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The general form of the molecular frame photoelectron angular distributMREADS) for linear ground-
state molecules ionized by linearly polarized lighi) (is reported. A comparison between computed and
measured MFPADs as a function of the polar and azimuthal emission angles is presented for photoionization
of NO leading to thes I1 state of NO'. The importance of the azimuthal dependence of the MFPADs for the
determination of the symmetry of the states involved in the excitation and of the underlying photoionization
dipole matrix elements is demonstrated.
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Probing molecular-frame photoelectron angular distribudar frame, andé, is the polar angle of the molecular axis
tions (MFPADs) provides detailed dynamical information on with respect to the polarization axis. A comparison of the
photoionization processes through the determination of theomputed and measured angular distributib(&, , 6y, ¢y)
dipole matrix elementfl]. Taking advantage of dissociative is presented for the photoionization of NO leading to the
ionization, where the molecular orientation can be deterc *II state of NO' for a photon energy of about 24 eV, for
mined from the recoil direction of the fragment ion, signifi- which we have reported partial experimental results previ-
cant steps have been achieved recently towards complete eusly [12].

periments by measuring thé(g) photoelectron angular In the context of the present experimental approach, the
distribution for inner-shell excitation of molecules aligned MFPAD can take a simpler form than the one derived by

parallel or perpendicular to the linear polarization of the ex-Cherepkov and Rase¢@]. Namely, we choose the molecu-
citing light [2—4], where @ is the angle between the molecu- lar frame coordinate system with ttzeaxis oriented along

lar axis and the emission direction of the photoelectron. Rel® molecular axisn, pointed towards the NAatom. The

cent results have also been obtained for the polar dependen as “?S n Ehe p_Iane_ deflned_by the rnoleculm)_(an(_j po-
. . arization () directions, oriented in the direction of

of the MFPAD for valence shell ionization of oriented mol- .~ "= _ S L

ecules[5-7]. n—m(;-kr)r;). penl\nr}g thﬁ MFIF;AD in this frame leads to the

The general expression for the MFPAD was first given byremar ably simpie functional form

Dill [1], with the case of linear molecules later being dis-

cussed by Cherepkov and Rasd®\}, where the arbitrar

orientatioz betwegn the photon and molecular framesywas 1(6n 61 1) = Fool 810 + F 2ol 61 P3(COS6y)

considered. In particular, investigation of the azimuthal de- 1

pendence of thg MFPAD brings%ew information each time + F21(6y) P3(cosb,) cod ¢y)

the axial symmetry of the problem is broken. The effective- 2

ness of thg azimu¥hal analslsis in the description of a photo- +FoA 6 ) Py(cosbn)cod2¢y). (1)

ionization process has been illustrated by the study of rota-

tionally resolved angular distributions of electrons emittedThe F_n functions are partial-wave expanded in terms of the

from molecules aligned by optical pumpifi@]. The theoret-  gipole matrix elementﬁ'l'v'mi}'\:If [the definition used here con-

|cal. dgscnphon .Of thg MFPAD has aiso been glven.for'Augertains an additional phase factor of-(@)* relative to that

emission from fixed-in-space moleculd<] or photoioniza- ¢~ 4 in Ref [13]] as follows:

tion of molecules adsorbed on surfa¢é4]. ' ’

In this paper, we report a theoretical and experimental

determination of the complete angular distribution N

1(6,,6y,¢y) for photoionization of a ground-state diatomic Fun(6) =2 CLnPL/(cosy), (]

molecule induced by linearly polarized light, wher® (&) L

are the polar and azimuthal angles which characterize the

direction of emission of the photoelectrqu,in the molecu-  with
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whereM; and M; are the total orbital angular momentum statements. For & to 3 photoionization transition, thE
about thez axis of the initial(unionized and final(ionized and F,q distributions contain enough information to deter-
target statesm and u are the corresponding projected mo- mine all theT,,,, except for then phase. TheF o, and F 5
menta of the electron and the photan,s the degeneracy of functions can be obtained by measuring the MFPADs for the
the initial statec is the speed of light, an# is the photon 6,=0 and #/2 geometries, and; by measuring thed,
energy.u=0 and|u|=1 correspond to the parallel and per- =0.304r MFPAD. If only one of the initial and the final
pendicular transitions. Thug 8, ,6,,¢,) is fully described target states is 2 state, then a complete experiment is per-
by the four functions= y(6,), whose determination requires formed if one measures thé,=0, 6,=0.304r, and 6,
in general an analysis in the azimuthal angle. One interesting 7/2 MFPADs including thep, dependence, yielding g,
feature of the MFPAD form in Eq(l) is the simple depen- F,q, F,;, andF,,. Finally, if neither the initial nor the final
dence on the anglé, . By averaging ovep,, one can em- target states ar® states, measuring the fo#  functions
phasize thep, dependence for a particular value @f: does not provide in general enough parameters to determine
the Ty, elements.
(07) 0,) We present here the computed and measured MFPADs for
—11+D, cos( ) + D" cos 24y} photoionization of NOK 2I1[ 4025021 7*27']) leading to
(4)  NO™(c3M[40'50217%27]), labeled as process I. The
photoionization amplitudes are computed using the multi-
Photoionization of a linear molecule aligned parallel to thechannel Schwinger configuration interactioMCSCI)
polarization axis ¢,=0) restores the axial symmetryp¢  method15,16. The details of the calculation are the same as
=D,=0). On the other hand, analyzing the cag(Pdepen- in Ref.[16], except that we have used 17 channels compared
dence of the MFPAD for the perpendicular geometsy, ( to the 5 channel used previously. The 17 states of N®
=1/2), whereD,=0, provides direct insight into the sym- clude the 12 states listed in Table | of REf6] and 5 higher-
metry of the initial and final molecular states involved. If energy states that lead to the inclusion of important correla-
these states both ha¥e” or 3~ symmetry, the dipole matrix tion terms.
elements of oppositen and u values are equaIT'vI M The 1(6n, 0, ¢) angular distribution for process | has
TM Mf_M' leading to the reduced forni13]: |(¢k) been determined experimentally using thg ( ,v.,N) vec-

tor correlation method developed for the investigation of dis-
_(U/W)Cosz(d’k) If either the initial or final target states ha sociative photoionization of diatomic molecules by linearly

o)

1)) =

3* sme'\;netry and the other ha~ symmetry, theriT | polarized ligh12]. Briefly, it consists here in measuring the
=-T '_mf_ leading to 1(¢y) = o/ sirf(¢). In general vnT and v, velocity vectors of the N fragment and the

when one or both of the initial and final target states do nophotoelectron emitted from the same event involving predis-
haveY symmetry, there are no simple values for k. sociation of thec ®I1 state:

Finally, analyzing the cosgf) dependence of the MFPAD for

any geometry where the molecular axis is neither parallel nor NO+hw(f)—NO™(c 3I1)+e—N"(3P)+O(3P) +e.
perpendicular to the polarization gives accesstthe rela- 5)

tive phase between the=0 and|u|=1 matrix elements.

Possibilities to obtain this type of information were dis- The experiment was performed at the synchrotron radiation
cussed recently in the study of inner-shell excitation of COfacility Super ACO(LURE, Orsay in the 22—25 eV photon
[14]. Here, we define this phase as=arg(T,00/T2-11, energy range. The velocity spectromefé®,17] combines
and we use the magic angle geometéy € 0.3047) to rep-  the ion and electron time-of-flight resolved coincidence tech-
resent the case in which, is different from 0 andm/2. nigue with position-sensitive detection yielding & éollec-

We now consider the possibility of a “complete” experi- tion of ions and electrongl8,19. The (N",e), coincident
ment allowing for the determination of tig,,, apart from  events are selected using the ion-electron kinetic-energy cor-
an overall phase. The limits imposed by the use of linearlyrelation[12]. Within the recoil axial approximatiof20], the
polarized light, however, prevent one from determining theset of angles determined experimentalfyé, 6e, be) [12],
overall sign of the relative phases that will be achieved ifyy+ being the N' emission angle with respect to the polar-
circularly polarized light is usefB]. A close examination of ization and @.,¢.) the polar and azimuthal electron emis-
the number of independent parameters leads to the followingion angles with respect to tlig+ vector, identifies with the
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FIG. 2. The MFPADs for process | corresponding to fhg,

17 ELiﬁ:\éITICI?:FSLgI(cag?cﬂﬁzggr?r:wfgrzgrgcs\jéglgtgt;ip':exi”n’lngft: at given in Fig. 1. The arrows indicate the direction of the polarization
hvy=23.64 eV; dashed line: calculations convoluted with the appa-(n)' The computeda and experimentalb) parallel, magic angle,

ratus function. Theory and experiment are normalized such that th%nd perpendicular MFPADs are shown.
total photoionization cross sections are identical.

frame. For the parallel transition, the dominant shape of the
three angles 4, , 6y, ®y). Here we report the(6,,0,,d\) angular distribution is that of do wave, whereas the per-
angular distribution for process | in the form of the four pendicular transition exhibits an angular distribution charac-
Fin(6y) functions defined by Eq(l). These are extracted teristic of ad« wave, where only the lobes in theh(n)
from the Fourier analysis i, as a function off, of the  plane are populated. The strong anisotropies observed sup-
(6, Pv) 0, angular correlation histograms of the (%), port a posteriorithe assumption of a fast predissociation of
events, defined for specifié, selections of the molecular the NO"(c) state and the axial recoil approximation. The
axis orientations. Here we derived the foery(6,) func-  shape of the MFPAD at the magic angle lies in between, and
tions using the following relationships, after integration overthe significant backward-forward asymmetry in th@, )

the 6, intervals indicated: plane carries the information about thephase. The very
good agreement between experiment and theory for the
lo—18d O, Pi) = 2F ool Ok) + 4F 2o 6)) COL 2 by ), dominant features of the MFPADs was only achieved with
the larger 17-channel calculation. In particular, the MFPAD
10 90/00- 18d Ok » Pk) = F ool Ok) = F 21( 6 ) cOK i) for the perpendicular geometry is very sensitive to the corre-

lation included in the wave function. Such a relatively weak

+2F2A 0 cod2 ), ionization channel is indeed more sensitive to interference
_ ffects with amplitude coming from other channels, and thus
l'6o- =F —0.37F € . . .
60- 120 0h) = Fool 6k 2o Ok to the correlation that induces the coupling between channels
+ 2.7 55 6,)co 2 ). 6 [22].

The remarkable azimuthal dependence of the MFPAD for

In this study, we compare the experiments performed at ghe perpendicular geometry is close to a%efsdistribution.
photon energy of 23.64 eV, with the 25 eV Calculations,A pure coé b behavior would be expected if th;e_H_ scat-
which represent a comparable excitation energy above thgring continuum had exactly the same interaction with the
vertical ionization potential of thB’ 12+ state, estimated at target as the77_1 continuum and if the cross section for
23.2 eV experimentally21] and at 24.5 eV in this calcula- exciting thell_; ion state from thel. ; initial state were
tion. The measuredr y(6) compared with the computed zero. These conditions are indeed nearly satisfied. This result
values, as well as with the theoretical results convoluted withindicates that process I, for which the initial and the final
the apparatus function, taking into account the instrumentqlarget states arH states, behaves likeX" to 3+ transition,
widths [17], are presented in Fig. 1. The main oscillatory consistent with the creation of thes4® hole in the excited

structures observed experimentally are very well predicteq 31 state while the z electron acts essentially as a spec-
by the calculations, although some quantitative disagreement . M .

persists between the experiment and the convoluted theorgf’.‘tor' This enables us to extract ﬂﬁgww dipole matrlx.ele-
These may be attributed to an imperfect description of th&n€nts from the measuréeho, Fao, F22, andFy, functions
apparatus function, or to the sensitivity of the calculation toSSUming that the only rsﬂqazeron’\lﬂpole matrix elements are
the photon energy and the channels included in the wavthose withM;=M and T, =T 1" . The magnitudes
function. The corresponding three-dimensional representaand phases of th&,, obtained by fitting the sets of the
tions of the measured and calculated MFPADs for the paral€, /, y coefficients using the assumé&d” to 3 symmetry

lel, the magic angle, and the perpendicular geometries arare displayed in Fig. 3. The difference between the computed
presented in Fig. 2. They illustrate the strong evolution of theT,,,, and those obtained by fitting the truncated sets of the
MFPAD with the polarization direction in the molecular C,, y is fairly small. TheT,,, obtained from fitting the
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T T T —70.25 the experimentalF |\, functions show a pattern of agreement
with the computedT,,,, similar to that obtained from the

- 04r 0.20 convoluted theory. This figure gives the two best fits for the

g 03k 015 experimentally determine@, .,  that are characterized by

= the root mean squardRMS) of the deviation from the ex-

£ 02} 0.10 perimental values divided by the experimental uncertainties.

- Finally, we note that the; phase is computed to be 0.16, in
01 0.05 good agreement with the experimental value of 0.26 from the
00 RMS=10.36 fit.

In this paper, we have reported a theoretical and experi-
mental determination of the complete angular distribution
I (65,6, for photoionization of a diatomic molecule in-
duced by linearly polarized light, and we emphasized the
new insight gained into the photoionization process by the
determination of the azimuthal dependence of the MFPADSs.
The cos,) dependence gives access to the relative phase
between parallel and perpendicular transition matrix ele-
ments, whereas the cogtd dependence characterizes the
initial- and final-state symmetries. For photoionization of
/ / NO to thec °II state of NO', the good agreement achieved
between the computed and measured MFPADSs, for any ori-
entation of the molecule with respect to the polarization axis,
emphasizes the important role of the electronic correlation.
spectively, derived fronti) the calculation(filled squarey (ii) the Tlhe aZImuthaI dependence lo.f th.enzl\gFFPAg JrShOWS thatﬁ.he
calculation convoluted with the apparatus functi@pen circles: e.ec"of‘ IS a.l spectator resulting | to type tra.nSI- .
RMS=3.51, filled circles: RMS-3.50, and (iii) the experiment 10N With this assumed symmetry, a complete experiment is
(open triangles: RMS 11.41, filled triangles: RMS 10.36. The p_erformed in the sense that all the_ moduli and phases of the
phases are given after subtraction of the Coulomb phase gh#fts dipole matrix elements are determined.
and are relative to the phase B _, ;.

Oy~ 6214 (radians)
N

FIG. 3. The magnitudes and phases ofThg, matrix elements:
computed(open squargsand obtained by fitting th€, , \ param-
eters including terms up tb’=7 and 6 forN>0 andN=0, re-
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