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Pump–probe diffraction imaging of vibrational wave functions
Joseph D. Geiser and Peter M. Weber
Department of Chemistry, Brown University, Providence, Rhode Island 02912

~Received 25 November 1997; accepted 10 February 1998!

The theory of pump–probe diffraction experiments shows that probability density distributions of
vibrational wave functions are experimentally observable. In the experiment a laser prepares a
molecule in a selected vibrational state, in either the same or a different electronic manifold. The
diffraction pattern of the molecule in the excited state is the Fourier transform image of the nuclear
probability density distribution, as determined by the vibrational eigenfunction of the molecule. This
suggests the possibility to directly observe components of molecular vibrational wave functions.
Model calculations illustrate the concept on iodine molecules, and sodium dimers. The relevance to
time-resolved pump–probe experiments that prepare vibrational wave packets is discussed.
© 1998 American Institute of Physics.@S0021-9606~98!01119-2#
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INTRODUCTION

Diffraction experiments provide a Fourier transform im
age of the electron density, or charge density distribut
within a molecule, a regular crystalline array, or a disorde
condensed phase.1–6 Using common assumptions, for ex
ample, that the electron density distributions are spher
clouds centered about an atomic nucleus,1,4,5 it is possible to
associate with the observed electron density distributio
specific molecular structure. In almost all diffraction expe
ments performed to date, the electron density distribut
obtained is that of the thermal state of the system, that i
thermal average of rotational and vibrational states. Gi
the dominant population of the ground vibrational level, co
ventional diffraction experiments are well described by ta
ing the density distribution due to vibrational motions to
Gaussian, and including thermally excited vibrations in
classical fashion.1 Similarly, gas phase experiments accou
for rotational distributions by averaging over all random m
lecular orientations.1–5

Departing from this classical approach, recent exp
ments by Bo¨wering et al.,7,8 and theory by Kohl and
Shipsey,9,10 as well as work done in Fink’s group,11,12

showed that if a molecular system is prepared in a spe
rotational eigenstate, the diffraction pattern images the r
tional wave function in Fourier space. The significance
this work is that individual rotational wave functions a
imaged, rather than the thermal superposition of states.
concept was further developed by Ben-Nunet al.,13 who
showed that individual electronic wave functions can be
aged by both x-ray and electron diffraction. In this scheme
diffraction pattern is observed for an atom or a molecule t
is prepared in an electronically excited state by laser exc
tion. From this excited state pattern, a pattern of the sys
in the ground electronic state is subtracted. To the extent
the electronic excitation affects only a single electron,
difference between the patterns reflects the geometry of
orbital from which an electron was removed, and the orb
that received the electron. The contributions of electrons
orbitals unaffected by the laser excitation are subtracted
8000021-9606/98/108(19)/8004/8/$15.00
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in taking the difference of the diffraction patterns. Departi
from conventional diffraction patterns, this pump–probe d
fraction experiment images individual atomic or molecu
orbitals, rather than the complete electron density of the
get molecule. In contrast to the approach by Bo¨wering, it is
not necessary to prepare the entire macroscopic system i
specific eigenstate that is to be imaged. X-ray diffracti
experiments on electronically excited sodium nitropruss
by Pressprichet al.14 show that the effect of electronic exc
tation on diffraction patterns can in fact be quite large.

An electron diffraction pattern is the Fourier image
the Coulomb potential that is generated by the charge di
bution of the molecule. The charge distribution in turn
determined by the complete atomic or molecular wave fu
tion. The concept advanced by Ben-Nunet al.13 can there-
fore be generalized to include vibrational and rotation
wave functions; in a pump–probe diffraction experime
where a laser pulse transfers population from one spe
electronic, vibrational or rotational state to another, the d
ference patterns will show the signature of all affected wa
functions. In addition to the mapping of rotational states,
pursued by Bo¨wering et al., and the electronic wave func
tions as advanced by Ben-Nun, there exists therefore the
sibility to map vibrational wave functions using diffractio
techniques. Vibrational wave functions are of particular
terest to chemists because chemical reactions proceed a
vibrational coordinates. Moreover, the observation of vib
tional wave functions in polyatomic molecules could provi
a novel way to determine potential energy surfaces. It is a
conceivable that pathways of vibrational energy relaxat
could be observed on the level of wave functions, rather t
on the level of populations, as in most spectroscopic exp
ments. It is therefore interesting and important to exam
the effect of vibrational excitation on molecular diffractio
patterns.

Recent experiments have explored the extension
pump–probe diffraction experiments into the tim
domain.15–48 By using ultrashort pulsed laser and electr
beams, a time resolution extending into the picosecond
gime has been achieved.39,48 It is not unreasonable to antici
4 © 1998 American Institute of Physics
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pate future diffraction experiments on the femtosecond t
scale.49 The theoretical descriptions of the gas phase exp
ments usually take the nuclear wave functions to be nar
distributions, corresponding to well-focused wave pack
evolving on a steep potential energy surface.32,33,47,50–54This
approach is quite reasonable if the system is prepared in
excited state by a very short laser pulse that couples a l
number of eigenstates belonging to a bound or unbound
face. Many experiments that are within reach today fall sh
of this extreme, because they coherently couple relativ
few eigenstates. The temporal evolution of the diffracti
patterns in such cases is determined by the diffraction
terns of the individual eigenstates, and the temporal ev
tion of the amplitudes of the eigenstates. To understand ti
dependent diffraction patterns of a small number of coup
states it appears important to first establish the diffract
pattern arising from an individual vibrational eigenstate. T
purpose of the present paper is to begin the constructio
this foundation.

Most of the formulas and calculations presented in t
paper are specific to electron diffraction. Electrons are s
tered off both the electron clouds and the nuclei of the tar
while x-rays are scattered off only the electron densit1

Within the independent atom model, the information cont
of electron and x-ray diffraction are the same, so that
ideas can be applied to x-ray diffraction experiments as w

We start with a review of the theory of diffraction, an
establish how it can be applied to vibrational eigensta
Model calculations for diatomic systems with large amp
tudes of vibrational motions are then presented. The spe
systems we chose are molecular iodine and sodium dim
with idealized harmonic and Morse potential surfaces. Th
show that the effects of the vibrational excitation on the d
fraction patterns are in fact quite large. We discuss the g
eralization of the results to other molecular systems.

THEORY

A suitable starting point for the analysis of pump–pro
diffraction patterns is the first order expression for the inel
tic scattering intensity31,55,56

I i→ f~s!5I clu^c f uLuc i&u2, ~1!

wherec i is the complete wave function of the molecule
statei , andL is the scattering operator. The classical sc
tering intensityI cl is the one derived by Rutherford,56

I cl~s!5S 2me

\2s2D 2

. ~2!

Here,m is the mass of the electron with chargee, ands is
the absolute value of the momentum transfer vector,s5k
2k0 . Electron diffraction is sensitive to both the nuclear a
the electron charge. Therefore, the scattering operato
given by13,31,57,58

L5(
a

Zaeis•rn,a2(
i

eis–rel,i, ~3!

with Za the atomic number of nucleusa having coordinate
r n,a , and r el,i the coordinates of electroni . A similar for-
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mula, with a slightly differentI cl and without the nuclear
term, applies to x-ray scattering.13 The elastic scattering
event is characterized by identical initial and final states,
that the elastic scattering intensity is given by

I elastic~s!5I clu^c i uLuc i&u25I clgii ~s!u2, ~4!

where we have definedgii (s) as the elastic electron scatte
ing amplitude of the molecule in statei . An expression for
the total scattering is obtained by assuming that all fi
states are energetically accessible, so that the closure rel
can be applied5

I total~s!5I cl(
f

^c i uL* uc f&^c f uLuc i&5I cl^c i uL* Luc i&.

~5!

The integrals in Eqs.~1!, ~4!, and~5! are over the coordinate
of all nuclei and all electrons. For a polyatomic molecu
with electronic and vibrational degrees of freedom, t
Born–Oppenheimer approximation and the independ
atom approximation are often invoked. Within the Born
Oppenheimer approximation the molecular wave function
written as the product of an electronic wave functio
f(r n,r el), and the nuclear wave functionx(r n),

c~r n ,rel!5f~r n ,rel!•x~r n!. ~6!

The set of coordinatesr n is conveniently the set of norma
mode coordinates of the vibrational motion. The independ
atom approximation associatesZa electrons with each
nucleus. The molecule is thus modeled as a set of indep
dent spherical atoms whose electrons move rigidly with
nuclei. It is then possible to rewrite the total wave functi
as a product

c~r n ,r el!5f~r el!•x~r n!, ~7!

where r el now represents the set of coordinatesr ja , which
describe the position of electronj with respect to the position
of the nucleusa to which it belongs.17,31 The electron scat-
tering operatorL may then be reexpressed in terms of t
new r ja ,

L5(
a

Zaeis–rn,a 2(
j

eis–r j a eis–rn,a

5(
a

eis–rn,a S Za2(
j

eis–r j aD . ~8!

The scattering amplitude associated with a transition of
molecule from statei to statef , gf i(s) therefore becomes

gf i~s!5^c f uLuc i&

5^^f f e~r el!x f~r n!u(
a

eis•rn,a

3S Za2(
j

eis•r j aD uf ie~r el!x i~r n!&elec&nuc,

where the brackets indicate separate integrations over
electron and the nuclear coordinates.f ie andf f e denote the
initial and final electronic states, whilex i and x f are the
initial and final vibrational states. Simplification yields
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gf i~s!5^x f~r n!u(
a

eis–rn,a S Za•d ie, f e2^f f e~r el!u

3(
j

eis–r j a uf ie~r el!&elecD ux i~r n!&nuc

5^x f~r n!u(
a

eis–rn,a~Za•d ie, f e

2Fa
f i ,e~s!!ux i~r n!&nuc, ~9!

where we have inserted the x-ray atomic scattering amplit
Fa

f i ,e(s), of nucleusa,

Fa
f i ,e~s!5^f f e~r el!u(

j
eis–r j a uf ie~r el!&elec.

The elastic scattering intensity immediately follows:

I elastic~s!

5I clU^x i~r n!u(
a

eis–rn,a ~Za2Fa
i i ~s!!ux i~r n!&nucU2

5I clU^x i~r n!u(
a

eis–rn,a ga~s!ux i~r n!&nucU2

. ~10!

In Eq. ~10! we have abbreviated the elastic electron scat
ing amplitude of atoma as ga(s)5Za2Fa

i i (s). A conve-
nient expression for the total scattering intensity due to
vibrational wave function is obtained by taking the scatter
process to be elastic in the electronic states, even thou
may be inelastic in vibrational states. The closure relat
then yields

I total~s!5I cl ^x i~r n!uU(
a

eis–rn,a @Za2Fa
i i #U2

ux i~r n!&nuc

5I cl ^x i~r n!u(
a

(
b

eis–rab ga* gbux i~r n!&nuc, ~11!

whererab is the distance vector between nucleia andb.
The elastic and the total electron scattering signals

scribed by Eqs.~10! and ~11!, respectively, are both exper
mentally observable quantities.59 The total signal is observe
if all electrons are imaged, for example with a conventio
photographic plate. The elastic signal requires rejection o
inelastically scattered electrons, e.g., by means of an en
analyzer. Bartell and Gavin pointed out that the elastic s
tering signal is a one-particle property, in the sense tha
measures the positionr n of individual particles in the labo-
ratory frame, while the total scattering signal depends on
separation of any two particles,rab .56 The observation of
the elastic scattering requires a different experimental se
than the observation of the total scattering, but it can be s
that the elastic signal measures atomic positions in a dis
way.

Formulas~10! and~11! show that the elastic and the tot
electron scattering signals are Fourier transforms of the
tial nuclear wave function into thes-space. Similar formulas
which omit the nuclear charge contribution, can be deriv
for x-ray diffraction. In most thermal systems the grou
vibrational wave function is well described by a Gauss
e
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distribution. In this case the electron diffraction signal w
also show a Gaussian distribution ins-space. If, however, the
molecular sample is prepared in a specific vibrationally
cited state, then the diffraction signal will be sensitively d
pendent on the nuclear wave function. In pump–probe
fraction experiments with vibrational excitation it i
therefore important to consider the contribution of the vib
tional wave function to the overall diffraction pattern.

DIATOMIC MOLECULES

The formulas for the elastic and the total scattering
volve integrals over the positions of the nuclei,rna , and the
internuclear separations,rab , respectively. These are labora
tory frame coordinates and, for a polyatomic molecule, d
tinct from the normal mode coordinates in which the vibr
tional wave functions are usually expressed. It is theref
not trivially possible to transform the normal mode vibr
tional wave function to obtain the vibrational diffraction pa
tern of polyatomic molecules. In order to illustrate our ba
idea, we therefore treat the special case of a diatomic m
ecule. In a diatomic molecule the internuclear separatio
just the normal mode coordinate, so that at least the t
scattering signal can be easily obtained.

We define the internuclear separations between ato
and atom 2 of a diatomic molecule as

r115r2250,

r1252r21. ~12!

The total electron scattering, Eq.~11!, is then given by

I total5I cl@ ug1u21ug2u21g1* g2^x i~r n!ueis–r12ux i~r n!&

1g2* g1^x i~r n!ue2s–r12ux i~r n!&#. ~13!

Making the coordinate transformation to the displacem
from equilibrium coordinate,j, of the harmonic oscillator,

j5r122r eq, ~14!

where r eq is the equilibrium internuclear distance, and e
pressing the vibrational wave function specifically as a fu
tion of j gives

I total

I cl
5ug1u21ug2u21g1* g2^x i~j!ueis•jux i~j!&eis–req

1g2* g1^x i~j!ue2 is•jux i~j!&e2 is–req. ~15!

For harmonic oscillations and real atomic scattering fact
~e.g., those of the first Born approximation! one obtains

I total

I cl
5g1

21g2
212g1g2 cos~s–r eq!^x i ucos~s•j!ux i&. ~16!

For homonuclear diatomic molecules this becomes

I total

I clg
2 5212 cos~s–r eq!^x i ucos~s•j!ux i&, ~17!

where the intensity on the left-hand side of the equation
been put in a form analogous to the modified molecular s
tering intensity commonly used in gas phase elect
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diffraction.1 This emphasizes the desired signal at la
s-values and provides a quantity that can be directly co
pared with experiments.

The case of the elastic scattering intensity is more co
plicated because Eq.~10! requires expression of the scatte
ing operator in the oscillator coordinate system. We first
place the nuclear coordinatesr n,1 and r n,2 by the center-of-
mass coordinateR, and the internuclear separation,r 12,

r n,15R1
m2

m11m2
r 12, r n,25R2

m1

m11m2
r 12. ~18!

In the second step the internuclear separation is re-expre
by the displacement from the equilibrium coordinate,~14!,
eventually giving

I elastic

I cl
5Ug1 expF i

m2

m11m2
s–r eqG

3^x i~j!uexpF i
m2

m11m2
s•j G ux i~j!&nuc

1g2 expF2 i
m1

m11m2
s–r eqG

3^x i~j!uexpF2 i
m1

m11m2
s•jG ux i~j!&nucU2

.

~19!

The expression can be simplified for harmonic potentials
cause of the symmetry of the wave function. If moreover
scattering factors are assumed to be real, the following
mula for the elastic scattering signal is found:

I elastic

I cl
5g1

2U^x i ucosS m2

m11m2
s•j D ux i&U2

1g2
2U^x i ucosS m1

m11m2
s•j D ux i&U2

12g1g2 cos~s–r eq!^x i ucosS m2

m11m2
s

•j D ux i&^x i ucosS m1

m11m2
s•j D ux i&. ~20!

For homonuclear diatomic molecules,m15m2 and g15g2

5g, so Eq.~20! reduces to

I elastic

I clg
2 5@212 cos~s–r eq!#U^x i ucosFs•j

2 G ux i&U2

. ~21!

Formulas~17! and ~21! are the final results for the tota
and the elastic scattering of vibrational wave functions
homonuclear diatomic molecules, within the harmonic os
lator approximation. The total scattering signal features ra
oscillations due to the internuclear separation,r eq, modulated
by the cosine transform of the vibrational wave function. T
elastic scattering is also modulated by the internuclear s
ration. However, the cosine transform is over one half tim
the oscillator displacement coordinate, reflecting the fact
the transform is dependent on the individual atom positi
e
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as measured from the center-of-mass. This is ultimately
reason why the formula for the heteronuclear diatomic m
ecule, Eq.~20!, is so much more complex.

At very large diffraction angles the cosine transform i
tegrals of both the elastic and the total scattering tend tow
zero. At those larges-values the total observed signal
dominated by the inelastic scattering. At very small scatt
ing angles, on the other hand, the total signal is dominated
elastic scattering. This is quite analogous to the results
scattering from electronic wave functions.56

AN ILLUSTRATION: IODINE MOLECULES AND
SODIUM DIMERS

To illustrate the effects of the vibrational wave functio
on electron diffraction patterns, we calculated the purely
brational contribution to the diffraction signal for the case
two model diatomic molecules. For these calculations
chose iodine, I2, and sodium dimers, Na2, because of the
large amplitude of their classical vibrational motions, whi
should give rise to a pronounced effect in the diffracti
pattern. Extensions to other molecules are discussed late
display the purely vibrational effects, we assume that
molecule is aligned with its axis parallel to the momentu
transfer vector. To specifically include the effect of rando
orientation, or of alignment induced by a polarized pum
laser, our results should be superimposed with the diffrac
signature of rotational states, as calculated by Kohl a
Shipsey,9,10 or Williamson and Zewail.47

Figure 1 shows the vibrational contribution to the to
diffraction intensity of an idealized iodine molecule, calc
lated using Eq.~17!. The vibrational potential is taken to b
harmonic, with an internuclear distancer eq of 2.667 Å, and a
force constant ofk5172.1 N/m. These parameters appro
mate the iodine molecule in its ground electronic state.60 For
panel~1a!, the wave function is that of the ground vibration
state,n50. The main features of the vibrational diffractio
pattern are the rapid oscillations, and their modulation b
slowly decaying amplitude. Since the diffraction pattern
the Fourier transform of the wave function in real space,
two features suggest that there are two lengths scales
volved in the diffraction pattern. Indeed, the rapid oscil
tions are due to the internuclear distance of the iodine ato
The Gaussian decay with increasings arises from the Gauss
ian envelope of the vibrational wave function. The tw
length scales in the molecule are therefore the internuc
distance, and the amplitude of the vibrational motion. Sin
the vibrational amplitude is small for the ground vibration
state, the vibrational diffraction pattern stretches to ve
large s-values. In conventional diffraction experiments, t
decay of the diffraction intensity with increasings is ac-
counted for by allowing a range of internuclear distances.5,58

For then50 level the resulting formulas are equivalent.
Note that the maximum amplitude in panel~1a! is 4,

while the intensity becomes 2 in the limit of larges. To
isolate the purely vibrational contributions, we divided in E
~17! the total scattering signal by the classical scattering
tensity and the atomic scattering factorg(s). Thus, the steep
decay of the electron scattering signal with increasings ob-
served in diffraction experiments is excluded in Fig. 1. E
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perimental electron diffraction measurements account for
rapid decay by using a sector element.1 The intensity scale in
Fig. 1 essentially replicates the diffraction pattern obser
in an experiment with a rotating sector.

Panels~b!, ~c!, ~d!, and~e! of Fig. 1 show the diffraction
patterns for excited vibrational states of the harmonic os

FIG. 1. The total electron scattering intensity arising from the vibratio
wave function of the iodine molecule in the harmonic approximation. Pa
~a! for n50; panel~b! for n51; panel~c! for n53; panel~d! for n55; and
panel~e! for n57.
e

d

l-

lator, with n51, 3, 5, and 7. In all these panels, the rap
oscillations arise from the internuclear distance, while
envelopes reflect the Fourier transforms of vibrational wa
functions of the respective states. Measurement of the e
lopes of the vibrational diffraction patterns therefore offe
an experimental method of observing the probability dens
distribution of vibrational wave functions.

We point out that the conventional treatment of diffra
tion patterns uses a classical probability distribution for
vibrating atoms. This leads to the inclusion of a Gauss
term containing the vibrational amplitude.1 Enhanced vibra-
tional motion leads, in that approximation, to a Gauss
shaped decay of the diffraction signal, similar to Fig. 1~a!,
but with a more rapid decay. As can be seen from Fig.
such a classical treatment completely misses the modula
of the diffraction patterns for vibrationally excited states, a
the components of the diffraction patterns at very lar
s-values.

The harmonic potential used for the calculation of t
vibrational diffraction patterns of iodine can only be a cru
approximation to real molecules. To explore the effect
anharmonicity we used the approximate Eq.~17! to calculate
some vibrational diffraction patterns of sodium dimers
their ground electronic state. The upper panel of Fig
shows the result for the harmonic potential, while the low
panel shows the situation for a Morse potential~parameters
from Varshni60!. Both traces are forn52 vibrational eigen-
states. As expected, the anharmonicity does not change
conclusions drawn from the calculations for the harmo
iodine molecule; the diffraction pattern features a rapidly
cillating part due to the internuclear distance, and a slow

l
l

FIG. 2. The total electron scattering intensity arising from the second
cited state,n52, vibrational wave function of the idealized sodium dimer
the harmonic approximation~top panel! and the Morse approximation~bot-
tom panel!.
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varying envelope that is the transform of the square of
vibrational wave function. There are a couple of notable d
ferences between the two vibrational diffraction patterns;
pattern from the Morse oscillator dampens out quicker,
flecting the spatially more extended wave function. Also,
the vicinity of the nodes of the overall envelope, the rap
oscillations appear to be very sensitive to the exact shap
the wave function. Since the difference between the two
tential functions is quite small forn52, the fact that the
diffraction pattern shows differences between them holds
the promise that potential energy surfaces may be mappe
pump–probe diffraction experiments.

DISCUSSION

The simulated diffraction patterns shown in Figs. 1 an
were calculated for harmonic wells with large amplitude m
tion, as appropriate for the iodine molecule and the sod
dimer. Large amplitude motions likely show a large effect
the Fourier transform image of the diffraction patterns b
cause of the inverse relation between real space and mo
tum space. However, even in these extreme cases the s
of the vibrational probability density distribution manifes
itself at very larges-values only. The question arises if th
effect under consideration is at all observable within
range of conventional diffractometers. Figure 3 shows
s-values for the nodes of the diffraction pattern correspo
ing to then57 eigenstate, as a function of the product of t
reduced mass,m, and the force constant of the potential,k.
The amplitude of the harmonic vibrational motion in a d
atomic molecule scales as 1/(m•k)1/4. The region ofs-values
covered by common diffractometers is shaded in Fig. 3
can be seen that, since most common diatomic molec
have m•k products of less than 30•10224 kg J/m2, at least
two of the nodes should be observed in diffraction patter
Molecules with large vibrational amplitudes, such as hyd
gen (m•k50.5•10224 kg J/m2), will show many more
nodes.

Figure 4 illustrates the dependence ofs on the product
m•k, for the first node in the vibrational diffraction pattern

FIG. 3. Dependence of the node position for then57 diffraction pattern on
the productm•k. The shaded area represents the portion of thes-space that
is accessible by conventional diffractometers.
e
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for the vibrational states fromn51 to n57. Again, within
the range usually accessed by diffractometers, the first no
should be observable for almost all diatomic molecules.
general, higher vibrational quantum states show nodes
smaller s-values. We conclude that the effect we describ
should clearly bear signature in the diffraction patterns
most vibrationally excited diatomic molecules. We note
however, that the inversion of diffraction patterns to obta
complete images of the square of vibrational wave functio
does in fact require the observation of diffraction patterns
very large scattering angles.

In gas phase diffraction experiments the molecules a
typically randomly oriented. In pump–probe experiments th
polarization of the laser, as well as the transition dipole m
ment, lead to a partial alignment of the molecular ensemb
that will be reflected in the diffraction pattern.5,11,12,47,58,61,62

The details of this alignment are dependent on the orientat
of the transition dipole moment with respect to the axis
the molecule, the state of polarization of the laser field, a
the geometry of the electron and laser beams.47 In our model
calculations all the alignment effects were omitted, raisin
the question if the effect of vibrational probability distribu
tions might be observable in an experiment. We note that t
rapid oscillations due to the internuclear separation are o
served in conventional gas phase diffraction patterns; af
all, it is their analysis that yields the molecular geometr
Since the envelope arising from the Fourier transform of t
vibrational probability density distribution fully modulates
the rapid oscillations, it is evident that the envelopes will b
experimentally observable. Conventional diffraction exper
ments probe samples in thermal equilibria. In these expe
ments the majority of the molecules are in the ground vibr
tional state, and the effect that we describe here would
hidden. In the pump–probe diffraction experiment a sizab
fraction of the molecules may be transferred to a speci
excited state, making the vibrational probability density di
tribution observable. We note that, since an electronic ex
tation process may well change the internuclear distance,
diffraction oscillations from the two states involved may b

FIG. 4. The dependence of the position of the first node on the producm
•k, for vibrational diffraction patterns of states withn51 to n57, within
the harmonic approximation.
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out-of-phase. In that case the amplitude of the vibratio
effect may exceed the fractional excitation of the ensem
by a factor of 2.

SUMMARY AND OUTLOOK

The theory of diffraction, as applied to electron and
ray diffraction, suggests that the observed diffraction patt
is the Fourier transform of the molecular probability densi
that is, the square of the wave functions. If molecules
selectively prepared in vibrationally excited states, then
diffraction pattern provides an image of the vibrational pro
ability distribution. On the example of diatomic molecul
we have shown that the signature of the excited state vi
tion is a modulation of the diffraction pattern at larg
s-values. For typical diatomic molecules, at least a few of
nodes should be observable within thes-range of conven-
tional diffractometers. Extending the range of diffractom
ters may provide a transform image of the entire wave fu
tion, which could provide a new method of mappin
potential energy surfaces. We note that the vibrational pr
ability distributions may advantageously be observed in
cited electronic states, where Franck–Condon factors
highly excited vibrational states are often favorable. Expe
mental work along this line is in progress.

The discussion of this paper focused on systems that
completely excited to a specific vibrational state. Most d
fraction experiments within reach to date fall well short
that goal, in that only a small fraction of the molecules a
prepared in an excited state. In general, the partial excita
leads to a superposition of the wave functions of the gro
and the excited states, which can give rise to interesting
terference effects.13,17 Their influence on the vibrational dif
fraction patterns remains to be explored.
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