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Probing the alignment of NO (X 2II) by [2+1] resonance-enhanced
multiphoton ionization via the  C 2II state: A test of semiclassical theory
in 355 nm photodissociation of NO

Yuxiang Mo, Hideki Katayanagi, and Toshinori Suzuki®
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 NO The alignment of NOX °II) was detected by[2+1]
resonance-enhanced multiphoton ionization via @&Il state. The data were analyzed by
assuming theu—w—J triple vector correlation described by semiclassical multipole moments in the
velocity-fixedrame. The geometrical factors for the two-photon absorption were derived rigorously
for the intermediate coupling between Hund’s casgand(b). It was also shown, however, that the
geometrical factors for high 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. €99 American Institute of Physics.
[S0021-960699)00203-2

I. INTRODUCTION multipole moments semiclassically with only three param-
eters.

Vector correlation among the absorption dipole moment  Photodissociation of NQat 355 nm has been exten-
(m), the product recoil velocityw), and the product angular sively studied?*~2> However, the vector correlation in NO
momentum(J) provides detailed insights into the stereody- photofragment has not been observed [y 1] REMPI
namics in photodissociatio™* Similar correlation among (resonance-enhanced multiphoton ionizakivia the A(?)
the relative velocity vectors before and after the collisipn ~ state”** As an alternative approach, the present work em-
and k'), and the product angular momentu@) are also  Ploys[2+1] REMPI via theC(°II) state.
important in atomic and molecular collision dynamtest’

In the 1980s state-resolved scattering distributions 0‘
photofragments were measured by one-dimensidagl)
Doppler spectroscopy.® However, more recently, two- A supersonic beam of NQwvas generated using a pulsed
dimensional (2D)°"1218 and three-dimensiona(3D) ion-  valve (0.8 mm¢) and two skimmerg$0.5 mm ¢). The mo-
imaging methodS~2! became much more powerful experi- lecular beam 1 mm in diameter was introduced parallel to the
mental means for this purpose. The first observation of thelectric field vector of a time-of-flight mass spectrometer
v—J correlation by the ion-imaging technique was reportedthrough the second skimmer embedded in the repeller
by Houston and co-workers for,(a *A) from photodisso- plate?! The concentration of NOseeded in He was 5%. The
ciation of 0;.'° However, rigorous theoretical treatment of Stagnation pressure was 1000 Torr relative to the vacuum.

the vector correlation in ion-imaging experiments has not  The molecular beam intersected with the counterpropa-
been established yet. gated photolysig355 nim) and probe laser beams at 79 mm

This work reports a semiclassical formalism to treat thedownstream from the nozzle. Both laser beams were focused
by axisymmetric lensesf&300 mm for photolysis and

I. EXPERIMENT

vector correlation and its critical test by comparison with the™ ) .
experimental data on NO from photodissociation of NO — 220 mm for probg The time delay between the photolysis

oo - d probe laser pulses was kept within 20 ns by a digital
The angular momentum polarization of NO is expressed b)?n .
the multipole moments in theelocity-fixed(VF) framel® It delay generator. NO was probed [3+1] REMPI via the

2 - P H 6-28
is noted that one, two, ankl photon absorption processes ¢ Hy(1—30;51j ) state using theQy1(30.5) line
i . 52612.3 cm~). We determined the energy levels of the
provide the multipole moments only up to the rank 2, 4, an C 211 state by combining the experimental data previousl
2k, meaning that full determination of the multipole mo- y g P P y

) ) . . _ ; reportec?®3°0(®P,) was probed by2+ 1] REMPI via the
ments is practically impossible for a diatomic fragment.3p 3p state around 226 nm. Since the absorption lines are

Hoyvever, in phptodissociation _Of triatomic mole'cule., CONSery, 0adened by Doppler effect due to the recoil velocities, the

vation of helicity leads to a simplelL J correlation in the . ,he |aser frequency was scanned over the entire Doppler-
diatomic fragmentfor high J), which allows us to describe });5agened absorption lines during the integration of ion im-

ages.

dElectronic mail: suzuki@ims.ac.jp The photofragment ions were accelerated and projected
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onto a microchannel platéeffective diameter 38 mjn . .

backed by a phosphor screé®20. Ten ring-shaped elec- |=¢ TF(OP)ZC% (NidiMi[O[Ni M) pi.m,
trodes were used to generate the acceleration field with 2D :

space focusing effe¢t At the time when NO arrived at the

microchannel platéMCP), a high voltage pulse 1700—1800 =c>, (MIM{|O|nIiM;) >,
V in height and 200-500 ns in duration was applied to the Mi K
MCP, raising the gain up to £610. Thus, the signals due (—1)%Mi 2k 1
to the scattered light of laser beams and background ions
with different masses were discriminated. The high voltage Ji k J ‘
; py’ (PR (58
pulse was generated by a homemade power supply using a -M; 0 M;/"°

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 =c> Py (PR), (5b)
beam source and the main chamber wexel® ° Torr and .
2X10 7 Torr, respectively, when the pulsed valve was oP-\wh
erated. The photolysis and probe laser polarization directions

ere

were rotated independently by double Fresnel rhombs. J; k J
pum, =2 (DMK M_)pé”(PR),
Ill. THEORY . i i
(6a)
A. Absorption intensity of linearly and circularly
polarized light N
Pe="2, (nJiM;[O[n.J;M)(—1)%Miy2k+1
When an optical method is used to detect atoms or mol- “ M; (MIMi[OIn M)
ecules with a density matrip, the signal intensity can be 3k 3
expressed as follow83 ' s (6b)
-M; 0 M

I=c Tr(Op) CM%, (mdiMiOImIiMomm, - (D p$(PR) in Eq.(6a are the multipole moments in the PR
' frame. Py in Eq. (6b) are calledgeometricalfactors which
where Tr means the trace of the matrix, dmel);M;) de-  depend on the number of photons absorbed and the type of
scribes a quantum state with rotational quantum nundber the transition.
magnetic quantum numbéd; , and all other quantum num- Because of the cylindrical symmetry in the PR frame,
bers represented by;. O is the operator for the optical the absorption intensity is only sensitive to the zero compo-
transition, andc is a constant. For instance, the matrix ele-nents of the multipole momen¢s other words, the diagonal
ment for one-photon absorption process is giveft by elements of the density matjix’

In practical applications, it is convenient to use the mul-
tipole moment in an arbitrargpace-fixedSF coordinate. If
the polar angles of the™® axis in the SF coordinate are
= (M- & I My * (e M- €[ IiM{ ). (2) (6,,¢p), the multipole moments in the two frames are re-

Mt lated as follows?

(MidiM;|O[n M/ )

The subscripf indicates the states reached by absorption.
is the dipole moment operator a&ds the unit vector for the
electric field of the light. For linearly or circularly polarized
light, the polarization directioi (linearly polarized light or
the propagation directiok (circularly polarized lightcan be _ & (SPC,.(0 7
chosen as the™® axis (probe laser photon fixed frame; PR Eq: Pq (SHCq( 6y, bp), 0

frame. Then, the operator in E@2) is expressed by
. . (1) (D) where D{§(¢,.6,,0) is the Wigner rotation matrix and
Fe=(-1rs e, (3) Ciq( 0, ¢p) is the modified spherical harmonics. Inserting
wheres=0 for linearly polarized light and=+1 for circu-  Eq. (7) into Eq. (5b), the following general formula for ab-
larly polarized light.r(Y) and (") are the spherical basid.  sorption intensity is obtained:
Then, Eq.(2) is transformed into

pék><PR>=§ P (SPDY" (¢y.60,.0)

- 1=c> P> py (SPCyq( 0y, ). (®)
(MIM;|OINIM] )= 8y w2 2 (NI M|r Y [midiM ) * SR e
[ IMf

1 , It is seen from Eq(8) that the expression for the signal

X (NI M|rIngiM{). @) intensity is separated into three part$) the geometrical

The matrix elements for multiphoton absorption can be obfactorsP, that are calculated from E¢6b), (2) the multipole

tained similarly. momentSpgk)(SF), and(3) the angular relation between the
Thus, Eq.(1) is expressed by PR and SF frames.
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B. Geometrical factors P, for two-photon transition final statesC{}) and C{{) are the corresponding expansion
|34 coefficients, respectivelyA and3, denote the projections of

Kummel et al3* and Docke?® provided the geometrical i . i
orbital and spin angular momenta onto the molecular axis,

factorsP, for two-photon transition in diatomic molecules in : , ) 5
the pure Hund's caséa). Here we consider the diatomic re(s)peEctlveIi/(.) For |Sst1aont;:e, n :jhe ce_tse)(j)f‘l'[ andC l.”. |Of
molecules in the intermediate coupling between the Hund’ "' qss( a and (10b) are described more explicitly as
caseqa) and(b). ollows:
1. General formula for the intermediate coupling |X,JiM;)=c{HX 2010 +cih X 2M4), (100
between Hund'’s cases (a) and (b) o o

By using Eq. (6b) and the two-photon absorption |C,3M ) =c{;)|C *TTy;5) + ¢4, |C Mgy, (100
formula3* the geometrical factors can be derived as follows:  As shown in Appendix A, Eq(9) can be simplified as

follows:
P=2> |2 2

MiM¢ | JeMe ne

Pe=(—1)"3(23;+1)\2k+ 1D, XXM y(RyM*
L (NI MAT- €I Me)(nedeM |- EnidiM;) |2 RT

Eng,—Ei—iTny/2—hv \ 11 R (1 1 T ( R T k
K3 s s —2s/\s s —2s/\2s —2s O
— WV i i i
: (119
The subscript$, e andi represent the final, virtual and initial T R J
states, respectiveI)F.neJe is the total homogeneous width of \\here
the virtual state.
In the intermediate coupling case between the Hund's (R) _ -
XN = —1)"im%iy23+1
caseqa) and(b), the wave functions of the initial and final (),fEQi =1 !
states are expanded by the Hund’s cé@ebasis, ] R ]
i f f *
. ccl)™, (11b
MMy =2 CHP(3 A s )i (109 (_Qi Q-0 Qg T
[9)
YR=D" (2R+1)
NdiMey=2 CEp(* *Agox )1, (10b) e
1 1
where ¢(*>"*Aq_s )i and ¢(*>"*Aq_y. )¢ represent X )G(Ae), (110
the basis functions in Hund's caga for the initial and the Ai=Ae A=Ay A=Ay

<anfSE|rg\lf)—/\elneAeSExneAeSE“S\le)—AJniAiSE>

G(Ap)= - 11
( e) % EneAe_ Ei—IFneAe/Z—hv ( d)
|
The notationY® corresponds ta2R+ 1T by Meyer® This simple relation has been obtained by Docker for the

pure Hund’s caséa) with linearly polarized light §=0).%°
However, this is generally valid for atoms and molecules in
the above casd$) and(ii).>” In Sec. Il B 3, the special case
of J;=J; and A;=A; is considered.

2. Simple cases

It can be seen from Eg§l1a—(110 that, in the follow-
ing cases, only th&=T=2 term is nonzero:

(i) the circularly polarized light,

(i) the linearly polarized light withd;  Jy, 3. A special case: Linearly polarized light with J ;= J;
(i)  the linearly polarized light with);=J; and A;# A;. and A;=A;

Therefore, in these cases, the relative values of geometrical |n this caseR andT of 0 or 2 provide nonzero values in

factors are given by the summation in Eq(113. From Eq.(110), we obtain
2 2 k R
Pk/PO=5\/2k+1x/2Ji+1(—1)Ji“f(23 _og 0) YR =(2R+1) )[G(Ai—1)+G(Ai+1)]
-1 1 0
" J J k 12 1 1 R
2 2 3 TR+ oo o] BAD. (13
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Therefore, the ratio between perpendicular and paréallg) . ® )
transitions[ G(A;— 1)+ G(A;+1)]:G(A;), must be known gk:<TkO(VF)>J’M’:f po (VF)dw,, (180
to calculateP,:P,:P,. [If the transition involves?S*'3,, .
state, special attention should be paidpA ), see Appen- 9(K,02) =(Ty—q,(VF)C3q, (6, b)) a1 ur
dix A.] G(A,) can be determined experimentally or compu-

Equation(11b) shows that the relative geometrical fac- P=0,(VF)Cog, (- b0y, (189

t_ors depend generally on the coupling cases ir_1 the i_nitial a”@/herequ(VF) andpgk)(VF) are the state multipoles and the
final states. However, i§; is large, such consideration be- myitipole moments in the VF frame, respectively. In general,

comes unnecessary. FB=0, Eq.(11b) is simplified as
x0=3 cyeg”. (14)
Q

For R=2 andJ;>();, the 34 symbol in Eq.(11b can be
approximated by

J o2 3 1

— 1\~ ) ~— —
(—-1) V2J,+1 0, 0 Qi) > (1539
(—1)Ji‘9i\/2J-+1( o2 Ji)~o (15b)

iTH o0, 1 0,7

Here we do not consider the cases in whith-3;==*2 or
the spin quantum numbe&=2. For largelJ;, therefore,

1 o
x?~->3 cfey " (16)

Thus, the relative values of geometrical factors can be ob-

tained by using the following values in EqL13):

X®=1 X®=-05. (17

C. Signal intensity in 3D experiments

1. General formula

We define the dissociation laser photon fixed fraiibé

frame by choosing th&®' axis along the polarization direc-
tion of the dissociation laseE(;s). Using the recoil velocity

direction as thez axis of the molecule-fixedframe (VF

frame, the quantal form of the multipole moments in the DI

frameis expressed By

1
P (0r. 0= 7~ (gkc:q<0t,¢t>+2q22 g(k,)
xogk)qm,et,0>DE,?2<¢t,et,0)) (189
1
1 (gkckq( 9t,0)+2% g(k,qy)

xdg? g (61 dga ( eg) e (18b

=Dy (8)e'9%, (189

where @;,¢;) are the polar angles of the recoil velocity i
the DI frame g, andg(k,q,) are the expansion coefficients

p{O(VF) are the functions of the transition dipole moment
direction (6;,,¢,) in the VF frame'® The following relation
was used in obtaining Eq18b) from Eq. (183);

DK (e, 6,x)=e"m¢dM(g)enx, (19

In Eq. (180 we defined a new quantify{”(¢,) that we
may call reduced multipole moments. It is independent of the
choice ofX axis in the DI frameﬁgk)(at) can be expressed in
an equivalent form as follows*

pgk><0t>=5{ckqwt,@ng;z(2k2+1> 0 q - q)
L 0g(ka)|. (20
X _q( 64, , .
9o —0s 0 ko q( V)0 a2

Since the multipole momem{?(6,,4,) has the following
property’? (see Appendix B for the propf

Py (81,80 =(—1)%X3(6:, ). (21)
the reduced multipole moment has a similar relation:

P (0)=(—1)BX(6). (229
Another property op{’(6,) also should be noted,
e =00 = (= 1) By (6y). (22b)

Now we turn to the calculation of the signal intensity for
linearly or circularly polarized probe laser light. It is noted
that the anglap, in p{(6;,4y) is defined relative to th

Z"(E )

X

n FIG. 1. Dissociation laser photon fixed frartiel) employed in the calcu-

lation of signal intensity. Th&P' axis is along the electric vector of linearly
polarized dissociation laser. The symmetry axis of the probe |a8Bmfis

that represent the vector correlation in the VF frame and args the PR framg lies in the XZ plane. HencezR axis is at polar angles

defined as

(6,,0). The polar angles for the recoil velocity are, (¢;).
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axis of the DI frame, and the choice &faxis is arbitrary. K+ 1

For the convenience of calculation, we define thatXrexis a(k,g,) = 2351 (Cx_ a,( 03 ,th)Czqz( 0 b)) o
is in the plane formed by the polarization direction of the

dissociation laser beanZP' axis) and the symmetry axis of

the probe laser beanz (R axis) (see Fig. 1 Using Eq.(22a), 2k+1 c 6,0)Caq (6,0
we simplify Eq.(8) as follows: 2J+1< -0, 03:0)C24,(6,,.0)
x €92~y (25b)

161, )= Pk p(6c, 1) Crgl 6p,0)
R Y] Pa (0P Cral Bp where ¢ ,¢;) and (¢, ,¢,) are the polar angles dfand u

in the VF frame, respectively. The symbt-), . denotes
—CE Pk( 598 Crol 6, ,0) the average of the functions inside with the polar angles as
integration variable$® The x axis of the VF frame is chosen
in the plane defined by andv for the convenience of cal-
+ E (P47 (8;) Cq( 0,00 719 culation. The azimuthal angle of the dipole momept,, is
always zero in this convention.
, It is interesting to note that the multipole moments at the
+P%(0) Cr— g ﬁpyo)e'q¢t)) recoil direction @, ,¢,) are generally different from those at
(77— 6;,¢;) and (6;,27— ¢,), although the flux of the frag-
ments for these directions are the same. We consider the
—CE Pk( (6 Cro(6p,0) polarization direction of dissociation laser perpendicular to
the symmetry axis of the probe laseEs . 29, i.e. 6,
=m/2 in EQ.(233. Cyy(/2,0) are nonzero only whek-q
are even integers. Using Eq22b) and(233), the differences
of the signal intensities are

+2EO Ciq( 0, 0)Re(e 194509 eo)) :
q>

(239
(0, @) =1 (m— 6;, )

where Ré --) represents the real part of the function. For
0#p=0, Eq.(8) becomes =2¢ E Pkckq(ﬂ'/z O)Rd(ﬁ(k)(at) ~(k) (ot))e*iq(bt)

I(Ht,¢t)=CEk Pbol(6)  (6,=0). (23b —4c E PiCiq(7/2,0Im(BX(6))sinag,.  (26)

Equations(233 and(23b) are the basic expressions for 1(6;,¢) —1(6y,27— ¢y)
the signal intensity in 3D imaging experiments. The reduced
multipole moments are expressed dpyandg(k,i) that are =2c E PiCiq 9p'0)Re((efiq</>t_eiqsbr);;gk)(gt))
more essential in describing the vector correlation in the q>0k
velocity-fixedframe. When using linearly polarized light,
two-photon absorption can determine the following coeffi-  =4c E PiCql p,O)Im(p“‘)(ﬁt))sin gy, (27)
cients:

. o where Int---) represents the imaginary part of the function.
92.94;  9(0,0,9(2i), g(4i) =012, (24) Equations(26) and (27) show that the probability distri-
butions of the projection of fragment angular momentum
where g, and g, represent the/—j two-vector correlation, onto theX or Y axes are not equal for the recoil directions
g(0,0) is related with the anisotropy paramegerandg(2,)  (6:,¢y) and (m— 6;,¢) or (6;,¢¢) and (6;,27— ¢). (An-
and g(4,) represent theu—v— triple-vector correlation. other way of the explanation is given in Appendix) C.
When circularly polarized light is used, the signal intensity is ~ Similar effects on the Doppler profiles resulting from the
sensitive to both the odd and even ranks of the multipolghonexistence of symmetry plane in the molecule-fixed frame,
moments, so that all the coefficierdg andg(k,i) up tok  or chirality, have been discussed previodsfyThe discus-
=4 can be determined by two-photon absorption. sion presented above, however, is simpler. It is also seen
WhenJ is much larger than unity and only the low ranks clearly that the configuratiorEgssL z°™ in 3D and 2D ex-
of multipole moments are detected, the expansion coeffiperiments provide an easy way to probe this property.

cients defined in Eqg18d) and(18e can be approximated The following relations are also useful for calculating
semiclassically as follows: 2D images for the configuratioBgesl z"R
2k+1 (0, p0) +1(m— 6, )
9= Vgg71 (Pu(COS O3 (253 = 1(62m— )+ (7~ 6,2~ ) (283
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ZIM

=2c2k P 3(6,) Cio(/2,0)

+22, Cyq(m/2,0Re(pg’(0))cosady|. (28D ,
q>0
(Eatss)

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 angle @ L)
J— ! 1 1 1 1 -
and ¢, are equal, the expansion coefficients can be SIMg G, 2. Imaging framdIM) and the polar angles of(, ¢,) defined in the
plified as follows: DI frame. Thex, ZM 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
5 k+1 , , beam "R axis of the PR framis at polar anglesd}, ,w/2) in the IM frame
a(k,qz)= 2371 (Ck-q,(03,00C2q,(6,,,0) (not shown. (a) The polarization direction of dissociation lasefg is
along thez™ axis of the IM frame andb) the polarization direction of
< Cosngﬁj)y . (299 dissociation laserHgsg is along they axis of IM frame.
_ 2k+1 ,
9%= V2311 (Pi(€0803)) 571 - (29D p_ signal intensity in 2D experiments

For calculation of the 2D images, we defineiaraging
?r‘ame(lM) by choosing the axis perpendicular to the image
plane and thec andz'™ in the plane. In ordinary experimen-
tal conditions, the width of the time-of-flight distribution for

It means that the expansion coefficients are real number
Therefore, for the configuratioB sl z°F, using Eqs.(26)
and(27), we obtain

(7= 0, )=1(0,, ). (309 ©One particular ionic speciesn(e) is negligible, AT /Tio
o o <1. Then, the signal intensitM(X; ,Z;) is expressed by the

1(6,,p)=1(6,,2m— ¢by). (30p  following formula:

. i ‘ 1
Noting that N(% 7. :CJ'X'deJ’Z’HdzJ’ — T f(E(x,Y,z

( 1 J) X 2 Vt(X,y,Z) ( '[( Y, ))
9(k,q2)=d(k, —ap), (31
XI(Gt(xryaz)vd)t(xvyaz))dyv (34)

and Eq.(18b), the reduced multipole moment is calculated as

where §; ,Z;) represent the position of the pixel in 2D plane.
(Xi,Xj+1) and @,z;,1) describe the size of the pixel.
’ 1 ’ f(Ei(x,Y,2)) is the translational energy distribution andis
T,g >(9t)= yp (qu( 0,0+ 2dgo)(9t)C20( 6:,0)4(k,0) the recoil velocity of the fragments in the center-of-mass
(c.m) frame. (6,(x,y,2),¢:(x,y,z)) are the polar angles of
vy in the DI frame.l (6y(X,Y,2), $i(X,y,2)) is identical with
+2 Z Caq,( Ht,O)(d;'Qz( 6;)+(—1)9 the one in Eqs(239 or (23b). We have assumed that the
=12 multipole moments are independent f§E,(x,y,z)). A de-
® _ tailed explanation of the above formula can be found in Ap-
Xd—qqz(et))g(k!QZ) . (32) pendix D.
When thezPR axis (PR fram¢ is parallel to thez®' axis
Equation(32) can be written in another equivalent form by (DI frame), 1(6,(x,y,z),¢:(X,y,z)) can be calculated ac-

follows:

using Eqgs(20) and(31), as follows: cording to Eq.(23b) without the consideration of;. In
other cases$; must be taken into account. We use the con-
oy oy 1 5 k> vention that thez"R axis is in theXZ plane of the DI frame
Pe(00= 47 [ Cal 00T+ 22 (2ot Dl o (o] (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 #fiB axis is at the
polar angles ¢, ,7/2) in the IM frame. When th&™' axis is

K along thez™ axis of the IM frame[configuration(a) in Fig.

2 ) 2], the polar angles of velocity and treER axis in the DI

2 k k 3

2
X > (1+(—1)k k) (2k,+ 1)

az=1,2 0 g —q frame are given by

Kp=0,1,..

2k k ~ C0S = tan g=-2 35
1o o, O)ckzqwt,mg(k,qz)}. (39 N A G (359

d
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6,= 65, $p=0. (35h)

When thezP' axis is along they axis of the IM frame[con-
figuration (b) in Fig. 2], we have

v vy
COSf=——=—— tan¢,=—, 36
o '
0"_5_ 0y, 0<6p< X $,=0 (36b)

From Eqgs.(353—(36b), v,, v,, andv, represent the projec-
tion of v, on thex, yandz™ axes of the IM frame, respec-
tively.

IV. APPLICATION TO PHOTODISSOCIATION OF NO,
AT 355 nm

A. Geometrical factors for the  Q branch of NO (C 2II)

—«—NO(X °II)

As shown in Sec. Il B 3, whed;=J; andA;=A;, we
need to know the ratio ofG(A;—1)+G(A;+1)]:G(A;)
=1:Il to calculate the geometrical factdPg:P,:P,. In the

Mo, Katayanagi, and Suzuki 2035

z(ve )
O

7

\

__’ <«
Jo ¢

(N)

©
<

X

FIG. 3. Relation of coordinates in the VF frame employed for calculating
the multipole moments of NO in 355 nm photodissociation of,NThe
molecule is in thexz plane. The angular momentug@) of NO is either aty

or —vy direction, or distributed equally between thésee the discussions in
Sec. IV B. The angle between the direction of recoil velodity and tran-
sition dipole momentu) is 41°(*£3°). u is in the molecular plane.

(*£0.15. These assumptions provide a fixgd-»—J triple

present case, the following ratio has been obtained from thgector correlatior(Fig. 3) except the sign o} .

two-photon laser-induced fluoresceritd~) spectroscopy of
NO reported previousfy

1:11=1.0:0.22-0.0. (37)

For linearly polarized probe light, only even ranks of
multipole moments contribute to the absorption intensity.
From the comparison of Eq§25a), (25b), (298, and(29b),
it is easy to see that in the casemfJ and L J in the VF

From the oscillator strengths reported for one-photorfrgme, we have

transitions=® the following ratio is also deduced
1:1=1.0:0.14,

which is in reasonable agreement with E87).

(39

(429
(42b

0x=0k, Kk even,

g(k,9)=d(k,q), k even.

It should be noted, however, that the LIF intensity is [t means that using linearly polarized light the following lim-

possibly affected by predissociation in tli& state which
leads to an error in the estimation. In this sensz+ 1]

iting cases cannot be distinguished, e(@), ¢>j’ is positive,
(2) ¢; is negative, and3) the positive and negative values of

REMPI spectroscopy is expected to provide more accurate are equally probable.

estimation than two-photon LIF. We have simulated [tBe

The 355 nm photodissociation of NGroduces three

+1] REMPI spectra of NO at room temperature measure@pin—orbit states of 3p,), O(*P,), and O¢Py), therefore,

by Hippler and Pfaf%3°

1:1=1.0:0.2+0.1).

and found the following ratio:
(39

NO(?Il,;,,J=30.5f ) have three different speeds of, 632,
596, and 578m/s) in the center of mass frame, respectively.
The overall branching ratios have been reported to be

On the other hand, simulation of 2D images provided theO(P,):0(3P;):0(3Py)=1:0.19:0.03*% Although the ra-
following ratio as the best-fit parameter to the experimentatios of OCP;) corresponding to NG{l,,,J=30.5f )

data:
1:11=1.0:0.3. (40

Equation (40) provides the following geometrical factors
[from Egs.(113, (13), and(17)]:

Po:P,:P,=1:0.94:0.18, J;=30.5. (41)

B. The u—w—J vector correlation

We employed Dirac’ss functions to perform the aver-
aging in Egs(2538 and(25b). The rotational temperature of

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 N©.

In the simulation, 5, 5, and 200 points have been used
for the x, z andy directions in Eq.(34), respectively. The
images calculated for 66X 300 points were the same. The
width of the three energy components of NO corresponding
to O(?P;) counterparts were assumed to be 0.4 kJ/mol. The

NO, is extremely low in the molecular beam, so that thesimulation of each image took 15—70 min with an IBM RS/
conservation of angular momentum requires the angular ma&000 workstation(model 390.

mentum of NO to be perpendicular to its recoil direction

(vLJ) for high J. We assume that the angle betwaeand
absorption dipole momeni is 41°(+3°) or a bond angle of
98° (+6°) that provides anisotropy parametgr of 0.71

In Figs. 4A)—4(D) are the experimental images, and
Figs. 4a)—4(d) are the corresponding simulation by using a
forward convolution method. The sizes of the images are
200X 200 pixels for Figs. @A)-4(C), while 150
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tween 1170 and 1400 c¢m was 0.73(*0.2), in excellent
agreement with 0.71 (=0.195 obtained from the

Exp. NO(X 2I1,,,,j =30.5) images.

V. CONCLUSIONS

We presented the semiclassical formalism to analyze 3D
[Egs. (239 and (23b)] and 2D[Eq. (34)] imaging data by
including vector correlation. The geometrical factéts for
the two-photon absorption of diatomic molecules have been
presented for the intermediate coupling between Hund’s case
FIG. 4. 2D ion images of NO( 2I1,,,»=0,J=30.5f ) produced by 355 (&) and (b) [Egs.(11a—(11d)]. For linearly polarized light
nm photodissociation of NOmeasured with different pump—probe polar- with J;=J; and A;=A;, the geometrical factors depend on
ization configurations. The[2+1] REMPI via C(’l) state with the relative ratio of different transition pathways. However,
%f(féf’g'r? tu’;es?gilt;‘;g'r‘]:mp'oye(“’\)‘(D) are the experimental data, and 1ha factors are independent of the coupling cases for bigh

' and given by simple formula$Egs. (16) and (17)]. The
semiclassical treatment of angular momentum polarization
has been critically tested by comparing with the experimen-

X 150 pixels for Fig. 4D). The polarization directions of the tal data on NO from 355 nm photodissociation of NGood
dissociation and probe laser beams are also shown in Fig. agreement between theory and experiment demonstrates the
The good agreement between the experimental and the simualidity of our treatment.

lated images demonstrates the validity of our theoretical

treatment.

The pattern of the images can be explained as followSACKNOWLEDGMENTS
For theQ line, the geometrical factoi®, andP, are positive
[See Eq(41)]' so thatJ para”e' to the probe laser p0|ariza_ Y.M. thanks Japan SOCiety for the Promotion of Science
tion (E,,) is favored in probing. On the other haneltends (JSP$f_or a postdocto_ral feIIqwship. Financial support from
to be parallel to the polarization direction of the dissociationthe Ministry of Education, Science, Sports and Cult@en-
laser Eg) because of the positivg value. Therefore, for tract Nos. 08559014 and 094402@fhd the New Energy and
Egiss//Epr, the fragments scattered along tHgss cannot be Industrial Technology Development Organization are grate-
detected efficiently because dfLwlE,, [Figs. 4A) and fully acknowledged.

4(C)]. However, forEgissl Epy, the intensity along thE issis
increasedFigs. 4B) and 4D)].

In order to ascertain the anisotropy paramegefree = APPENDIX A
from thewv—J correlation, the image of GP,) shown in Fig. . . . .

5 was analyzed. By using Abel transform, the translational " this Appendix we derive the geometrical factors for
energy distribution angB(E,) were obtained. It was found tv_vo—photon. absorption of dlat?mlc molecules in the interme-
that 8 depends strongly on the translational energy. The cendiate coupling between Hund's cat® and (b).

. . l i -
ter of mass(c.m) translation energy release in producing e first assume that the electronic stafe, 'Y , is not
OCP,) and NOK 2IT,,,,j=30.5) is 1209 cm’. The aver- involved in the transition. We use the following conventions:

(1) A¢ is larger than or equal to zero, af® if A;=0, Q; is
larger than zero. The symmetric basis function of Hund's
case(a) has the following form:

Egiss I ° Epr Egiss *® Epr Ediss 'I Epr

age value ofg for the c.m. translation energy release be-

1
¢(25+1AQ=2+A)f:E (InfAfSE (M Q) +ap [nr— AS

_EfJfo_Qf>), (Ala)
where?®

INFA£SZ 1 ItM Q) =N A(SZ4)| ItM (L)1)

_ [2)¢+1 (Ip*
- 8772 DMfo(a!B17)|anfSEf>'

diss br

(Alb)
FIG. 5. Symmetrized 2D ion image of &R,) produced by 355 nm photo- ap==*1 = depends on the parity of the state.
dissociation of NQ. The polarization directions of the dissociation laser and (Alc)

the probe laser are vertical in the plane. The size of image <400 ) ) )
pixels. The wave function for the virtual states can also be written as
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1 L.
z,b(ZS“AQ:EM)e:% (INeA S eJeM Q) aE (Y5 A oy )P EP(PS M A gos 1 0)e)
Pe
+8p [Ne— AeS— S eJeMe— ). (A2) X(p(PZ A qos i 2)el P e p(®> TAqos 1 2)i)

o Assuming thaf g, is a space inversion operator, we ob- :2 %(1+ap apf(_l)JerJefZSJrlJrseJrsf)
ain ap, °
isprisp:—r, (A3) X(1+apeapi(_1)Ji+J672S+1+se+3i)
iS;J anfSEfJfoQf> X<anfSEiJfoQf|F'%'neAeSEiJeMeQe>

:(_1)Jf_s+sf|nf—AfS_EfMf_Qf>, (A4) X<neAeSEiJeMeQe|F-%|niAiSEi\]iMiQi>. (AG)
wheres;=1 for 3~ statess;=0 for all other state&? For Eq..(A6) to be nonzero, the following condition must be

Using Egs.(A3) and (Ad), the dipole matrix element fulfilled:
between two Hund’s cad@) basis can be expanded as ap(— 1)Jf+‘]e_23+1+se+sf:api(—1)Je+Ji_ZS+1+Se+si
(PP A gos e AP (S A g i 0)e) or equivalently,

:E (1+a a (_1)Jf+Jefzs+1+sf+se) apf(—1)Jf+5f=api(—1)3i+5i_ (A?)
2 Ps P . .
i We have the following selection rules for E@\6):

X(NiASEIM Q|- €[NASEIMefde). (AS) AJ=0,=2, allowed transitionse—e,f—f,

In derivi_ng the above formula we a_ssumed that the proj_ection AJ=+1, allowed transitionse—f f—e. (A8)

3, of spin S onto the molecular axis does not change in the

dipole absorption process for Hund's cdsg It is easily seen that there is only oag value, which makes
The two-photon absorption intensity is evaluated fromEq. (A6) to be nonzero. Thus, the summation is reduced to

the following product of two matrix elements: one term:

aE (PP Ao P PP T A os )PP T Aqos 2)el P el p(*> T Aqos 1 2)i)

Pe

:<anfSEi‘]foQf|F'%lneAeSEiJeMe‘Q’e><neAeSEi‘]eMeQe|F'%|niAiSEiJiMiQi>' (Ag)

For a diatomic molecule in the intermediate coupling between Hund's daseand (b), the wave function can be
expanded by Hund’s caga) basis[see Eqs(109 and(10b) in the main text Therefore, two-photon absorption strength is
expanded as follows:

E <\Iff||?'%|¢e><¢e||7'%|\yi>‘2
7 Ee—Ei—ild2-hv |

f)* i ~
= X chlcglce(Ch)t
QQ¢neAedeMeele

y (NtAFSZ (I Q[T €[ NeA ¢SZ 1JeM Qo) (NeA ¢SS JeM 2 - €M A SZ3 M )
EneAe‘]e_ Ei - | F“eAeJelz_ hU

f)* i -~
X > C(QE cg> Cq/(Ci)*

ra’"" A’ 1" '0’0!
QfQi neAeJeMeQeQe

X(”fAfSEf'JfoQfW' &NgALSE 1M (NEA LSS IM DT €A S M)
EnéAéJé_Ei_iFnéAéJé/Z_hv ’

(A10)

In Eq. (A10) we usedCq,_ to represent the expansion coefficients for the virtual states.
The geometrical factoP, can be calculated by using E() in the main text,
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_ <\Pf|r’%|¢e><¢e|r'%|q/i>’2 M
Pk_M%f ; E._E_iTJ2_ho |(_1)J' M2kt 1

i k J|
-M; 0 M;
- 3 cgg*cg;(cgf) CUN*PU(Q,0,04,Q)), (A11)
0:0{0;0/ '
where
P(Q5,9;,07,0/)
J k J
=> <—1>Ji-Mi( ) > Cq(Cq)*

M;iM¢ —M; 0 M NeAeJeMeQeQe

% <anfSEfJfM fo|F‘ %| neAeSEfJeM eQe><neAeSEiJeM eﬁe“)' %| niAiSEiJi M iQi>
EneAe‘]e_ Ei - | FneAeJe/Z_ hU

(NiA{SZ{IiM Q|- €A LS {IM QN (NLA LSS IM éﬁéh?- €[niA;S3] M, Q) *
Enary —Ei—iThyrg1/2=ho .

X CQ’(CE‘!')*
nALIIMIQD! € €

e e"e '‘e""e’ e

(A12)

In order to facilitate the integration, we employ thedy-fixedframe (BF):

F-%=<—1)Se£1;r‘s”<PR)=<—1>Se£1§q2 D& (.8, 7)r i (BF). (A13)
1

We have

2 C (C~ )* <anfSEfJfoQf|F'%|neAeSEfJeMeQe><neAeSEi‘]eMeﬁeh?'glniAiSEiJiMiQi>
- Q 0,

neAe‘]eMeQeQe EneAe‘]e_ EI - I FneAe‘]e/Z_ hv

E <anfSEf| rgll)| neAeSEf><neAeSEi|rglz)|niAiSEi>

JM e, d182NeAe Enag,~Ei—ilna g /2—ho

X Cq (C)* (IM QD [IeMeQe)(IM Lo D) [3iMi ). (A14)

We assume that the transition dipole moment is independent .
of the projectionA of the spinSonto the diatomic axis. We > [JeM)(JeMl= X Cq(Cq )*[IMeQe)
have JeMe JeM Q0o

X (I M Q| =1, Al6b
(A ST P2 neA oSS (N ST Ir I A, S3) (JeMefld (A16h)

_ (1) DIn A
_<anfSE|rq1 |neAeSE)<neAeSE|rq2 [MASE). wherel is the unit operator. Also by noting the property of

(Al5)  rotation matrices;
We neglect the energy differences due to the rotational quan-
tum numbers in the intermediate states, since these are smaﬂsg*(a,ﬁ,y)ogg(a,ﬁ,7)
in comparing with the energy differences due to different
1 1 R 1 1 R
S s —2s/\g; Qqp r

electronic configuration¥ We define a complete basis set 2
|JeMe>1 =< (2R+1)
(R)
[3Me) = Cq [IcMef2e). (A162) D25l y). (A7)
[N €

Using the closure relation, we obtéin Equation(A14) can be thus simplified to:
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>

q192

(NASE[r (Y INeA ¢S )(NeA SE[r (Y| A;SE) ap* @)
nz 2 <DMfo 25f b Q>

EneAe i IrneAe/Z hU

11 R)(l 1 R) (2J;+1)(23;+1)

X (2R+
e P q1 Q (87°)2
(NEAFSEIrE ) INeAeSENNeAESEIrY)_ iIniAiSE>( 1 1 R (1 1 R
:; Nehe Ena,~Ei—ilna 2=ho Af—=Ae Ae=Ai Ai=A¢/]\s s —=2s
X (— 1M~ G R R J23 D23+ D)(2R+ 1)
( -M; —2s M{/\—-Q; r Qg ! f
1 1 R 11 R
= G(A
PP e)(Af—Ae AemA, Ai—Af)<s s —23>
g 0 R R JJza (23,7 D(2R+1 A18
X (—=1)Mi— & i+ + +1).
O L e wllca 0, g VEIFDEIFDERD (A18)
Using Eq.(A18), we can simplify Eq(A12) as follows:
P (Q¢,Q;,0¢,Q)
EGAG*A 1R11T2R12T1 ! R
+ +
RTALA! (AG™( e) s —2s/\s s —25( A )Af—Ae Ac— A, Aj— A
1 1 T J, R I\[ I T J
X i+ +
Ai=AL AL=A; A=Ay @I+DEIFD] _o g0, q -0/ Q-0 Q]
, J ook 3\ 3 R J\/ J T
% —MIm QM=) )M o] _
M%f( 1) ( 1) 2k 1 _Mi 0 M|>(_M| _ZS Mf _Mi _25 Mf (Alg)
|
The summation oM in Eq. (A19) can be performed using ample, if a pathway is?S*1[1,-25"13,-2S*10], ,
the following equatiori* G(A,) for this pathwayshould be replaced byv2
Xv2G(0).
(2) However, for a pathway including the transition
ijl j2 js](is J1 je) 25t1y, 25150 no change is required.
ja Js je)\mMs mp mg
= 2 (—1)latiamistiatistie=m—my
my,M3,My
APPENDIX B
y Ji )2 Ja)(h Is 13)
mg m, —mg/\im, mg my From the definition of the expansion coefficiefitaye
j j j have
x| 2 40 ) (A20)
m2 m4 _m6

g(k7 - qZ) :<T;q2(VF)C,2‘7q2( 0;;, 1¢L)>J’,u.’

Thus we obtain Eqg11a—(11d) in the text. =(Ti_q,(VFIC3,(0, . #.)) 30 =0% (K,Q2).
Finally, the assumption that there is 013, state in-

volved in the transition can be removed by applying the fol- (BD)

lowing rules in the calculation,

(1) For pathway including the transitiof®* 13, ,—25* 111, , whereTk*qz(VF) is the state multipole in the VF frame.
G(A,) should be multiplied by a factor of2. For ex- The multipole momenp™)(6;, ) is
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P40, )

- 9 CE_o(0r, ) +22 g(k,qy)
471_ k k*q t» %t P 142

X D(,k()qfqz( d)t ’ 0t!O)D£)%|)2( ¢t ’ Ht!O) . (Bz)

We transform the second term in the above equation,
qE 9(k,a)D Yo (b1, 6,0DG (b1,6,,0)
2
=2 9(k,~q)DX,o (¢1,6,0DF ¢ (b(,6,,0)
a2

=(~ 17X 9" (ka2) Dy g, (b 60D, ($1,6,0).
2

(B3)
Thus, we obtain Eq(21)
p*3(0e, )
=% 9k(—1)Cyq( 0y, ) +2(—1)°
%2 ¢" (k62D g, (0, 0ODE (1,60
=(=1)%" (6, ¢). (B4)

APPENDIX C

First we note that the unit vectors for tley, zcoordi-

nates can be expressed by modified spherical harmonics

z2=Cyo( 05, %), (Cla
1
X:_ﬁ (C11(0;3,63)—C1-1(0;,¢7)), (Clb
i
y= v (C12(0;3,¢3)+C1-1(0;,¢7)), (Clo

Mo, Katayanagi, and Suzuki
Ciol 0 47)=2 Cap(6,.6,)Dty” (1.7~ 6.x7)

= % Cap(6), ,b1)(— 1) P, elPxi .
(C3)

For the excitation probabilities to be the same for VF
frames @, ,6;,xy) and (¢, 7 6;,xi) (the case ofulv is
not considered hejgit is required

(_1)peipr:eipxt or xy=xiEm. (C4

Therefore, the VF frame at Euler angles;(6;,x;) has the
same excitation probability with the VF frame at Euler
angles @, ,7— 6;,x;* m). However, the absolute projection
values of photofragment angular momentum ontoXhend

Y axis for these two frames are not equal in general. First we
note that

clq(eJ,w:; C1p(6),))DE" (¢, 6. x0)

=2 Cyp(65,¢))e9%d M (9,)€ePx,  (C5a
p

Caq( 0} ,¢§)=§ C1p(8), DY (dy 7= O, xi =)

= Cugl8h. S 11 0
(C5b

Using Egs.(C1¢ and (C5a), the projection of] onto theY
axis for Euler anglesd, 6;,x:) is

i ) ) )
” % Cip( 0], )P 4dD(6,) +e 7 4d ™) (6)].
(C69

For Euler anglesd; ,7m— 6;,x:* ), the projection ofl onto
the Y axis is

i . : :
o ' I\ al PXIT @l Pt (1) —idq(1)
where 0;,¢,) are polar angles of angular momentum in DI /5 % Capl65, by)ePN[ed,(0) + ey (6y)].

frame.

The projection of the transition dipole moment on the

(Céb

axis of the DI frame is related to the corresponding values irfFrom comparison of Eq¥C6a and (C6b), it is clear that,

the VF frame at the Euler angles{, 6; ,x:)
Clo<0ﬂ,¢u>=§ Cap(0),,0,)DG (.0, x0)
(C2

=§ Cip(0), . ¢,)d5y (8P,

For Euler angles ¢,,7— 6, x; ), we have

except in the case of;=0, 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 off onto the X axis for the two
frames are also not equal.

Similarly, it can be also shown that for two VF frames
with Euler angles &;,6;,x:) and (27— ¢, 6;,x:), the ab-
solute values of the projection dfonto theX andY axis are
not equal.
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wherev, is the product recoil velocity in the center of mass 141, D. A Siebbeles, M. Glass-Maujean, O. S. Vasyutinskii, J. A. Beswick,

(c.m) frame, f(E;) is the product translational energy
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