear path thro
the interaction region. The change in phase of the iod
wave function is then31

uDw~b!u5~2/\!E
0

`

DU~ t !dt53pC6 /~8\ v̄b5!. ~7!

We can then calculateC6 parameters for the I21M interac-
tions, given in Table I using the formula,

C65~8/3!v̄\~s/p!2.5. ~8!

The values obtained are summarized in Table I and ra
from 4.9310277 to 190310277J m6 for helium and iodine,
respectively.

In order to learn about the nature of the long-ran
dephasing collisions, we assume, that the intermolecular
.

a
-
by
FIG. 6. Logarithmic plot of~a! PE and
~b! RTG signals with 1200 fs excita-
tion pulses, as a function of time (5
31023 m23 iodine and 2.531024 m23

propane at 400 K!. Experimental data
~dots! are fit ~solid line! using the
theory without approximations, Eqs
~1! and ~2!, presented in the text. The
dashed line is a simulation based on
simple exponential decay with a ho
mogeneous decay rate determined
the full fit.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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teraction is purely due to dispersion forces as a first-or
approximation. We can calculate the dispersion param
using and the expression,30

C6cal5~3/2!a1a2I 1I 2~ I 11I 2!21, ~9!

wherea1 anda2 are the ground state polarizabilities of th
two molecules, andI 1 and I 2 are the ionization energies o
the two molecules. The resulting values are summarize
Table I and are plotted in Fig. 9. Errors in the experimen
numbers in Fig. 9 represent 2 standard deviations. Com
ing the experimental to the calculatedC6 parameters in Fig.
9, we note that both follow a similar trend. There is abo
one order of magnitude difference between the two set
parameters. This difference is primarily caused by the gre
polarizability of theB state, a parameter that is not presen
known, but is expected to be greater due to theB state’s
triplet character.

If we multiply the calculated points by 15, using th
values obtained from the noble gases as guidelines~see open
dots!, we find that the simulation reproduces closely the o
served trend and close agreement is observed for He, O2 , Ar,
and I2 . Only the Lennard-Jones parameters for nitrogen
propane are a factor of 3 smaller. These smaller differen

FIG. 7. Plot of the coherence relaxation rateg vs pressure for propane
buffer gas. Both photon echo data~a! and reverse transient grating data~b!
are shown. The plots contain a total of 37 independent measurements.
bars indicate uncertainty in the fit. Error in the number density is sma
than the data points. The point at zero number density in each plot repre
the relaxation rate of iodine at 531023 m23 number density, and the unce
tainty in this number is smaller than the data point in both dimensions.
Downloaded 15 Oct 2003 to 35.8.27.8. Redistribution subject to AIP 
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may be related to the absence of nonbonding electron
these molecules. The factor of 15 increase in the polariza
ity of the excited state can be justified based on calculati
of the polarizability of the ground and excited states o
number of small molecules.32

For our analysis we have considered and ruled ou
number of processes that take place during collisions. Co
sion induced predissociation in iodine was studi

ror
r
nts

FIG. 8. Depiction of the distancesR involved in the long-range interaction
responsible for electronic coherence dephasing. Molecules are depict
98% electron density maps calculated using the Spartan molecular mod
program.

FIG. 9. Experimental~square points with uncertainties! and calculated
~round black points! Lennard-JonesC6 parameters for the buffer molecule
in this study. Both data sets follow very similar trends, however experim
and theory values differ by a factor of 15. The round open points corresp
to the calculated parameters multiplied by a factor of 15 to compensate
the greater excited state polarizability~see text!.
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previously.33 The cross section for iodine–argon collision i
duced predissociation of theB state was measured to be 11
Å2. This is 1/100 of the cross section of pure electro
dephasing, measured here, and for pressures less 1 atm
be assumed to be negligible. Collision-induced electro
state mixing for iodine–argon collision has also be
studied.34 The cross section for this process is of the sa
order of magnitude as the hard sphere~van der Waals! radius
which is two orders of magnitude smaller than the dephas
cross section measured in our paper. Therefore this proce
assumed to be negligible. Rotational-vibrational dephas
of iodine was also studied by, for example, Refs. 35, 36
was shown that all these relaxations~actually intramolecular
dephasing of rotational-vibrational wave packets! take place
during the first several picoseconds~less than 15 ps for ou
spectral range of excitation! after excitation of theB state, an
order of magnitude shorter time scale than our measurem
~up to 200 ps!. This type of intramolecular pulse relaxatio
was discussed in our previous work.16

The long-range interactions described in this rep
may involve other effects~quadrupole–induced dipole
quadrupole–quadrupole, etc.!. Here we do not speculate be
yond the fact that the experimentally derived values can
simulated by a model that only takes into account pure
persion interaction estimates. Perhaps these measurem
will encourage further theoretical analysis about the natur
these long range interactions.

VI. CONCLUSION

We have performed a number of photon echo meas
ments aimed at determining the electronic coherence dep
ing time of gas phase iodine vapor, neat and in the prese
of buffer gases. We have written the explicit dependence
the dephasing rate on the homogeneous and inhomogen
contributions. With the full expression, we are able to cal
late the dephasing timeT28 without assuming a gas or liqui
phase limit. From the experimental decay rates, we have
tracted dephasing cross sections and these are in good a
ment with previous measurements in neat iodine.

We have verified the gas phase limit applies to the s
tems studied here, therefore only homogeneous relaxa
plays a role andtexp51/(2g). Our earlier work on iodine a
lower densities had shown some intermediate beha
where inhomogeneous relaxation was overwhelming and
liquid phase limit applied.16 It is interesting to note that the
differences between quenching rates for the various bu
gases seem to have no dependence on the number of de
of freedom available in the molecule, and only depends
the relative polarizabilities of the quenching species. T
similarity between~for example, argon and propane! could
be accounted for by the large distance of interaction and
modest amount of perturbation required to cause electr
dephasing.

In summary, we have determined the electronic coh
ence dephasing rates and cross sections for iodine mole
Downloaded 15 Oct 2003 to 35.8.27.8. Redistribution subject to AIP 
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in buffer gases that range from low density to the conden
phase limit. We have limited our discussion about long-ran
interactions to simple descriptions. There are a numbe
theoretical issues that warrant further analysis.
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