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Probing the alignment of NO „X 2P… by †211‡ resonance-enhanced
multiphoton ionization via the C 2P state: A test of semiclassical theory
in 355 nm photodissociation of NO 2

Yuxiang Mo, Hideki Katayanagi, and Toshinori Suzukia)

Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

~Received 3 April 1998; accepted 13 October 1998!

A theoretical method to analyze the two- and three-dimensional imaging data of photofragments
with polarized angular momentum was tested by comparing with the experimental data on NO from
355 nm photodissociation of NO2. The alignment of NO(X 2P) was detected by@211#
resonance-enhanced multiphoton ionization via theC 2P state. The data were analyzed by
assuming them–n–J triple vector correlation described by semiclassical multipole moments in the
velocity-fixedframe. The geometrical factors for the two-photon absorption were derived rigorously
for the intermediate coupling between Hund’s cases~a! and~b!. It was also shown, however, that the
geometrical factors for highJ are independent of the coupling case and can be approximated by
simple formulas. Excellent agreement between the simulation and the experimental data proved the
validity of the semiclassical treatment. ©1999 American Institute of Physics.
@S0021-9606~99!00203-2#

I. INTRODUCTION

Vector correlation among the absorption dipole moment
~m!, the product recoil velocity~n!, and the product angular
momentum~J! provides detailed insights into the stereody-
namics in photodissociation.1–14 Similar correlation among
the relative velocity vectors before and after the collision~k
and k8!, and the product angular momentum~J! are also
important in atomic and molecular collision dynamics.15–17

In the 1980s state-resolved scattering distributions of
photofragments were measured by one-dimensional~1D!
Doppler spectroscopy.1–8 However, more recently, two-
dimensional ~2D!9–12,18 and three-dimensional~3D! ion-
imaging methods19–21 became much more powerful experi-
mental means for this purpose. The first observation of the
n–J correlation by the ion-imaging technique was reported
by Houston and co-workers for O2(a

1D) from photodisso-
ciation of O3.

10 However, rigorous theoretical treatment of
the vector correlation in ion-imaging experiments has not
been established yet.

This work reports a semiclassical formalism to treat the
vector correlation and its critical test by comparison with the
experimental data on NO from photodissociation of NO2.
The angular momentum polarization of NO is expressed by
the multipole moments in thevelocity-fixed~VF! frame.13 It
is noted that one, two, andk photon absorption processes
provide the multipole moments only up to the rank 2, 4, and
2k, meaning that full determination of the multipole mo-
ments is practically impossible for a diatomic fragment.
However, in photodissociation of triatomic molecule, conser-
vation of helicity leads to a simplev'J correlation in the
diatomic fragment~for high J!, which allows us to describe

multipole moments semiclassically with only three param-
eters.

Photodissociation of NO2 at 355 nm has been exten-
sively studied.21–25 However, the vector correlation in NO
photofragment has not been observed by@111# REMPI
~resonance-enhanced multiphoton ionization! via the A(2S)
state.21,23 As an alternative approach, the present work em-
ploys @211# REMPI via theC(2P) state.

II. EXPERIMENT

A supersonic beam of NO2 was generated using a pulsed
valve ~0.8 mmf! and two skimmers~0.5 mmf!. The mo-
lecular beam 1 mm in diameter was introduced parallel to the
electric field vector of a time-of-flight mass spectrometer
through the second skimmer embedded in the repeller
plate.21 The concentration of NO2 seeded in He was 5%. The
stagnation pressure was 1000 Torr relative to the vacuum.

The molecular beam intersected with the counterpropa-
gated photolysis~355 nm! and probe laser beams at 79 mm
downstream from the nozzle. Both laser beams were focused
by axisymmetric lenses (f 5300 mm for photolysis andf
5250 mm for probe!. The time delay between the photolysis
and probe laser pulses was kept within 20 ns by a digital
delay generator. NO was probed by@211# REMPI via the
C 2Py( j 530.5,f ) state using theQy1 f f(30.5) line26–28

~52 612.3 cm21!. We determined the energy levels of the
C 2P state by combining the experimental data previously
reported.26–30O(3P0) was probed by@211# REMPI via the
3p 3P state around 226 nm. Since the absorption lines are
broadened by Doppler effect due to the recoil velocities, the
probe laser frequency was scanned over the entire Doppler-
broadened absorption lines during the integration of ion im-
ages.

The photofragment ions were accelerated and projecteda!Electronic mail: suzuki@ims.ac.jp
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onto a microchannel plate~effective diameter 38 mm!
backed by a phosphor screen~P20!. Ten ring-shaped elec-
trodes were used to generate the acceleration field with 2D
space focusing effect.18 At the time when NO1 arrived at the
microchannel plate~MCP!, a high voltage pulse 1700–1800
V in height and 200–500 ns in duration was applied to the
MCP, raising the gain up to 106– 107. Thus, the signals due
to the scattered light of laser beams and background ions
with different masses were discriminated. The high voltage
pulse was generated by a homemade power supply using a
transistor switch. The transient image on the phosphor screen
was captured by a thermoelectrically cooled charge-coupled
device~CCD! camera. Typical background pressures in the
beam source and the main chamber were 231025 Torr and
231027 Torr, respectively, when the pulsed valve was op-
erated. The photolysis and probe laser polarization directions
were rotated independently by double Fresnel rhombs.

III. THEORY

A. Absorption intensity of linearly and circularly
polarized light

When an optical method is used to detect atoms or mol-
ecules with a density matrixr, the signal intensity can be
expressed as follows:31–37

I 5c Tr~Ôr!5c (
Mi Mi8

^niJiM i uÔuniJiM i8&rM
i8Mi

, ~1!

where Tr means the trace of the matrix, anduniJiM i& de-
scribes a quantum state with rotational quantum numberJi ,
magnetic quantum numberMi , and all other quantum num-
bers represented byni . Ô is the operator for the optical
transition, andc is a constant. For instance, the matrix ele-
ment for one-photon absorption process is given by31

^niJiM i uÔuniJiM i8&

5(
M f

^nfJfM f urW• êuniJiM i&* ^nfJfM f urW• êuniJiM i8&. ~2!

The subscriptf indicates the states reached by absorption.rW
is the dipole moment operator andê is the unit vector for the
electric field of the light. For linearly or circularly polarized
light, the polarization directionE ~linearly polarized light! or
the propagation directionk ~circularly polarized light! can be
chosen as thezPR axis ~probe laser photon fixed frame; PR
frame!. Then, the operator in Eq.~2! is expressed by

rW• ê5~21!sr s
~1!e2s

~1! , ~3!

wheres50 for linearly polarized light ands561 for circu-
larly polarized light.r s

(1) and es
(1) are the spherical basis.33

Then, Eq.~2! is transformed into

^niJiM i uÔuniJiM i8&5dMi ,M
i8(M f

^nfJfM f ur s
~1!uniJiM i&*

3^nfJfM f ur s
~1!uniJiM i8&. ~4!

The matrix elements for multiphoton absorption can be ob-
tained similarly.

Thus, Eq.~1! is expressed by

I 5c Tr~Ôr!5c(
Mi

^niJiM i uÔuniJiM i&rMi Mi

5c(
Mi

^niJiM i uÔuniJiM i&(
k

~21!Ji2MiA2k11

3S Ji k Ji

2Mi 0 Mi
D r0

~k!~PR! ~5a!

5c(
k

Pkr0
~k!~PR!, ~5b!

where

rMi Mi
5(

k
~21!Ji2MiA2k11S Ji k Ji

2Mi 0 Mi
D r0

~k!~PR!,

~6a!

Pk5(
Mi

^niJiM i uÔuniJiM i&~21!Ji2MiA2k11

3S Ji k Ji

2Mi 0 Mi
D . ~6b!

r0
(k)(PR) in Eq. ~6a! are the multipole moments in the PR

frame. Pk in Eq. ~6b! are calledgeometricalfactors which
depend on the number of photons absorbed and the type of
the transition.

Because of the cylindrical symmetry in the PR frame,
the absorption intensity is only sensitive to the zero compo-
nents of the multipole moments~in other words, the diagonal
elements of the density matrix!.32

In practical applications, it is convenient to use the mul-
tipole moment in an arbitraryspace-fixed~SF! coordinate. If
the polar angles of thezPR axis in the SF coordinate are
(up ,fp), the multipole moments in the two frames are re-
lated as follows:32

r0
~k!~PR!5(

q
rq

~k!~SF!Dq0
~k!* ~fp ,up,0!

5(
q

rq
~k!~SF!Ckq~up ,fp!, ~7!

where Dq0
(k)(fp ,up,0) is the Wigner rotation matrix and

Ckq(up ,fp) is the modified spherical harmonics. Inserting
Eq. ~7! into Eq. ~5b!, the following general formula for ab-
sorption intensity is obtained:

I 5c(
k

Pk(
q

rq
~k!~SF!Ckq~up ,fp!. ~8!

It is seen from Eq.~8! that the expression for the signal
intensity is separated into three parts,~1! the geometrical
factorsPk that are calculated from Eq.~6b!, ~2! the multipole
momentsrq

(k)(SF), and~3! the angular relation between the
PR and SF frames.
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B. Geometrical factors Pk for two-photon transition

Kummel et al.34 and Docker35 provided the geometrical
factorsPk for two-photon transition in diatomic molecules in
the pure Hund’s case~a!. Here we consider the diatomic
molecules in the intermediate coupling between the Hund’s
cases~a! and ~b!.

1. General formula for the intermediate coupling
between Hund’s cases (a) and (b)

By using Eq. ~6b! and the two-photon absorption
formula,34 the geometrical factors can be derived as follows:

Pk5 (
Mi M f

U (
JeMe

(
ne

3
^nfJfM f urW• êuneJeMe&^neJeMeurW• êuniJiM i&

EneJe
2Ei2 iGneJe

/22hy U2

3~21!Ji2MiA2k11S Ji k Ji

2Mi 0 Mi
D . ~9!

The subscriptsf, e, andi represent the final, virtual and initial
states, respectively.GneJe

is the total homogeneous width of
the virtual state.

In the intermediate coupling case between the Hund’s
cases~a! and ~b!, the wave functions of the initial and final
states are expanded by the Hund’s case~a! basis,

uniJiM i&5(
V

CV
~ i !c~2S11LV5S1L! i , ~10a!

unfJfM f&5(
V

CV
~ f !c~2S11LV5S1L! f , ~10b!

where c(2S11LV5S1L) i and c(2S11LV5S1L) f represent
the basis functions in Hund’s case~a! for the initial and the

final states.CV
( i ) and CV

( f ) are the corresponding expansion
coefficients, respectively.L andS denote the projections of
orbital and spin angular momenta onto the molecular axis,
respectively. For instance, in the case ofX 2P andC 2P of
NO, Eqs.~10a! and ~10b! are described more explicitly as
follows:33

uX,JiM i&5c1/2
~ i ! uX 2P1/2&1c3/2

~ i ! uX 2P3/2&, ~10c!

uC,JfM f&5c1/2
~ f !uC 2P1/2&1c3/2

~ f !uC 2P3/2&. ~10d!

As shown in Appendix A, Eq.~9! can be simplified as
follows:

Pk5~21!Jf1Ji~2Jf11!A2k11(
RT

X~R!X~T!* Y~R!Y~T!*

3S 1 1 R

s s 22sD S 1 1 T

s s 22sD S R T k

2s 22s 0D
3H Ji Ji k

T R Jf
J , ~11a!

where

X~R!5 (
V fV i

~21!Ji2V iA2Ji11

3S Ji R Jf

2V i V i2V f V f
DCV i

~ i !CV f

~ f !* , ~11b!

Y~R!5(
Le

~2R11!

3S 1 1 R

L f2Le Le2L i L i2L f
DG~Le!, ~11c!

G~Le!5(
ne

^nfL fSSur L f2Le

~1! uneLeSS&^neLeSSur Le2L i

~1! uniL iSS&

EneLe
2Ei2 iGneLe

/22hy
. ~11d!

The notationY(R) corresponds toA2R11Tk
(R) by Meyer.36

2. Simple cases
It can be seen from Eqs.~11a!–~11c! that, in the follow-

ing cases, only theR5T52 term is nonzero:

~i! the circularly polarized light,
~ii ! the linearly polarized light withJiÞJf ,
~iii ! the linearly polarized light withJi5Jf andL iÞL f .

Therefore, in these cases, the relative values of geometrical
factors are given by

Pk /P055A2k11A2Ji11~21!Ji1JfS 2 2 k

2s 22s 0D
3H Ji Ji k

2 2 Jf
J . ~12!

This simple relation has been obtained by Docker for the
pure Hund’s case~a! with linearly polarized light (s50).35

However, this is generally valid for atoms and molecules in
the above cases~i! and~ii !.37 In Sec. III B 3, the special case
of Ji5Jf andL i5L f is considered.

3. A special case: Linearly polarized light with J i5J f
and L i5L f

In this case,R andT of 0 or 2 provide nonzero values in
the summation in Eq.~11a!. From Eq.~11c!, we obtain

Y~R!5~2R11!S 1 1 R

21 1 0D @G~L i21!1G~L i11!#

1~2R11!S 1 1 R

0 0 0DG~L i !. ~13!
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Therefore, the ratio between perpendicular and parallel~':i!
transitions,@G(L i21)1G(L i11)#:G(L i), must be known
to calculateP0 :P2 :P4 . @If the transition involves2S11S0

state, special attention should be paid toG(Le), see Appen-
dix A.# G(Le) can be determined experimentally or compu-
tationally.

Equation~11b! shows that the relative geometrical fac-
tors depend generally on the coupling cases in the initial and
final states. However, ifJi is large, such consideration be-
comes unnecessary. ForR50, Eq. ~11b! is simplified as

X~0!5(
V

CV
~ i !CV

~ f !* . ~14!

For R52 andJi@V i , the 3-j symbol in Eq.~11b! can be
approximated by

~21!Ji2V iA2Ji11S Ji 2 Ji

2V i 0 V i
D'2

1

2
, ~15a!

~21!Ji2V iA2Ji11S Ji

2V i

2
61

Ji

V f
D'0. ~15b!

Here we do not consider the cases in whichS i2S f562 or
the spin quantum numbersS>2. For largeJi , therefore,

X~2!'2
1

2 (
V

CV
~ i !CV

~ f !* . ~16!

Thus, the relative values of geometrical factors can be ob-
tained by using the following values in Eq.~11a!:

X~0!51, X~2!520.5. ~17!

C. Signal intensity in 3D experiments

1. General formula

We define the dissociation laser photon fixed frame~DI
frame! by choosing theZDI axis along the polarization direc-
tion of the dissociation laser (Ediss). Using the recoil velocity
direction as thez axis of the molecule-fixedframe ~VF
frame!, the quantal form of the multipole moments in the DI
frame is expressed by13

rq
~k!~u t ,f t!5

1

4p S gkCkq* ~u t ,f t!12(
q2

g~k,q2!

3Dq2q2

~k! ~f t ,u t,0!D0q2

~2! ~f t ,u t,0! D ~18a!

5
1

4p S gkCkq~u t,0!12(
q2

g~k,q2!

3dq2q2

~k! ~u t!d0q2

~2! ~u t! De2qf t ~18b!

5 r̃q
~k!~u t!e

2 iqf t, ~18c!

where (u t ,f t) are the polar angles of the recoil velocity in
the DI frame. gk andg(k,q2) are the expansion coefficients
that represent the vector correlation in the VF frame and are
defined as

gk5^Tk0
1 ~VF!&J8m85E r0

~k!~VF!dvm8 , ~18d!

g~k,q2!5^Tk2q2

1 ~VF!C2q2
* ~um8 ,fm8 !&J8m8

5E r2q2

~k! ~VF!C2q2
* ~um8 ,fm8 !dvm8 , ~18e!

whereTkq(VF) andrq
(k)(VF) are the state multipoles and the

multipole moments in the VF frame, respectively. In general,
rq

(k)(VF) are the functions of the transition dipole moment
direction (um8 ,fm8 ) in the VF frame.13 The following relation
was used in obtaining Eq.~18b! from Eq. ~18a!;

Dmn
~k!~f,u,x!5e2 imfdmn

~k!~u!e2 inx. ~19!

In Eq. ~18c! we defined a new quantityr̃q
(k)(u t) that we

may call reduced multipole moments. It is independent of the
choice ofX axis in the DI frame.r̃q

(k)(u t) can be expressed in
an equivalent form as follows:13

r̃q
~k!~u t!5

1

4p FCkq~u t,0!gk12(
q2k2

~2k211!S 2 k k2

0 q 2qD
3S 2 k k2

q2 2q2 0 DCk22q~u t,0!g~k,q2!G . ~20!

Since the multipole momentrq
(k)(u t ,f t) has the following

property32 ~see Appendix B for the proof!,

rq
~k!* ~u t ,f t!5~21!qr2q

~k! ~u t ,f t!. ~21!

the reduced multipole moment has a similar relation:

r̃q
~k!* ~u t!5~21!qr̃2q

~k! ~u t!. ~22a!

Another property ofr̃q
(k)(u t) also should be noted,

r̃q
~k!~p2u t!5~21!k2qr̃q

~k!* ~u t!. ~22b!

Now we turn to the calculation of the signal intensity for
linearly or circularly polarized probe laser light. It is noted
that the anglef t in rq

(k)(u t ,f t) is defined relative to theX

FIG. 1. Dissociation laser photon fixed frame~DI! employed in the calcu-
lation of signal intensity. TheZDI axis is along the electric vector of linearly
polarized dissociation laser. The symmetry axis of the probe laser (zPR axis
of the PR frame! lies in theXZ plane. Hence,zPR axis is at polar angles
(up,0). The polar angles for the recoil velocity are (u t ,f t).

2032 J. Chem. Phys., Vol. 110, No. 4, 22 January 1999 Mo, Katayanagi, and Suzuki
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axis of the DI frame, and the choice ofX axis is arbitrary.
For the convenience of calculation, we define that theX axis
is in the plane formed by the polarization direction of the
dissociation laser beam (ZDI axis! and the symmetry axis of
the probe laser beam (zPR axis! ~see Fig. 1!. Using Eq.~22a!,
we simplify Eq.~8! as follows:

I ~u t ,f t!5c(
k

Pk(
q

rq
~k!~u t ,f t!Ckq~up,0!

5c(
k

PkS r̃0
~k!~u t!Ck0~up ,0!

1 (
q.0

~ r̃q
~k!~u t!Ckq~up,0!e2 iqf t

1 r̃2q
~k! ~u t!Ck2q~up,0!eiqf t! D

5c(
k

PkS r̃0
~k!~u t!Ck0~up,0!

12(
q.0

Ckq~up,0!Re~e2 iqf tr̃q
~k!~u t!! D ,

~23a!

where Re~¯! represents the real part of the function. For
uP50, Eq. ~8! becomes

I ~u t ,f t!5c(
k

Pkr̃0
~k!~u t! ~up50!. ~23b!

Equations~23a! and ~23b! are the basic expressions for
the signal intensity in 3D imaging experiments. The reduced
multipole moments are expressed bygk andg(k,i ) that are
more essential in describing the vector correlation in the
velocity-fixed frame. When using linearly polarized light,
two-photon absorption can determine the following coeffi-
cients:

g2 ,g4 ; g~0,0!,g~2,i !, g~4,i ! i 50,1,2, ~24!

where g2 and g4 represent thev–j two-vector correlation,
g(0,0) is related with the anisotropy parameterb, andg(2,i )
and g(4,i ) represent them–v–j triple-vector correlation.
When circularly polarized light is used, the signal intensity is
sensitive to both the odd and even ranks of the multipole
moments, so that all the coefficientsgk and g(k,i ) up to k
54 can be determined by two-photon absorption.

WhenJ is much larger than unity and only the low ranks
of multipole moments are detected, the expansion coeffi-
cients defined in Eqs.~18d! and ~18e! can be approximated
semiclassically as follows:

gk5A2k11

2J11
^Pk~cosuJ8!&J8m8 , ~25a!

g~k,q2!5A2k11

2J11
^Ck2q2

* ~uJ8 ,fJ8!C2q2
* ~um8 ,fm8 !&J8m8

5A2k11

2J11
^Ck2q2

~uJ8,0!C2q2
~um8 ,0!

3eiq2~fJ82fm8 !&J8m8 , ~25b!

where (uJ8 ,fJ8) and (um8 ,fm8 ) are the polar angles ofJ andm
in the VF frame, respectively. The symbol^¯&J8m8 denotes
the average of the functions inside with the polar angles as
integration variables.13 Thex axis of the VF frame is chosen
in the plane defined bym andv for the convenience of cal-
culation. The azimuthal angle of the dipole moment,fm8 , is
always zero in this convention.

It is interesting to note that the multipole moments at the
recoil direction (u t ,f t) are generally different from those at
(p2u t ,f t) and (u t,2p2f t), although the flux of the frag-
ments for these directions are the same. We consider the
polarization direction of dissociation laser perpendicular to
the symmetry axis of the probe laser (Ediss'zPR), i.e. up

5p/2 in Eq. ~23a!. Ckq(p/2,0) are nonzero only whenk–q
are even integers. Using Eqs.~22b! and~23a!, the differences
of the signal intensities are

I ~u t ,f t!2I ~p2u t ,f t!

52c (
q.0,k

PkCkq~p/2,0!Re~~r̃q
~k!~u t!2 r̃q

~k!* ~u t!!e
2 iqf t!

54c (
q.0,k

PkCkq~p/2,0!Im~ r̃q
~k!~u t!!sin qf t . ~26!

I ~u t ,f t!2I ~u t,2p2f t!

52c (
q.0,k

PkCkq~up,0!Re~~e2 iqf t2eiqf t!r̃q
~k!~u t!!

54c (
q.0,k

PkCkq~up,0!Im~ r̃q
~k!~u t!!sin qf t , ~27!

where Im~¯! represents the imaginary part of the function.
Equations~26! and~27! show that the probability distri-

butions of the projection of fragment angular momentum
onto theX or Y axes are not equal for the recoil directions
(u t ,f t) and (p2u t ,f t) or (u t ,f t) and (u t,2p2f t). ~An-
other way of the explanation is given in Appendix C.!

Similar effects on the Doppler profiles resulting from the
nonexistence of symmetry plane in the molecule-fixed frame,
or chirality, have been discussed previously.6,7 The discus-
sion presented above, however, is simpler. It is also seen
clearly that the configuration,Ediss'zPR, in 3D and 2D ex-
periments provide an easy way to probe this property.

The following relations are also useful for calculating
2D images for the configurationEdiss'zPR,

I ~u t ,f t!1I ~p2u t ,f t!

5I ~u t,2p2f t!1I ~p2u t,2p2f t! ~28a!
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52c(
k

PkF r̃0
~k!~u t!Ck0~p/2,0!

12(
q.0

Ckq~p/2,0!Re~ r̃q
~k!~u t!!cosqf tG . ~28b!

2. Formulas for the photodissociation with a
symmetrical plane in the VF frame

If the xz plane is a symmetry plane in the VF frame,
under our convention, the probability of finding the anglefJ8
and 2fJ8 are equal, the expansion coefficients can be sim-
plified as follows:

g̃~k,q2!5A2k11

2J11
^Ck2q2

~uJ8,0!C2q2
~um8 ,0!

3cosq2fJ8&J8m8 , ~29a!

g̃k5A2k11

2J11
^Pk~cosuJ8!&J8m8 . ~29b!

It means that the expansion coefficients are real numbers.
Therefore, for the configurationEdiss'zPR, using Eqs.~26!
and ~27!, we obtain

I ~p2u t ,f t!5I ~u t ,f t!. ~30a!

I ~u t ,f t!5I ~u t,2p2f t!. ~30b!

Noting that

g̃~k,q2!5g̃~k,2q2!, ~31!

and Eq.~18b!, the reduced multipole moment is calculated as
follows:

r̃q
~k!~u t!5

1

4p S Ckq~u t,0!g̃k12dq0
~k!~u t!C20~u t,0!g̃~k,0!

12 (
q251,2

C2q2
~u t,0!~dqq2

~k! ~u t!1~21!q

3d2qq2

~k! ~u t!!g̃~k,q2! D . ~32!

Equation~32! can be written in another equivalent form by
using Eqs.~20! and ~31!, as follows:

r̃q
~k!~u t!5

1

4p FCkq~u t,0!g̃k12(
k2

~2k211!S 2 k k2

0 q 2qD
3S 2 k k2

0 0 0 DCk22q~u t,0!g̃~k,0!12

3 (
q251,2

k250,1,...

~11~21!k1k2!~2k211!S 2 k k2

0 q 2qD
3S 2 k k2

q2 2q2 0 DCk22q~u t,0!g̃~k,q2!G . ~33!

D. Signal intensity in 2D experiments

For calculation of the 2D images, we define animaging
frame~IM ! by choosing they axis perpendicular to the image
plane and thex andzIM in the plane. In ordinary experimen-
tal conditions, the width of the time-of-flight distribution for
one particular ionic species (m/e) is negligible, DTtot /Ttot

!1. Then, the signal intensityN( x̃i ,z̃j ) is expressed by the
following formula:

N~ x̃i ,z̃j !5cE
xi

xi 11
dxE

zj

zj 11
dzE 1

n t~x,y,z!
f ~Et~x,y,z!!

3I ~u t~x,y,z!,f t~x,y,z!!dy, ~34!

where (x̃i ,z̃j ) represent the position of the pixel in 2D plane.
(xi ,xi 11) and (zj ,zj 11) describe the size of the pixel.
f (Et(x,y,z)) is the translational energy distribution andn t is
the recoil velocity of the fragments in the center-of-mass
~c.m.! frame. (u t(x,y,z),f t(x,y,z)) are the polar angles of
n t in the DI frame.I (u t(x,y,z),f t(x,y,z)) is identical with
the one in Eqs.~23a! or ~23b!. We have assumed that the
multipole moments are independent off (Et(x,y,z)). A de-
tailed explanation of the above formula can be found in Ap-
pendix D.

When thezPR axis ~PR frame! is parallel to theZDI axis
~DI frame!, I (u t(x,y,z),f t(x,y,z)) can be calculated ac-
cording to Eq.~23b! without the consideration off t . In
other cases,f t must be taken into account. We use the con-
vention that thezPR axis is in theXZ plane of the DI frame
~Fig. 1!.

In the present work, we have observed images with the
polarization direction of the dissociation laser either parallel
or perpendicular to the image plane and thezPR axis is at the
polar angles (up8 ,p/2) in the IM frame. When theZDI axis is
along thezIM axis of the IM frame@configuration~a! in Fig.
2#, the polar angles of velocity and thezPR axis in the DI
frame are given by

cosu t5
nz

Anx
21ny

21nz
2

, tanf t5
nx

ny
, ~35a!

FIG. 2. Imaging frame~IM ! and the polar angles of (u t ,f t) defined in the
DI frame. Thex, zIM axis of the IM frame are in the imaging plane, while
they axis is perpendicular to the plane. The symmetry axis of the probe laser
beam (zPR axis of the PR frame! is at polar angles (up8 ,p/2) in the IM frame
~not shown!. ~a! The polarization direction of dissociation laser (Ediss) is
along thezIM axis of the IM frame and~b! the polarization direction of
dissociation laser (Ediss) is along they axis of IM frame.
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up5up8 , fp50. ~35b!

When theZDI axis is along they axis of the IM frame@con-
figuration ~b! in Fig. 2#, we have

cosu t5
ny

Anx
21ny

21nz
2

, tanf t5
nx

nz
, ~36a!

up5
p

2
2up8 , 0<up8<

p

2
, fp50. ~36b!

From Eqs.~35a!–~36b!, nx , ny , andnz represent the projec-
tion of n t on thex, y andzIM axes of the IM frame, respec-
tively.

IV. APPLICATION TO PHOTODISSOCIATION OF NO 2
AT 355 nm

A. Geometrical factors for the Q branch of NO „C 2P…

——NO„X 2P…

As shown in Sec. III B 3, whenJi5Jf andL i5L f , we
need to know the ratio of@G(L i21)1G(L i11)#:G(L i)
5':i to calculate the geometrical factorsP0 :P2 :P4 . In the
present case, the following ratio has been obtained from the
two-photon laser-induced fluorescence~LIF! spectroscopy of
NO reported previously26

':i51.0:0.22;0.0. ~37!

From the oscillator strengths reported for one-photon
transitions,38 the following ratio is also deduced

':i51.0:0.14, ~38!

which is in reasonable agreement with Eq.~37!.
It should be noted, however, that the LIF intensity is

possibly affected by predissociation in theC state which
leads to an error in the estimation. In this sense,@211#
REMPI spectroscopy is expected to provide more accurate
estimation than two-photon LIF. We have simulated the@2
11# REMPI spectra of NO at room temperature measured
by Hippler and Pfab,30,39 and found the following ratio:

':i51.0:0.2~60.1!. ~39!

On the other hand, simulation of 2D images provided the
following ratio as the best-fit parameter to the experimental
data:

':i51.0:0.3. ~40!

Equation ~40! provides the following geometrical factors
@from Eqs.~11a!, ~13!, and~17!#:

P0 :P2 :P451:0.94:0.18, Ji530.5. ~41!

B. The m–n–J vector correlation

We employed Dirac’sd functions to perform the aver-
aging in Eqs.~25a! and~25b!. The rotational temperature of
NO2 is extremely low in the molecular beam, so that the
conservation of angular momentum requires the angular mo-
mentum of NO to be perpendicular to its recoil direction
(n'J) for high J. We assume that the angle betweenn and
absorption dipole momentm is 41° ~63°! or a bond angle of
98° ~66°! that provides anisotropy parameterb of 0.71

~60.15!. These assumptions provide a fixedm–n–J triple
vector correlation~Fig. 3! except the sign offJ8 .

For linearly polarized probe light, only even ranks of
multipole moments contribute to the absorption intensity.
From the comparison of Eqs.~25a!, ~25b!, ~29a!, and~29b!,
it is easy to see that in the case ofn'J andm'J in the VF
frame, we have

gk5g̃k , k even, ~42a!

g~k,q!5g̃~k,q!, k even. ~42b!

It means that using linearly polarized light the following lim-
iting cases cannot be distinguished, e.g.,~1! f j8 is positive,
~2! f j8 is negative, and~3! the positive and negative values of
f j8 are equally probable.

The 355 nm photodissociation of NO2 produces three
spin–orbit states of O(3P2), O(3P1), and O(3P0), therefore,
NO(2P1/2,J530.5,f ) have three different speeds of, 632,
596, and 578~m/s! in the center of mass frame, respectively.
The overall branching ratios have been reported to be
O(3P2):O(3P1):O(3P0)51:0.19:0.03.22,25 Although the ra-
tios of O(3PJ) corresponding to NO(2P1/2,J530.5,f )
could be different from the above values, we used these
branching ratios in the simulation, since its effect is only
minor. We have also taken into account the limited spatial
resolution of our imaging apparatus. Depolarization of mul-
tipole moments by nuclear spins are neglected, because of
the large angular momentum of NO.34

In the simulation, 5, 5, and 200 points have been used
for the x, z, and y directions in Eq.~34!, respectively. The
images calculated for 6363300 points were the same. The
width of the three energy components of NO corresponding
to O(3PJ) counterparts were assumed to be 0.4 kJ/mol. The
simulation of each image took 15–70 min with an IBM RS/
6000 workstation~model 390!.

In Figs. 4~A!–4~D! are the experimental images, and
Figs. 4~a!–4~d! are the corresponding simulation by using a
forward convolution method. The sizes of the images are
2003200 pixels for Figs. 4~A!–4~C!, while 150

FIG. 3. Relation of coordinates in the VF frame employed for calculating
the multipole moments of NO in 355 nm photodissociation of NO2. The
molecule is in thexzplane. The angular momentum~J! of NO is either aty
or 2y direction, or distributed equally between them~see the discussions in
Sec. IV B!. The angle between the direction of recoil velocity~n! and tran-
sition dipole moment~m! is 41° ~63°!. m is in the molecular plane.
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3150 pixels for Fig. 4~D!. The polarization directions of the
dissociation and probe laser beams are also shown in Fig. 4.
The good agreement between the experimental and the simu-
lated images demonstrates the validity of our theoretical
treatment.

The pattern of the images can be explained as follows.
For theQ line, the geometrical factorsP2 andP4 are positive
@see Eq.~41!#, so thatJ parallel to the probe laser polariza-
tion (Epr) is favored in probing. On the other hand,n tends
to be parallel to the polarization direction of the dissociation
laser (Ediss) because of the positiveb value. Therefore, for
Ediss//Epr , the fragments scattered along theEdiss cannot be
detected efficiently because ofJ'niEpr @Figs. 4~A! and
4~C!#. However, forEdiss'Epr , the intensity along theEdiss is
increased@Figs. 4~B! and 4~D!#.

In order to ascertain the anisotropy parameterb free
from then–J correlation, the image of O(3P0) shown in Fig.
5 was analyzed. By using Abel transform, the translational
energy distribution andb(Et) were obtained. It was found
thatb depends strongly on the translational energy. The cen-
ter of mass~c.m.! translation energy release in producing
O(3P0) and NO(X 2P1/2, j 530.5) is 1209 cm21. The aver-
age value ofb for the c.m. translation energy release be-

tween 1170 and 1400 cm21 was 0.73~60.2!, in excellent
agreement with 0.71 ~60.15! obtained from the
NO(X 2P1/2, j 530.5) images.

V. CONCLUSIONS

We presented the semiclassical formalism to analyze 3D
@Eqs. ~23a! and ~23b!# and 2D @Eq. ~34!# imaging data by
including vector correlation. The geometrical factorsPk for
the two-photon absorption of diatomic molecules have been
presented for the intermediate coupling between Hund’s case
~a! and ~b! @Eqs. ~11a!–~11d!#. For linearly polarized light
with Ji5Jf andL i5L f , the geometrical factors depend on
the relative ratio of different transition pathways. However,
the factors are independent of the coupling cases for highJ
and given by simple formulas@Eqs. ~16! and ~17!#. The
semiclassical treatment of angular momentum polarization
has been critically tested by comparing with the experimen-
tal data on NO from 355 nm photodissociation of NO2. Good
agreement between theory and experiment demonstrates the
validity of our treatment.
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APPENDIX A

In this Appendix we derive the geometrical factors for
two-photon absorption of diatomic molecules in the interme-
diate coupling between Hund’s case~a! and ~b!.

We first assume that the electronic state,2S11S0
6 , is not

involved in the transition. We use the following conventions:
~1! L f is larger than or equal to zero, and~2! if L f50, V f is
larger than zero. The symmetric basis function of Hund’s
case~a! has the following form:

c~2S11LV5S1L! f5
1

&
~ unfL fSS fJfM fV f&1apf

unf2L fS

2S fJfM f2V f&), ~A1a!

where33

unfL fSS fJfM fV f&5unfL fSS f&uJfM fV f&

5A2Jf11

8p2 DM fV f

~Jf !* ~a,b,g!unfL fSS f&.

~A1b!

apf
561, 6depends on the parity of the state.

~A1c!

The wave function for the virtual states can also be written as

FIG. 4. 2D ion images of NO(X 2P1/2 ,n50,J530.5,f ) produced by 355
nm photodissociation of NO2 measured with different pump–probe polar-
ization configurations. The@211# REMPI via C(2P) state with
Qy1 f f(30.5) line has been employed.~A!–~D! are the experimental data, and
~a!–~d! are the simulations.

FIG. 5. Symmetrized 2D ion image of O(3P0) produced by 355 nm photo-
dissociation of NO2. The polarization directions of the dissociation laser and
the probe laser are vertical in the plane. The size of image is 4003400
pixels.
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c~2S11LV5S1L!e5
1

&
~ uneLeSSeJeMeVe&

1ape
une2LeS2SeJeMe2Ve&). ~A2!

Assuming thati sp is a space inversion operator, we ob-
tain

i spri sp52r , ~A3!

i spunfL fSS fJfM fV f&

5~21!Jf2S1sf unf2L fS2S fM f2V f&, ~A4!

wheresf51 for S2 states,sf50 for all other states.33

Using Eqs.~A3! and ~A4!, the dipole matrix element
between two Hund’s case~a! basis can be expanded as

^c~2S11LV5S1L! f urW• êuc~2S11LV5S1L!e&

5
1

2
~11apf

ape
~21!Jf1Je22S111sf1se!

3^nfL fSSJfM fV f urW• êuneLeSSJeMeVe&. ~A5!

In deriving the above formula we assumed that the projection
S of spin S onto the molecular axis does not change in the
dipole absorption process for Hund’s case~a!.

The two-photon absorption intensity is evaluated from
the following product of two matrix elements:

(
ape

^c~2S11LV5S1L! f urW• êuc~2S11LV5S1L!e&

3^c~2S11LV5S1L!eurW• êuc~2S11LV5S1L! i&

5(
ape

1

4
~11ape

apf
~21!Jf1Je22S111se1sf !

3~11ape
api

~21!Ji1Je22S111se1si !

3^nfL fSS iJfM fV f urW• êuneLeSS iJeMeVe&

3^neLeSS iJeMeVeurW• êuniL iSS iJiM iV i&. ~A6!

For Eq.~A6! to be nonzero, the following condition must be
fulfilled:

apf
~21!Jf1Je22S111se1sf5api

~21!Je1Ji22S111se1si

or equivalently,

apf
~21!Jf1sf5api

~21!Ji1si. ~A7!

We have the following selection rules for Eq.~A6!:

DJ50,62, allowed transitionse–e, f – f ,
~A8!

DJ561, allowed transitionse– f , f –e.

It is easily seen that there is only oneape
value, which makes

Eq. ~A6! to be nonzero. Thus, the summation is reduced to
one term:

(
ape

^c~2S11LV5S1L! f urW• êuc~2S11LV5S1L!e&^c~2S11LV5S1L!eurW• êuc~2S11LV5S1L! i&

5^nfL fSS iJfM fV f urW• êuneLeSS iJeMeVe&^neLeSS iJeMeVeurW• êuniL iSS iJiM iV i&. ~A9!

For a diatomic molecule in the intermediate coupling between Hund’s cases~a! and ~b!, the wave function can be
expanded by Hund’s case~a! basis@see Eqs.~10a! and ~10b! in the main text#. Therefore, two-photon absorption strength is
expanded as follows:

U(
ce

^C f urW• êuce&^ceurW• êuC i&
Ee2Ei2 iGe/22hy U2

5 (
V iV f neLeJeMeVeṼe

CV f

~ f !* CV i

~ i !CVe
~CṼe

!*

3
^nfL fSS fJfM fV f urW• êuneLeSS fJeMeVe&^neLeSS iJeMeṼeurW• êuniL iSS iJiM iV i&

EneLeJe
2Ei2 iGneLeJe

/22hy

3 (
V f8V i8ne8Le8Je8Me8Ve8Ṽe8

S C
V

f8
~ f !* C

V
i8

~ i !
CV

e8
~CṼ

e8
!*

3
^nfL fSS f8JfM fV f urW• êune8Le8SS f8Je8Me8Ve8&^ne8Le8SS i8Je8Me8Ṽe8urW• ê uniL iSS i8JiM iV i&

En
e8L

e8J
e8
2Ei2 iGn

e8L
e8J

e8
/22hy D . ~A10!

In Eq. ~A10! we usedCVe
to represent the expansion coefficients for the virtual states.

The geometrical factorPk can be calculated by using Eq.~9! in the main text,
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Pk5 (
Mi M f

U(
ce

^C f urW• êuce&^ceurW• êuC i&
Ee2Ei2 iGe/22hy U2

~21!Ji2MiA2k11S Ji k Ji

2Mi 0 Mi
D

5 (
V fV f8V iV i8

CV f

~ f !* CV i

~ i !~C
V

f8
~ f !* C

V
i8

~ i !
!* Pk~V f ,V i ,V f8 ,V i8!, ~A11!

where

Pk~V f ,V i ,V f8 ,V i8!

5 (
Mi M f

~21!Ji2MiS J k J

2Mi 0 Mi
D (

neLeJeMeVeṼe

CVe
~CṼe

!*

3
^nfL fSS fJfM fV f urW• êuneLeSS fJeMeVe&^neLeSS iJeMeṼeurW• êuniL iSS iJiM iV i&

EneLeJe
2Ei2 iGneLeJe

/22hy

3S (
ne8Le8Je8Me8Ve8Ṽe8

CV
e8~CṼe8

!*
^nfL fSS f8JfM fV f urW• êune8Le8SS f8Je8Me8Ve8&^ne8Le8SS i8Je8Me8Ṽe8urW• êuniL iSS i8JiM iV i&

En
e8L

e8J
e8
2Ei2 iGn

e8L
e8J

t8
/22hy D *

.

~A12!

In order to facilitate the integration, we employ thebody-fixedframe ~BF!:

rW• ê5~21!se2s
~1!r s

~1!~PR!5~21!se2s
~1!(

q1

Dsq1

~1!* ~a,b,g!r q1

~1!~BF!. ~A13!

We have

(
neLeJeMeVeṼe

CVe
~CṼe

!*
^nfL fSS fJfM fV f urW• êuneLeSS fJeMeVe&^neLeSS iJeMeṼeurW• êuniL iSS iJiM iV i&

EneLeJe
2Ei2 iGneLeJe

/22hy

5 (
JeMeVeṼe

(
q1q2neLe

^nfL fSS f ur q1

~1!uneLeSS f&^neLeSS i ur q2

~1!uniL iSS i&

EneLeJe
2Ei2 iGneLeJe

/22hy

3CVe
~CṼe

!* ^JfM fV f uDsq1

~1!* uJeMeVe&^JeMeṼeuDsq2

~1!* uJiM iV i&. ~A14!

We assume that the transition dipole moment is independent
of the projectionL of the spinS onto the diatomic axis. We
have

^nfL fSS f ur q1

~1!uneLeSS f&^neLeSS i ur q2

~1!uniL iSS i&

5^nfL fSSur q1

~1!uneLeSS&^neLeSSur q2

~1!uniL iSS&.

~A15!

We neglect the energy differences due to the rotational quan-
tum numbers in the intermediate states, since these are small
in comparing with the energy differences due to different
electronic configurations.34 We define a complete basis set
uJeMe&,

uJeMe&5(
Ve

CVe
uJeMeVe&. ~A16a!

Using the closure relation, we obtain40

(
JeMe

uJeMe&^JeMeu5 (
JeMeVeṼe

CVe
~CṼe

!* uJeMeVe&

3^JeMeṼeu5I , ~A16b!

whereI is the unit operator. Also by noting the property of
rotation matrices,31

Dsq1

~1!* ~a,b,g!Dsq2

~1!* ~a,b,g!

5(
R

~2R11!S 1 1 R

s s 22sD S 1 1 R

q1 q2 r D
3D22s,r

~R! ~a,b,g!. ~A17!

Equation~A14! can be thus simplified to:
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(
q1q2

S (
neLe

^nfL fSSur q1

~1!uneLeSS&^neLeSSur q2

~1!uniL iSS&

EneLe
2Ei2 iGneLe

/22hy D(
R

^DM fV f

~Jf !* uD22s,r
~R! uDMiV i

~Ji !* &

3~2R11!S 1 1 R

s s 22sD S 1 1 R

q1 q2 r DA~2Jf11!~2Ji11!

~8p2!2

5(
R

F (
neLe

^nfL fSSur L f2Le

~1! uneLeSS&^neLeSSur Le2L i

~1! uniL iSS&

EneLe
2Ei2 iGneLe

/22hy S 1 1 R

L f2Le Le2L i L i2L f
D G S 1 1 R

s s 22sD
3~21!Mi2V iS Ji R Jf

2Mi 22s Mf
D S Ji R Jf

2V i r V f
DA~2Ji11!~2Jf11!~2R11!

5(
R

(
Le

G~Le!S 1 1 R

L f2Le Le2L i L i2L f
D S 1 1 R

s s 22sD
3~21!Mi2V iS Ji R Jf

2Mi 22s Mf
D S Ji R J

2V i V i2V f V f
DA~2Ji11!~2Jf11!~2R11!. ~A18!

Using Eq.~A18!, we can simplify Eq.~A12! as follows:

Pk~V f ,V i ,V f8 ,V i8!

5 (
RTLeLe8

G~Le!G* ~Le8!S 1 1 R

s s 22sD S 1 1 T

s s 22sD ~2R11!~2T11!S 1 1 R

L f2Le Le2L i L i2L f
D

3S 1 1 T

L f2Le8 Le82L i L i2L f
D ~2Ji11!~2Jf11!S Ji R Jf

2V i V i2V f V f
D S Ji T J

2V i8 V i82V f8 V f8
D

3 (
Mi M f

~21!Mi2V i1Mi2V i8~21!Ji2MiA2k11S Ji k Ji

2Mi 0 Mi
D S Ji R Jf

2Mi 22s Mf
D S Ji T Jf

2Mi 22s Mf
D . ~A19!

The summation ofM in Eq. ~A19! can be performed using
the following equation:33

H j 1 j 2 j 3

j 4 j 5 j 6
J S j 5 j 1 j 6

m5 m1 m6
D

5 (
m2 ,m3 ,m4

~21! j 11 j 22 j 31 j 41 j 51 j 62m12m4

3S j 1 j 2 j 3

m1 m2 2m3
D S j 4 j 5 j 3

m4 m5 m3
D

3S j 2 j 4 j 6

m2 m4 2m6
D . ~A20!

Thus we obtain Eqs.~11a!–~11d! in the text.
Finally, the assumption that there is no2S11S0 state in-

volved in the transition can be removed by applying the fol-
lowing rules in the calculation,

~1! For pathway including the transition2S11S0–2S11P1 ,
G(Le) should be multiplied by a factor of&. For ex-

ample, if a pathway is2S11P1–2S11S0–2S11P1 ,
G(Le) for this pathway should be replaced by:&
3&G(0).

~2! However, for a pathway including the transition
2S11S0–2S11S0 , no change is required.

APPENDIX B

From the definition of the expansion coefficients,13 we
have

g~k,2q2!5^Tkq2

1 ~VF!C22q2
* ~um8 ,fm8 !&J8m8

5^Tk2q2

1 ~VF!C2q2
* ~um8 ,fm8 !&J8m85g* ~k,q2!.

~B1!

whereTkq2

1 (VF) is the state multipole in the VF frame.

The multipole momentr2q
(k) (u t ,f t) is
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r2q
~k! ~u t ,f t!

5
1

4p S gkCk2q* ~u t ,f t!12(
q2

g~k,q2!

3D2q2q2

~k! ~f t ,u t,0!D0q2

~2! ~f t ,u t,0! D . ~B2!

We transform the second term in the above equation,

(
q2

g~k,q2!D2q2q2

~k! ~f t ,u t,0!D0q2

~2! ~f t ,u t,0!

5(
q2

g~k,2q2!D2qq2

~k! ~f t ,u t,0!D02q2

~2! ~f t ,u t,0!

5~21!q(
q2

g* ~k,q2!Dq2q2

~k!* ~f t ,u t,0!D0q2

~2!* ~f t ,u t,0!.

~B3!

Thus, we obtain Eq.~21!

r2q
~k! ~u t ,f t!

5
1

4p S gk~21!qCkq~u t ,f t!12~21!q

3(
q2

g* ~k,q2!Dq2q2

~k!* ~f t ,u t,0!D0q2

~2!* ~f t ,u t,0! D
5~21!qrq

~k!* ~u t ,f t!. ~B4!

APPENDIX C

First we note that the unit vectors for thex, y, zcoordi-
nates can be expressed by modified spherical harmonics

z5C10~uJ ,fJ!, ~C1a!

x52
1

&
~C11~uJ ,fJ!2C121~uJ ,fJ!!, ~C1b!

y5
i

&
~C11~uJ ,fJ!1C121~uJ ,fJ!!, ~C1c!

where (uJ ,fJ) are polar angles of angular momentum in DI
frame.

The projection of the transition dipole moment on theZ
axis of the DI frame is related to the corresponding values in
the VF frame at the Euler angles (f t ,u t ,x t)

C10~um ,fm!5(
p

C1p~um8 ,fm8 !D0p
~1!* ~f t ,u t ,x t!

5(
p

C1p~um8 ,fm8 !d0p
~1!~u t!e

ipx t. ~C2!

For Euler angles (f t ,p2u t ,x t* ), we have

C10~um* ,fm* !5(
p

C1p~um8 ,fm8 !D0p
~1!* ~f t ,p2u t ,x t* !

5(
p

C1p~um8 ,fm8 !~21!11pd0p
~1!~u t!e

ipx t* .

~C3!

For the excitation probabilities to be the same for VF
frames (f t ,u t ,x t) and (f t ,p2u t ,x t* ) ~the case ofmin is
not considered here!, it is required

~21!peipx t* 5eipxt or x t* 5x t6p. ~C4!

Therefore, the VF frame at Euler angles (f t ,u t ,x t) has the
same excitation probability with the VF frame at Euler
angles (f t ,p2u t ,x t6p). However, the absolute projection
values of photofragment angular momentum onto theX and
Y axis for these two frames are not equal in general. First we
note that

C1q~uJ ,fJ!5(
p

C1p~uJ8 ,fJ8!Dqp
~1!* ~f t ,u t ,x t!

5(
p

C1p~uJ8 ,fJ8!eiqf tdqp
~1!~u t!e

ipx t, ~C5a!

C1q~uJ* ,fJ* !5(
p

C1p~uJ8 ,fJ8!Dqp
~1!* ~f t ,p2u t ,x t6p!

5(
p

C1p~uJ8 ,fJ8!eiqf t~21!d2qp
~1! ~u t!e

ipx t.

~C5b!

Using Eqs.~C1c! and ~C5a!, the projection ofJ onto theY
axis for Euler angles (f t ,u t ,x t) is

i

&
(

p
C1p~uJ8 ,fJ8!eipx t@eif td1p

~1!~u t!1e2 if td21p
~1! ~u t!#.

~C6a!

For Euler angles (f t ,p2u t ,x t6p), the projection ofJ onto
the Y axis is

2
i

&
(

p
C1p~uJ8 ,fJ8!eipx t@eif td21p

~1! ~u t!1e2 if td1p
~1!~u t!#.

~C6b!

From comparison of Eqs.~C6a! and ~C6b!, it is clear that,
except in the case ofuJ850, the absolute values of the pro-
jection of J onto theY axis for the two VF frames are not
equal. In the same way, it can be shown that the absolute
values of the projection ofJ onto theX axis for the two
frames are also not equal.

Similarly, it can be also shown that for two VF frames
with Euler angles (f t ,u t ,x t) and (2p2f t ,u t ,x t), the ab-
solute values of the projection ofJ onto theX andY axis are
not equal.
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APPENDIX D

In this appendix, we provide the formula to calculate the
signal intensity in 2D imaging by projecting the 3D intensity.
The product ion density in space produced by REMPI,N, is
described by the following formula,

N5cv t f ~Et!I ~u t ,f t!dv tdV t , ~D1!

wherev t is the product recoil velocity in the center of mass
~c.m.! frame, f (Et) is the product translational energy
distribution,41 I (u t ,f t) is the product angular distribution
with (u t ,f t) the polar angles ofv t in the DI frame, anddV t

is the solid angle ofv t in the DI frame.
We employ the IM frame to calculate the images. We

change the velocity variable in the above equation fromve-
locity space to thecoordinatespace,

N5c
f ~Et!

v t
I ~u t ,f t!v t

2dv tdV t

5c
f ~Et!

v t
I ~u t ,f t!v lab

2 dv labdV lab

5c
f ~Et~x,y,z!!

v t~x,y,z!
I ~u t ,f t!

1

Ttot
3 r lab

2 dr labdV lab

5c
f ~Et~x,y,z!!

v t~x,y,z!
I ~u t ,f t!

1

Ttot
3 ~dxdydz! lab, ~D2!

whereTtot is an ion time-of-flight that can be regarded as a
constant for a particular mass. The second equation changes
the variables from the c.m. to laboratory~lab! frame. The 2D
number density,N(x,z), can be calculated by a summation
of the differenty variables at timeTtot:

N~x,z!5S c

Ttot
3 D E f ~Et~x,y,z!!

v t~x,y,z!
I ~u t~x,y,z!,f t~x,y,z!!dy.

~D3!

Considering the finite size of the pixel in 2D image experi-
ments, we obtain Eq.~34!.
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