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Orientation-angle-resolved photoelectron angular distribution in dissociative
ionization of methanol induced by an intense ultraviolet laser pulse
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We investigate dissociative ionization of methanol, CH;OH — CH3* + OH + ¢~ in a linearly polarized
intense ultraviolet laser field (400 nm, 67 fs, 3.1 x 10'*> W/cm?) by photoelectron-photoion coincidence three-
dimensional momentum imaging. The photoelectron angular distributions (PADs) are recorded as a function of
the orientation angle between the molecular C-O bond axis and the laser polarization direction. Photoelectrons
are emitted dominantly along the laser polarization direction when CH;OH™ is produced in the X state via
the four-photon absorption. By contrast, the photoelectron emission becomes prominent along the direction
perpendicular to the laser polarization direction when CH;OH™ is produced in the B state via the five-photon
absorption. The orientation-angle-resolved PADs are expanded in terms of spherical harmonics in the laboratory
frame, and then the anisotropy of the PADs varying as a function of the orientation angle of the C-O bond
axis with respect to the laser polarization direction is examined quantitatively. We discuss how the shape of the
molecular orbital from which an electron is emitted is reflected in the recorded PADs.
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I. INTRODUCTION

When molecules are exposed to an intense laser field, a
variety of dynamical processes such as molecular dissocia-
tion [1,2], high-order harmonic generation [3,4], and multiple
ionization [5] are induced and associated with photoelectron
emission. In the strong field limit, a photoelectron tunnels
through the barrier of the distorted Coulomb potential along
the laser electric field (E field), and the freed electron is driven
by the subsequent E field. Therefore, when the laser polariza-
tion is linear, the final photoelectron momentum p,,.. becomes
parallel to the E field. In the weak field limit where only
one-photon absorption is possible, the photoelectron angular
distribution (PAD) can be described well in the molecular
frame (MF) independent of the direction of the E field, and
consequently, the amplitude and phase of the photoioniza-
tion transition matrix elements can be evaluated from the
molecular-frame PADs (MF-PADs) [6-10].

However, as the laser field intensity increases, the MF-PAD
starts exhibiting dependence on the alignment or orientation
angle between the molecular axis and the E field. Therefore,
the ionization process cannot be characterized by the MF-PAD
unless the molecular alignment or orientation with respect to
the E field is specified. In this study we focus on the photo-
electron emission processes of molecules in the intermediate
laser field intensity range of 10'2-10'3> W/cm?. In the case
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of polar molecules, we need to reveal the variation of a MF-
PAD as a function of the orientation angle of the molecular
axis with respect to the E field, which is called hereafter an
orientation-angle-resolved (OR) PAD.

In the intermediate laser field intensity range, the alignment
dependence of the photoelectron images was investigated by
the velocity map imaging method for CS, [11], N,, CO,,
and C,Hs [12] and by cold target recoil ion momentum
spectroscopy for H, [13]. In these studies the dependence
of the PAD on the extent of the molecular alignment was
investigated by assuming that the MF-PADs are cylindrically
symmetric with respect to the laser polarization axis even
though this assumption is not always valid. Therefore, the
dependence of the MF-PADs on the molecular orientation
needs to be examined.

In our previous study [14], by the photoelectron-photoion
coincidence (PEPICO) three-dimensional (3D) momentum
imaging method, we recorded MF-PADs for dissociative
ionization of methanol (CH;0H — CH3;" +OH 4 ¢7) in a
linearly polarized ultraviolet (UV) laser field (398 nm, 8.9 x
10'> W/cm?). By taking advantage of the fact that the UV
photon energy is large enough to separate electronic states of
methanol ions in the photoelectron spectrum, we revealed that
the direction of the photoelectron emission tends to be parallel
to the CH;™ recoil direction for the four-photon ionization
to the X state of CH;OH™' with the subsequent excitation
to higher-lying states above the dissociation threshold, while
it tends to be perpendicular for the five-photon ionization
to the B state. In addition, for the ionization to the B state,
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we revealed that the yield of photoelectrons emitted in the
direction from the carbon (C) atom to the oxygen (O) atom is
larger than that in the direction from the O atom to the C atom.
However, because the number of the accumulated events was
not sufficiently large to obtain the orientation dependence of
the MF-PADs, we obtained the MF-PADs averaged over the
orientation angle to discuss the dissociative ionization path-
ways of methanol in the UV laser field.

In the present study we investigate photoelectron emission
dynamics of methanol by accumulating a sufficiently large
number of coincidence events to extract the MF-PAD as a
function of the orientation angle defined as the angle between
the laser polarization direction and the molecular axis. On
the basis of the OR-PADs obtained using the PEPICO 3D
momentum imaging method, we reveal that the OR-PADs
are not cylindrically symmetric with respect to the laser po-
larization axis and that multiphoton and tunneling ionization
processes compete. Furthermore, we discuss how the shape
of the molecular orbital from which an electron is emitted
is reflected to the resultant OR-PAD when the laser field
intensity is in the intermediate regime.

II. EXPERIMENT

Linearly polarized UV laser pulses (400 nm, 67 fs, 0.1
mJ/pulse, 1 kHz) obtained by the frequency doubling of out-
put pulses of a Ti:sapphire amplifier system with a S-barium
borate crystal (0.2 mm thick, type 1) are focused by an un-
coated aluminum off-axis parabolic mirror (f = 200 mm) on
an effusive molecular beam of a pure methanol (CH;OH)
vapor at right angles in an ultrahigh vacuum chamber (base
pressure ~2 x 1078 Pa). By the adjustment of the diameter
of the UV beam using an iris, the laser-field intensity at the
interaction point is set to be 3.1 x 10" W/cm?, which is
estimated from the ponderomotive energy shift of 0.46 eV
in the photoelectron energy spectrum of Xe. This estimated
intensity is regarded as that averaged over the volume around
the focal point. The focal spatial profile is imaged onto a
charge-coupled device (CCD) camera using a plano-convex
lens (synthetic fused silica, f = 166.32 mm at 400 nm) with
a magnification of 3.1 and is measured to be 9 um radius
at the 1/e? intensity. The diffraction fringe is not identified
in the recorded image. The corresponding Rayleigh length
is estimated to be 0.6 mm. Because the PADs recorded in
the present study is almost the same as those recorded at
the different laser field intensity of 8.9 x 10'> W/cm? in our
previous study [14], the influence of the focal volume av-
eraging on the PAD pattern is considered to be negligibly
small.

A photoelectron and a photoion generated in each laser
shot at the focal point are extracted to the opposite directions,
both of which are perpendicular to the laser propagation di-
rection as well as to the molecular beam, and are focused
respectively by electrostatic lenses on the position-sensitive
detectors (RoentDek HEX80). The electric field at the focal
point along the extraction directions of ions and electrons is
5.2 V/mm. The momentum resolution of electrons and ions
is governed by the Rayleigh length (0.6 mm) of the focused
laser beam which is half as wide as the molecular beam
diameter estimated by changing the focusing position in the
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FIG. 1. Energy-resolved MF-PAD Fg (Ocjec, Eelec) for CH3* for-
mation, where 6. is the angle between the momentum vector of
a photoelectron and the recoil vector of CH;* and E. is the pho-
toelectron energy. The energy ranges of 0.2-0.6 eV and 0.8-1.2 eV
are assigned to the five- and four-photon ionization to the B and X
states, respectively. The stereographic drawings of MF-PADs in the
respective energy ranges are shown in the right-hand side. In these
stereographic drawings, the yields are normalized by their maxima.

direction perpendicular both to the axis of the effusive beam
of a methanol vapor and to the laser propagation direction.
We find CH;0H*, CH,OH™, CHOH™, HCO™, and CH;™ as
the product ion species, but we focus hereafter on the disso-
ciation channel from which CH3% is produced. The angular
resolution of the CH3* recoil at the kinetic energy of 0.3
eV is confirmed to be less than 3°. The angular resolution of
the photoelectron emission at the kinetic energy of 0.45 and
1.06 eV is estimated to be less than 3° by taking into account
the temporal resolution (25 ps) of the time-to-digital converter
(RoentDek TDC8HP) in the data acquisition system. The
event rates of the detection of ions and electrons are kept at
around 0.3 events per laser shot to secure the coincidence
detection. The 3D momentum vector of the photoelectron p, .
and that of the photoion p,, are determined from their arrival
times and two-dimensional (2D) positions on the detectors.
In order to collect a sufficiently large number of coinci-
dence events for the construction of OR-PADs, we accumulate
about 1.2 million coincidence events for the CH3z ™ formation
channel, which are 13 times as large as the event numbers
accumulated in our previous measurements [14]. More de-
tails of the experimental setup can be found in our previous
reports [2].

III. RESULTS AND DISCUSSION

A. Energy-resolved molecular-frame PAD

From the accumulated events, the energy-resolved MF-
PAD Fg(Bciecs Eeclec) for the CH3* formation channel are
extracted as shown in Fig. 1, where 6. is the angle be-
tween the momentum vector of a photoelectron, p.., and
the recoil vector of CH3%, p, ., and E.j is the photoelectron
kinetic energy. The vector p,,,, is considered to be the direction
from the O atom to the C atom, that is, parallel to the C-O
bond axis of CH3OH, under the axial-recoil approximation
because the C-O bond dissociation, proceeding within 500 fs
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FIG. 2. Energy diagram of CH;OH™. The horizontal bars on the
left side indicate the vertical ionization energies to the X(10.94 eV),
A (12.68 eV), B (15.19 eV), and C (15.66 eV) states of CH;OH*
measured from the electronic ground state of CH;OH [17]. The three
horizontal bars in the center represent the adiabatic ionization ener-
gies I, of the X, A, and B states, which are lower than the respective
vertical ionization energies by 0.1, 0.6, and 0.7 eV [18]. The ap-
pearance energy A, for the dissociation channel CH;* + OH (13.82
eV) [19] is also shown on the right side. The ponderomotive energy
U, at the laser intensity of 3.1 x 10"* W/cm? is U, = 0.46eV.
The respective lengths of the two vertical red arrows represent the
photoelectron kinetic energies of E.j.. = 0.45 and 1.06 eV, while the
length of the vertical blue arrows represents the UV photon energy
of 3.10 eV.

in the singly charged state [15], is much faster than the period
of the overall rotation of CH3OH (around 20 ps) estimated
from the rotational constants, B and C [16]. Although the
dynamical alignment proceeds during and after the interaction
with a pulsed laser field, the axial-recoil approximation is
still useful to define the C-O axis at the moment of photo-
electron emission as will be quantitatively evaluated later in
Sec. I D.

As shown in Fig. 1, in the energy range around Ege. =
1.06 eV, the photoelectron is emitted predominantly along the
directions of 6. = 0° and 180°, i.e., the directions parallel
to the C-O bond axis. As shown in Fig. 2, the emission
of a photoelectron at Eg.. = 1.06 eV is associated with the
nonresonant four-photon ionization resulting in the formation
of the electronic ground state (the X state) of CH;OH™ [14]
as discussed before on the basis of the energy levels of the
electronic states of CH;OH™ [17,18]. Because the appearance
energy of CH3;™ [19] via the decomposition into CH;* and
OH is about 2.98 eV above the vibrational ground state of
the X state of CH;OH™ as shown in Fig. 2, the subsequent
electronic excitation from the X state is necessary for the
formation of CH3". Judging from the translational energy
distribution of CH3* produced via the X state recorded in our
previous study [14], CH3* is produced not only via the B state
but also via the higher-lying states prepared by subsequent
multiphoton absorption from the X state. As will be discussed
in Sec. IIID, the effect of the alignment-angle dependent
excitation probability is negligibly small so that the OR-PADs
can be discussed under the axial recoil approximation.

Meanwhile, in the energy range around E.e. = 0.45 eV in
Fig. 1, the angular distribution exhibits peaks around Bgjec =
90° and 180° as shown in the stereographic drawing of the
MF-PAD in Fig. 1, indicating that the photoelectrons are
emitted along the direction perpendicular to the C-O bond and
along the direction from the C atom to the O atom, respec-
tively. As shown in Fig. 2, the emission of a photoelectron
at Eeec = 0.45 eV is associated with the nonresonant five-
photon ionization, resulting in the formation of the second
electronically excited state (the B state) of CH;0H™, from
which the CH3* formation is energetically possible via the
decomposition into CH3 ™ and OH [14].

B. Orientation-angle resolved PAD

In order to derive the OR-PADs, we sort the events ac-
cording to the polar angle 6,1(0° < Gpo1 < 90°) of the E-field
direction measured from the C-O bond axis with the bin size
of 10°. The resultant OR-PADs are not cylindrically sym-
metric with respect to the C-O bond axis except at Gy, = 0°
as shown in Figs. 3 and 4, in which the x axis in the xyz
coordinate system (see the inset of Fig. 3) defined using the
E-field direction. Thus, the OR-PAD is defined by both the
molecular axis and the laser polarization direction, which
means that the OR-PAD has a mixed character of an MF-PAD
and a laboratory-frame (LF) PAD. The detailed descriptions
of the OR-PAD represented in this xyz coordinate system will
be given in Appendix A.

As shown in Fig. 3, the OR-PADs are obtained at the nine
different 6y, values with an interval of 10° with the integra-
tion range of Egec = 0.8—1.2 eV, corresponding to the energy
range of the four-photon ionization to the X state of CH;OH™.
At 0, = 5°, the photoelectrons are emitted in the direction
almost parallel to the E field as shown in Fig. 3(a). It is also
found that the yield of the photoelectrons emitted towards the
direction of p;,, is slightly larger than that emitted towards the
opposite direction of p,,,, that is, the yield of electrons emitted
in the direction from the O atom to the C atom is slightly larger
than the yield of electrons emitted in the direction from the C
atom to the O atom. As 6, increases up to 0,o = 85°, the
direction of the photoelectron emission follows the rotation of
the E field in the molecular frame so that it is kept to be almost
parallel to the E-field direction as shown in Figs. 3(a)-3(i).
Thus, in the four-photon ionization to the X state, it can be
concluded that the photoelectrons are predominantly emitted
along the direction parallel to the E field, irrespective of the
direction of p,,, in the laboratory frame, that is, the direction
of the C-O bond axis.

Figure 4 shows the OR-PADs obtained by the integration
over the photoelectron energy range of Ege. = 0.2-0.6 eV,
corresponding to the energy range of the five-photon ion-
ization to the B state of methanol cation. At Opol = 5°, the
photoelectrons are predominantly emitted in the direction al-
most parallel to the E field. Contrary to the corresponding
case in Fig. 3, the photoelectrons are emitted towards the
opposite direction from p,,, that is, the photoelectrons are
ejected in the direction from the C atom to the O atom more
preferentially than in the direction from the O atom to the C
atom as shown in Fig. 4(a). As 6, increases up to 6, = 85°,
the relative yield of the photoelectrons emitted in the direction
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FIG. 3. Stereographic drawing of OR-PADs experimentally derived at 6, = (a) 5°, (b) 15°, (c) 25°, (d) 35°, (e) 45°, (f) 55°, (g) 65°, (h)
75°, and (i) 85° for the photoelectron energy in the range between 0.8 and 1.2 eV, which is assigned to the four-photon ionization to X. The
angle between the recoil vector of CH3™ p,,, and the laser E field is denoted by 6. The yields are normalized by their maxima. The bin
size of 6, is 10°. Top: View from the positive x axis. Bottom: View from the positive y axis. Blue thick lines indicate the laser polarization
directions. Black and red circles are C and O atoms, respectively, and H atoms are omitted. The inset shows the xyz coordinate system and the

definition of 6,,. The z axis is along p,,,, and the E field lies on the zx plane.

perpendicular to the E field becomes comparable to that in
the direction parallel to the E field as shown in Figs. 4(a)—
4(i). Because of this perpendicular component, the OR-PADs
exhibit a shape of a deformed elliptic disk. At 6, = 85°,
the elliptic disk on the yz plane is slightly elongated along
the y axis, which is perpendicular to the direction of p;,
(the z axis) and to the E field (the x axis). This perpendic-
ular component along the major axis of the ellipse appears
as the peak at O = 90° in the orientation-angle integrated
MF-PAD at Ege. ~ 0.45 eV shown in Fig. 1. Thus, in the
five-photon ionization to the B state, the yield of the pho-
toelectron emission along the direction perpendicular to the
E field increases as 6,0 increases to 90° while the yield of
the photoelectron emission along the E field does not exhibit
sensitive dependence on 6.

C. Spherical harmonic expansion of OR-PAD

For quantitative discussion, we expand the OR-PADs by
the spherical harmonics Yy (655, ¢LF) as

Linax L

1
I (055 @hite: Opot) = ——=Copo) D > Bt (Bpal)
Van L=0 M=—L
X Yim (9611507 wglgc)’ (1)

with the expansion coefficients Bry(0po1), Where 655

and ¢LF are the polar and azimuthal angles of pg.,
respectively, in the orientation-angle-resolved laboratory
frame (OR-LF) as shown in Fig. 5. In the OR-PAD,
IFO5E., 5E 5 Opo1), Boo(Bpo) (L =M = 0) is set to be 1

and Cy(6p01) represents the total yield integrated over the

053118-4



ORIENTATION-ANGLE-RESOLVED PHOTOELECTRON ... PHYSICAL REVIEW A 107, 053118 (2023)

(a) ¢ (b) (c) (d)

N
o

— e, .
o
o
Normalized yield

©
o

FIG. 4. Stereographic drawing of OR-PADs experimentally derived at 6, = (a) 5°, (b) 15°, (c) 25°, (d) 35°, (e) 45°, (f) 55°, (g) 65°, (h)
75°, and (i) 85° for the photoelectron energy in the range between 0.2 and 0.6 eV, which is assigned to the five-photon ionization to B. The
yields are normalized by their maxima. The bin size of 6, is 10°. Top: View from the positive x axis. Bottom: View from the positive y axis.
Blue thick lines indicate the laser polarization directions. Black and red circles are C and O atoms, respectively, and H atoms are omitted.

HLF

entire ranges of O5F and gLF | which can be given using the that I"F(OLF | LF ; BOpo1) is real and is symmetric with respect

alignment-angle dependent ionization probability, W (6,01), as

CO(epol) = W(onl) sin epol' )

As seen in Fig. 5, the Z’ axis of the X'Y’Z’ coordinate system
is set to be along the E-field direction. From the condition

I LF (eelec ’ (pelec > 6P°1)

to the Z'X’ plane shown in Fig. 5, B4 (6po1) must be real and
satisfy the following relation:

ﬂL—M (epol) = (-1 )MﬂLM (Opol)- 3)

Therefore, Eq. (1) is rewritten using Bry(6p1) with
M > 0as

Lmax Lmax
1
«/_CO (GPOI) { Z ,BLO (GPOI)YLO eelec’ welec + Z Z :BLM (GPOI) Y LM (eelec’ (pelec) + (= I)MY L-M (Gelec’ (pelec)] }
4 L=0 L=1 M=1
1 Linax Linax
\/—CO (epol) Z Bro (epol)YLO (eelec’ welec +2 Z Z Brm (QPOI)Re [Y LM (eelec’ (pelec)] 4)
4 L=0 L=1 M=1
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O atom @

FIG. 5. Definitions of 5%, @i, and 6,y in the OR-LF with
the X'Y'Z’" coordinates. The Z’ axis is set to be along the E-field
direction. The CH;3™" recoil vector p,,, lies on the Z'X’ plane and
the directions of Z’ and X’ axes are defined so that the Z' and X’

components of p, , are positive and negative, respectively.

The expansion coefficients B (6po1) are obtained from the
OR-PADs by the procedure to be given in Appendix B. Fig-
ures 6 and 7 show the coefficients, Bim(Gpo)(1 <L < 4, 0 <
M < L), for the four-photon ionization to the X state and the
five-photon ionization to the B state, respectively. Using these
coefficients, Bra(Opo), of the OR-PAD, the photoelectron
emission dynamics is discussed in the following subsections.

D. Photoelectron emission parallel to the laser E field

As shown in the OR-PADs in Figs. 3 and 4, the photoelec-
trons tend to be emitted in the direction parallel to the E field
(65F = 0° and 180°) as well as in the direction perpendicular
to the E field (655 = 90°). In this subsection, we examine
how the photoelectron emission in the direction parallel to the
E field varies as a function of the molecular orientation angle
Opot- The tendency of the parallel emission is represented by

B20(Bpo1) and Bag(Bpo1), both of which are positive and whose

M= @0 A1 m2 3 04
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FIG. 6. Expansion coefficients By (6p01) [L =1 (a), 2 (b), 3
(c), and 4 (d)] as a function of 6,y for Ege. = 0.8-1.2 eV, which
is assigned to the four-photon ionization to X. Red solid circles, blue
triangles, green squares, yellow diamonds, and black open circles
represent M = 0, 1, 2, 3, and 4, respectively.
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rrrrrrrrrrrI LI B L BN |
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FIG. 7. Expansion coefficients By (6po1) [L = 1 (a), 2 (b), 3 (c),
and 4 (d)] as a function of 6, for the photoelectron energy in the
range between 0.2 and 0.6 eV, which is assigned to the five-photon
ionization to B. Red solid circles, blue triangles, green squares,
yellow diamonds, and black open circles represent M = 0, 1, 2, 3,
and 4, respectively.

absolute values are much larger than the other By (0p01) coef-
ficients as shown in Figs. 6 and 7.

We discuss the influence of the spatial distribution of
the canonical molecular orbitals, from which a photo-
electron is emitted. The molecular orbitals in the ground
state of methanol are calculated by employing density-
functional theory with the exchange-correlation functional of
the Krieger-Li-lafrate self-interaction correlation [20]. The
ionization to the X and B states is considered to take place
through the photoelectron emission from the 24" and 64’
molecular orbitals, respectively. The electronic configura-
tion of the ground state of neutral methanol, CH;OH, is
... (5d)*(1d")*(6a')*(7d')*(2a")*. As shown in Fig. 8(a),
the 2a” molecular orbital, from which an electron is emitted
in the ionization to the X state, has a nodal plane almost
perpendicular to the C-O bond. Therefore, when the E field
is perpendicular to the C-O axis (6,0 = 90°), the E field is
in the direction parallel to the nodal plane, resulting in the
suppression of the probability of the photoelectron emission at
Opot = 90° by destructive interference between the photoelec-
tron emission from the two lobes of 2a” having the opposite
phases [21,22].

Similarly the ionization probability at around 6,51 = 0° is
expected to be suppressed by the destructive interference in
the photoelectron emission because the 2a” molecular orbital
has another nodal plane containing the C-O axis in addition
to the nodal plane perpendicular to the C-O axis as shown in
Fig. 8(a). However, as shown in Fig. 9(a), the alignment-angle
dependent ionization probability W (6,01) obtained from the
angular distribution of the CH3™ recoil measured in coinci-
dence with photoelectrons in the energy range of 0.8-1.2 eV
exhibits a peak at 0, = 0°, showing that CH3" is predom-
inantly ejected in the direction along to the E field. This
seemingly contradicting situation at 6p, = 0° can be as-
cribed to dynamical molecular alignment [23], in which the
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(b) ) S

FIG. 8. Isosurface plots at 0.01 au [red (light gray)] and —0.01
au [blue (dark gray)] of the molecular orbitals (a) 2a” and (b) 64’
viewed from two different angles.

molecular axis is aligned towards the E field in the course of
the dissociation after the photoelectron emission [24]. There-
fore, the polarization angle 6, can be decreased from the
initial angle at the moment of the photoelectron emission to
the final angle recorded as the recoil direction of the CH3 ™
fragment ion. It was reported that the effect of the dynamical
alignment can be significantly suppressed by shortening the
pulse duration to be as short as 7 fs [23]. Indeed, the measured
angular distribution of the fragment ions exhibits a four-leaf
shape reflecting the shape of the 2a” HOMO. Therefore, we
can assume that the angular distribution of the molecular axis
is hardly blurred by the dynamical alignment in the 7-fs pulse.
The averaged recoil angle of CH3 " with respect to the laser

(@) (b)

75

90 i i 4 0 90
2 1 15 1 05

lonization probability
(arb. units)

lonization probability
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FIG. 9. Alignment-angle dependent ionization probability
W (6po1) experimentally measured as a function of 6, for (a)
E.. =0.8-12¢eV (the four-photon ionization to X) and (b)
Eeqee =0.2-0.6 eV (the five-photon ionization to B). Each plot
is the cross section of the 3D probability distribution, which is
cylindrically symmetric with respect to the E field.

polarization direction is 34.5° in the present study while that
obtained using the 7-fs pulse is 39.1° [23]. This difference of
4.6°(=39.1°—34.5°) in the recoil angle can be regarded as a
rough estimate of the extent of the dynamical alignment in the
present study. For the four-photon ionization to the X state,
the orientation-angle dependent probability of the electronic
excitation to the higher-lying electronic states above the dis-
sociation energy threshold can also be included in W (6p).

In the course of the accumulation of the ionization events
for construction of OR-PADs, the bin size of 6 is set to be
10°, which is larger than the extent of the dynamical alignment
discussed above. Therefore, the OR-PADs obtained in the
present study as a function of 6, contain the uncertainty of
around 10° in the direction of the molecular orientation, which
can be regarded also as the angular resolution in the present
experiment.

As seen in Figs. 3 and 4, the photoelectron emission in
the direction parallel to the E field exhibits asymmetry, that
is, the yield of the photoelectron emission towards the pos-
itive Z’ direction, corresponding to the electron emission in
the same direction as p,,, and the yield of the photoelectron
emission towards the negative Z’ direction, corresponding to
the photoelectron emission in the direction opposite to p;.,
are different to a certain extent. We define the asymmetry
parameter Pasym(6p01) Whose value is in the range of —1 <
Pasym(epol) g I as

P (9 ) S%F(onl) - S(%F(on]) (5)
aQ ] == N
YRR T SEE (Bpot) + S5 (Bpor)
where
S(lfF (gpol)
T AO
= [ e i) sin bt el | at
-7 0
(6)
and
56" (Bpol)
= [ et ottt sin . aeit ] .
- T—A6O
7

representing the yield of the photoelectron emission in the
same direction as p;,, and that in the direction opposite to p;,,
respectively. As the polar angle range A6 in the integration in
Egs. (6) and (7), we adopt A9 = 30° as shown in Fig. 10(a).
Note that the maximum and minimum values of Pisym(Gpo1),
that is, Paym(fpot) = +1 and —1, mean, respectively, that the
photoelectrons are emitted exclusively in the same direction
as p;,, and in the direction opposite to p;,,. At 0y = 90°,
the asymmetry parameter becomes Pigym(6p01) = 0 because
the photoelectron emission exhibits reflection symmetry with
respect to the X'Y” plane in Fig. 10(a) at 6,5 = 90°.

Figure 10(b) shows Pygym(6po1) in the two photoelectrog
kinetic energy regions. For the four-photon ionization to the X
state (Eglec = 0.8-1.2 V), Pasym(6po1) is positive in the entire
Opo1 Tange and takes the value of Pygym(6p01) ~ 0.1 in the range
of 6,01 = 25°-75°, indicating that the yield of the photoelec-
tron emission in the same direction as p,,, is larger than
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FIG. 10. (a) Definition of the angular range A6 in the integra-
tion for SEF (Byo1) (gray shaded range) and S5 (6y01) (red shaded
range). We adopt A6 = 30°. (b) The asymmetry parameters defined
in Eq. (5) as a function of 6,,. The red circles are for Ege. =
0.8-1.2 eV (the four-photon ionization to X) and the blue triangles
are for E..c = 0.2-0.6 eV (the five-photon ionization to B).

that in the direction opposite to p;,,. On the other hand, for
the five-photon ionization to the B state (Egjec = 0.2-0.8 eV),
Pagym (Bpo1) 1s negative in the range of 6,, = 5°—75°, indicat-
ing that the yield of the photoelectron emission in the direction
opposite to p;,, is larger than that in the same direction
as p;o,. When 6, = 0°-25°, Pygym(Gp01) exhibits relatively
large negative values of around —0.12, and as 6, increases
from 6, = 25° to 45°, the absolute value decreases so that
Pasym (Bpo1) becomes around —0.04 at 6,5 = 45°.

The asymmetry of the OR-PAD is described by the ex-
pansion coefficients such as B9 and B3y in Eq. (1) for the
spherical harmonics having odd symmetry with respect to
the inversion at their origins. When B10(6p01) and B30(6pol)
are positive, the probability of the photoelectron emission in
the same direction as p,,, is more enhanced than that in the
direction opposite to p;,,. On the other hand, when B;¢(6po1)
and B30(po1) are negative, the probability of the photoelectron
emission in the direction opposite to p,,, is more enhanced
than that in the same direction as p,,,. As shown in Figs. 6(a)
and 6(c), for the four-photon ionization to the X state, both
B10(Bpot) and B30(Gpo1) are positive in the range of Gy = 15°
—75°, representing that the yield of the photoelectron emission
in the same direction as p,,, is more enhanced than in the
direction opposite to p;,-

For the five-photon ionization to the B state, it is found that
B30(Opo1) 1s negative in the entire 6, range, representing that
the probability of the photoelectron emission in the direction
opposite to p;,, is more enhanced than that in the same di-
rection as p;,, and its absolute value decreases monotonically
as 601 increases. On the other hand, B10(Gpo1) takes negative
values in the range of 0, = 5°-35° and becomes almost zero
in the range of ,, = 55°-85°, leading to the suppression of
the asymmetry as shown in Fig. 10(b).

As shown in Fig. 3, the recorded OR-PADs shows that
the direction of the photoelectron emission is slightly de-
flected from the direction of the E field. In order to evaluate
quantitatively the extent of the deviation of the direction of
the photoelectron emission from the direction of the E field,
we accumulate the yield of the photoelectrons emitted in the

(b) 90 0
= c
& 60 ]
E o]
530 &
-90 0 90 180 270

() 90 . n
§’ 60 E
2 o
cDg30 E/
0 %)

(@ 4000

Yield (Counts)
= N
o O
o O
o O
1 1

5 photon, B i
0 T T I T T I T T i T T
-90 0 90 180 270
O (deg)

FIG. 11. (a) Definition of the Z” axis, which is on the Z’-X’ plane
and deflected from the Z’ axis by the deflection angle ®, and the
angular range A6’ in the integration for §’ (®; 6,,). We adopt A§’ =
30°. (b) and (c) 2D maps of S’ (®; O,q1) for Egec = 0.8-1.2 €V (the
four-photon ionization to X) (b) and for Ey. = 0.2-0.6eV (the
five-photon ionization to B) (c). (d) The cross section of the 2D maps
in (b) (red solid line) and (c) (blue dashed line) at 6,, = 45°. In
(b) and (c), the blue dotted lines represent the direction of the E
field, the black and red dashed lines represent the directions along
the C-O bond axis towards the C and O atom sides, respectively,
and the gray solid lines represent the © value at which " (®; 6,0)
becomes maximum in the range of ® = —90°-90° and that in the
range of ® = 90°-270°. In (b) the photoelectrons are emitted dom-
inantly in the direction parallel to the E field (® = 0° and 180°),
but slightly shifted by 5°~10° toward the C-O bond axis from the
E-field direction. In (d) the blue dotted lines represent the direction
of the E field, and the gray and red shaded areas correspond to the
photoelectron emission in the same direction as p;,, and that in the
direction opposite to p,,,, respectively. The angle ® ranges from
—89.5° t0 269.5° with the 1° step.

direction centered about the Z” axis, which is on the Z’-X’
plane and deflected from the Z’ axis by the deflection angle
®, as shown in Fig. 11(a). The yield of photoelectrons emitted
within the angle range of 0° < 6’ < AO’, where 0’ is
the angle of the direction of the photoelectron emission with
respect to the Z” axis, is accumulated as S’ (©; 601). The
upper bound of the angle 6. is set to be AO’ = 30°. As
can be seen in Fig. 11, when a photoelectron is emitted in
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FIG. 12. (a) Definition of the angular range A6 in the integration
for §1(6pa1) (gray shaded range) and S/"(6p01) (red shaded range).
We adopt A9 = 30°. (b) The perpendlcular emission parameters
defined in Eq. (8) as a function of 6. The red circles are for
E.ec =0.8-1.2 eV (the four-photon ionization to X) and the blue
triangles are for E..=0.2-0.6 eV (the five-photon ionization to B).

the direction from the O atom to the C atom, " (®; 6yq1)
at ® = —0p, becomes large while, when a photoelectron is
emitted in the direction from the C atom to the O atom,
S (®; 6po1) at © = (180°—F,,1) becomes large.

In Fig. 11(b), the accumulated yield, ' (®; 6,01) for the
four-photon ionization to the X state of CH;OH™ is plotted.
It can be said that the yield takes two maxima at around
(©, 6po1) = (0°, 45°) and (180°, 45°), but, if we take a closer
look, at 6,1 = 45°, the maximum yield is found to be achieved
at® = —5.5° and 170.5° as shown in Fig. 11(d), which means
that the ejection direction of a photoelectron is deflected from
the laser polarization direction towards the C-O bond axis by
5.5° and 9.5°, respectively. We confirm that these deflection
angles do not sensitively depend on A6’. Indeed, even when

J

b4 AO
LF f—rr I:/ ILF (eelec’ (pelec ’ GPOI) sin Qethl:c
N Il (epol) =

elec + fn A ILF (eelec’ goelec’ QPOI) SIH eelec degigc] dgpelec

A0’ is increased from 30° to 45°, the deflection angle of 5.5°
is increased only by 3° to 8.5° and the deflection angle of 9.5°
is increased only by 4° to 13.5°.

As shown in Figs. 6(b) and 6(d), both B5((6,,) and
Ba1(Bpor) exhibit significant positive deviations from zero in
the range of Gy, = 15°-85°, reflecting the fact that the OR-
PAD is distorted from cylindrical symmetry with respect to
the E field, so that the direction of the photoelectron emis-
sion is deflected towards the direction of the C-O bond axis
by 5°-10° from the laser polarization direction as explained
above. This deviation from the E-field direction can be as-
cribed to the anisotropic Coulomb potential [25-28] within
CH;OH acting on the escaping photoelectron.

In Fig. 11(c), the accumulated yield, S’ (©; 6,0) for the
five-photon ionization to the B state of CH;OH™ is plotted.
In a similar manner as in Fig. 11(b), the yield exhibit two
maxima at around (®, 6,,1) = (0°, 45°) and (180°, 45°). A
flat part of the distribution in the range from ® = 0° to 90°
around 6] = 45° corresponds to the photoelectron emission
along the direction perpendicular to the E field as shown in
Fig. 4.

E. Photoelectron emission perpendicular to laser E field

In this subsection, we examine how the photoelectron
emission in the direction perpendicular to the E field varies as
a function of the molecular orientation angle 6,01. The extent
of the photoelectron emission in the direction perpendicular
to the E field can be represented by P, (6y01) defined as

S&_F(epol) - SﬁF(epol)
S&_F(on]) + S|I|‘F(0pol) 7

Py (epol) = (3
where SﬁF (Bpot) and S%_F(Gpol) represent the yields of the
photoelectrons emitted in the directions parallel and perpen-
dicular to the E field per unit solid angle, respectively, and are
given by

and

A8 LF joLF ©)
2 f I:f sin Qelec deelec] d(pelec
AO
LE f I:/; y ILF (eelec’ (pelec’ OPOI) sin Qeligc dee%fcil d(pelec
ST (Bpor) = . (10)

The angular ranges for the integrals of Eqgs. (9) and
(10) specified using Af = 30° are shown in Fig. 12(a).
The quantity, P, (6p1), given by Eq. (8) is in the range
of —1 < P1(6po1) < 1 by definition and becomes maximum
[PL(6po1) = 1] and minimum [Py (0pe1) = —1] when all the
photoelectrons are emitted in the direction perpendicular and
parallel to the direction of the E field, respectively.

In the case of the four-photon ionization to the X state,
as shown in Fig. 12(b), P, (6)1) takes almost constant values
of around —0.56 in the range of 6,,; = 5°-25° and increases
monotonically from —0.56 to —0.44 as 6, increases from

g SINO5E dOSE ] dekE.

f [f Z+A0

elec elec

(

25° to 85°. As shown in Figs. 6(b) and 6(d), both B20(6po1)
and B40(6po1) decrease as Oy, increases from 6,0 = 25° to
85°, resulting in the increase in Py (6p01) so that the OR-PAD
becomes more isotropic. On the other hand, in the case of
the five-photon ionization to the B state, the P, (Opo1) value
shown in Fig. 12(b) decreases first as 6y, increases from
5°, takes the minimum value of —0.25 at Gy, = 15°, and
increases monotonically to —0.07 at 6, = 85°. The absolute
values of P (6po1) are much smaller than those for the four-
photon ionization to the X state. As shown in Figs. 7(b) and
7(d), B20(6po1) decreases monotonically as 6,01 increases from
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Opot = 15° to 85° while B4o(6p01) increases as 801 increases
from 6Gpo) = 55° to 85°. At Opo1 = 857, |Ba0(Opo1)| reaches 0.18
while |B20(fpoi)| becomes almost zero. The ,840(9p01) value
represents the magnitude of the Yi(65E., ¢5F.) component
and the positive value indicates that the photoelectron yield
increases at around 9‘}12 = 90°, while it decreases at around
6LF = 49°, where the Legendre polynomial Ps(cos 65F, ) takes
the minimum value. Therefore, the relatively large positive
Ba0(Opo1) value at around 6, = 90° represents the photoelec-
tron emission in the direction perpendicular to the E field,
resulting in the small absolute value of P, (fp01). As shown in

J

Figs. 7(b) and 7((~i), B22(Opo1) and B4z (Opor) Tor the five-photon
ionization to the B state at 6,; = 85° are negative and positive,
respectively. These nonzero values of B2:(Gpo1) and Baz (Bpor)
with M = 2 indicate that the OR-PAD is not cylindrically
symmetric with respect to the E field as represented well
by the elliptic-disk-shaped perpendicular component of the
OR-PAD shown in Fig. 4(i).

As shown above, the shape of the OR-PAD described
in Eq. (1) can be discussed based on the obtained val-
ues of Bruy(Opo1). Meanwhile, the OR-PAD can also be
expanded as

2

Imax

7= o) > Z i (Bpot) Yim (Ot hiee)| - (1)

=0 m=—1

ILF (eelec > welec’ 91’01)

where a;,,(0,01) is a complex expansion coefficient, [ is the orbital angular momentum of an electron being emitted, and m is
the projection of / onto the E-field (Z’) direction. In Eq. (11), the spherical harmonics are regarded as the basis functions of
the angular part of the photoelectron wavefunction, corresponding to the partial wave. Therefore, if we obtain the expansion
coefficients {a;,,(6p01)}, the physical meaning of the OR-PAD can be discussed in terms of the outgoing photoelectron wave

function.
Because Eq. (11) can be expanded as

Imax  lmax

I tr (Gelec ’ welec ’ QPOI)

CO (OPOI) Z Z Z Z Clymy (9P01 )alzmz (OPOI Yim, (Qelec’ (pelec)lemz (eelec’ (pelec) (12)

11—0 ]2 0 m1:—]1 mz——lz

Brm (Bpo1) in the expansion, Eq. (1), can be represented using as the coefficients, {o;,,(6po1)}, using the Wigner’s 3 j symbols [29]

as

IBLM (epol) CO (9 l) / / ILF eele(, ’ (pelec > GPOI)Y;M (eeleu ’ (pelec) sin 0:1‘2 deg_l‘:::c d(peleL
po -

Imax  lmax
= (=DM YNV + D@L + DEL+ 1)(

11=06,=0

where [y 1S set to be [ = Lmax/2 = 2. Note that the coef-
ficients {0y, (6p01)} satisfy the relation given by

al—m(epol) = (_1)malm(0pol)~ (14)

We set ago(Opor) as a real value because only the relative
phases of {a;,(0po1)} is considered. Equation (13) represents
the 15 simultaneous equations (L < 4, 0 < M < L) in terms
of the one real-valued variable, ago(fpo1), and five complex-
valued variables, {a1m(Gpo)}(I =1, 2, 0 < m < [), indicat-
ing that the set of these equations is overdetermlned. The
[t (Bpo1)| and argle,, (Bpor)] values at 6, = 85° are ob-
tained by the least-squares analysis using Eq. (13) as shown
in Figs. 13(a) and 13(b), respectively. The OR-PADs re-
constructed from «;,,(6,01) in the energy ranges of Ege. =
0.8-1.2 eV and E¢e. = 0.2-0.6 eV are shown in Figs. 13(c)
and 13(d), respectively, which are in good agreement with the
observed OR-PADs shown in Figs. 3 and 4. We note that the
results of this partial wave analysis can be regarded as those
obtained after averaging over the dihedral angle of 27 around
the C-O axis because the dihedral angle of the C-O-H plane
with respect to the Z'X’ plane is not specified in the present
model.

[
) Z Z Xlym, (Gpol )Ollzmz (9P01 )< 15122 —I;W) s

=—l] mz——lz
(13)

In Fig. 13(a), |aoo(Bpol)| and |orao(Gpo1)| at B = 85° are
much larger than the other |o;,,(6p01)| in both of the two en-
ergy regions, indicating that the photoelectron wavefunction
is mainly composed of the s and dy waves. It is found that
a;0(Bpo1) with m = 0 are dominant over o, (6po1) With m # 0
in the entire range of 6y, reflecting the fact that |B20(6po1)|
and |B40(6po1)| are much larger than the other |Bry(Gpo1)| as
discussed in Sec. IIID. In the case of tunneling ionization,
the photoelectrons exhibiting a wavefunction with m = 0 are
preferred to be emitted from the molecular orbital which
contains the spherical harmonics with m = 0. This propen-
sity for m = 0 observed in the OR-PADs suggests that the
ionization proceeds via the tunneling ionization mechanism.
By contrast, the fact that the photoelectron wave function
can be described well by the spherical harmonics expansion
of Eq. (11) with small orbital angular momenta of / < 2 in
both of the two photoelectron energy regions suggests that the
photoelectron emission proceeds in the multiphoton regime,
which is consistent with the previous report [30] that the
PAD contains the contribution from the large / values when
tunneling ionization occurs so that a narrow angular range
along the direction of the E field is realized. Therefore, it can
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FIG. 13. (a) Magnitude of a;,, at 6, = 85°. The red filled bars
are for Eg.. = 0.8-1.2 eV (the four-photon ionization to X) and
the blue hatched bars are for Ege. = 0.2-0.6 eV (the five-photon
ionization to B). (b) Arguments of ay,, at Oy, = 85°. The red circles
are for the four-photon ionization to X, and the blue triangles are
for the five-photon ionization to B. (c, d) OR-PADs at Opot = 85°
reconstructed from o, for the four-photon ionization to X and for
the five-photon ionization to B, respectively. In these stereographic
drawings, the yields are normalized by their maxima.

be said that the PADs obtained in the present study exhibit
the characteristic features representing both the tunnel and
multiphoton ionization schemes, which is consistent with the
Keldysh parameters [31], y = 3.4 and 4.1, for the ionization
to X and B, respectively, using the laser field intensity adopted
in the present study. Indeed, it has been known for polyatomic
molecules that multiphoton ionization and tunneling ioniza-
tion coexist when the Keldysh parameter is moderately larger
than 1.0 [32,33].

For the five-photon ionization to the B state at 6, = 85°,
arg [ (Bpor = 85°)] takes a value of 0.557, which is larger
than 7/2. This means that the real part of az0(6po1 = 85°) is
negative and that the s wave and the real part of the dy wave
tend to interfere constructively at 65, = 90° and destructively
at 0° and 180°. As a result, at 6,, = 85°, the photoelectron
emission is enhanced in the direction perpendicular to the E
field. According to the selection rule of the electric dipole
transitions, in order that the s and dy waves are generated
via the five-photon ionization by linearly polarized light, the
molecular orbital from which an electron emitted needs to
have spherical harmonic components having odd / and m = 0
such as the py and f; components. As shown in Fig. 8(b), the
6a’ molecular orbital, from which an electron is emitted in the
five-photon ionization to the B state, exhibits two lobes with
their sign opposite to each other. This shape of the 64’ orbital,
having the curved nodal surface perpendicular to the mirror
plane of the Cs point group, contains the spherical harmonic
components with odd / and m = 0 if the quantization axis (the
E field) is perpendicular to the nodal surface. Therefore, when
the E field is on the mirror plane and almost perpendicular to
the C-O bond axis (6po1 = 85°), the E field is perpendicular
to the nodal surface. Consequently, the photoelectrons can be
emitted in the direction perpendicular to the E field, resulting
from the constructive interference of the s and dy waves.

For the four-photon ionization to the X state at Opol =
85°, |aoo(Bpol = 85°)| and |orag(Gpot = 85°)| are not largely
different from those for the five-photon ionization to the B
state. However, arg [o20(8p01 = 85°)] takes the value of 0.407,
which is smaller than w/2. This means that the real part of
a20(6po1 = 85°) becomes positive and that the s wave and the
real part of the dy wave tend to interfere constructively at
6LF = 0° and 180° and destructively at 90°. As a result, the
photoelectron emission is enhanced in the direction parallel to
the E field at 6, = 85°. According to the selection rule of the
electric dipole transitions, in order that the s and d waves are
generated via the four-photon ionization by linearly polarized
light, the molecular orbital from which an electron emitted
needs to have spherical harmonic components having even [
and m = 0 such as the s and dy components. As shown in
Fig. 8(a), the 2a” orbital, from which an electron is emitted in
the four-photon ionization to the X state, exhibits the d;-like
four-leaf clover shape whose quantization axis is perpendic-
ular to the mirror plane of the Cs point group. Therefore,
when the E field is perpendicular to the C-O bond axis, the
ionization is expected to be suppressed because one of the two
nodal planes of the 2a” orbital is almost perpendicular to the
C-O bond. When the E field is parallel to the nodal plane,
the photoelectron emission in the direction of the E field is
suppressed through the destructive interference as discussed
in Sec. III D. Indeed, as shown in Fig. 9(a), the ionization is
suppressed when the E field is perpendicular to the C-O bond
axis, which is consistent with the four-leaf clover shape of the
2a” orbital. Although the dy component at 8, = 90° cannot
emerge in the 24" orbital, the ionization probability W (6,01)
at Oy = 85° is not suppressed completely. The alignment
angle estimated from the direction of the CH3™ recoil can be
slightly deviated from the direction of the C-O axis at the mo-
ment of the photoelectron emission as described in Sec. III D.
Even if the deviation angle from 6, = 90° is smaller than
10°, the 24" orbital can contain a nonnegligible dy compo-
nent, resulting in the substantial ionization yield, as shown in
Fig. 9(a).

Even though the value of arg [0 (Gpor = 85°)] = 0.40m
(<m /2) for the four-photon ionization to the X state is smaller
only by 0.157 than the value of arg [a20(fpo1 = 85°)] =
0.557w(>m/2) for the five-photon ionization to the B state
as described above, the PAD patterns are largely different
from each other. This difference in the PADs is related to
the sign of the real part of az0(6po1 = 85°) for the four-photon
ionization to the X state and that for the five-photon ionization
to the B state, showing that the PAD pattern varies sensitively
depending on the value of the complex expansion coefficients

of {ay, (epol )}

IV. SUMMARY

By accumulating the coincidence events in which a pho-
toelectron and a CH3™ fragment ions are produced from
the dissociative ionization of methanol cation, CH;0H —
CH3" + OH + ¢7, in a linearly polarized intense UV laser
field (400 nm, 67 fs, 3.1 x 10'* W/cm?), we have obtained
the 3D momentum distribution for the electrons and that for
the CH;3™ ions and constructed the OR-PADs in the two ki-
netic energy ranges for the photoelectrons corresponding to
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FIG. 14. Coordinate transformation for 0° < 65F < 90°. When 90° < 65F < 180°, 65 is regarded as (180°—6LF). (a) The laboratory-

> Yion ion

frame (XY Z). (b) The OR-LF (X'Y’Z’) transformed by the rotation about the Z(Z') axis by (¢Lf + 180°). (c) The OR-MF (xyz) transformed

from the OR-LF by the rotation about the Y'(= y) axis by —6LF

ion*

the ionization to the X and B states. Based on the resultant
OR-PADs, we have revealed how the direction of the photo-
electron momentum p,,.. is correlated with the direction of the
E field as well as with the C-O axis. We have found that, in the
four-photon ionization to the X state, the photoelectrons are
predominantly emitted along the E-field direction and that, in
the five-photon ionization to the B state, the photoelectrons
are emitted not only along the E field but also along the plane
perpendicular to the E field. We have shown that this per-
pendicular component of the photoelectron emission becomes
prominent as the polarization angle 6y, increases from 5°
to 85°.

For more quantitative discussion, we have expanded
the PADs into spherical harmonics in the orientation-angle
resolved laboratory frame and have revealed that the photo-
electrons tend to be emitted in the direction from the O atom to
the C atom in the ionization to the X state and in the direction
from the C atom to the O atom in the ionization to the B
state at Oy, = 5°. We have also revealed that the direction
of the photoelectron emission in the ionization to the X state
is shifted by 5°-10° from the E field towards the C-O bond
at 6y = 45° and that the component of the photoelectron
emission whose direction is perpendicular to the E field in
the ionization to the B state takes an elliptic-disk shape at
Opot = 85°.

In order to understand the physical meaning of the OR-
PADs, we have expressed the PAD as the squared modulus
of the expansion using spherical harmonics as described
by Eq. (11), corresponding to the partial wave expansion.
On the basis of this partial wave analysis and the dipole
selection rule, we have shown that the characteristic pho-
toelectron emission in the direction perpendicular to the E
field at 6,0 = 85° can be interpreted by the constructive in-
terference between the s and dy waves from the 64’ orbital
for the five-photon ionization to the B state and interpreted
by the destructive interference between the s and dy waves
from the 2a” orbital for the four-photon ionization to the X
state.

It should be noted that when molecules fixed in space are
tunnel ionized in a circularly polarized laser field the recorded
PAD in the MF has been regarded as an orientation-dependent
ionization probability [34—41]. In the present study, we have

ion

revealed how the PADs depends on the molecular orientation,
reflecting the angular distribution of the molecular orbitals
from which an electron is emitted, based on the OR-PADs
recorded using the linearly polarized laser field whose inten-
sity is in the intermediate range,
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APPENDIX A: ORIENTATION-ANGLE RESOLVED
FRAMES FOR DESCRIBING PHOTOELECTRON
ANGULAR DISTRIBUTIONS

The direction of the momentum of CH;*, p,,, can
be expressed by the polar coordinates (91155, (pilg)ﬁ) in the
laboratory-frame XY Z coordinate system whose Z axis is set
to be parallel to the direction of the E field, i.e., the laser
polarization direction, as shown in Fig. 14(a). In the case of
0< 9}5}; < 90°, the XY coordinates are rotated about the Z
axis by p-F + 180° to form the X'Y’Z’ coordinate system with
Z' = Z as shown in Fig. 14(b). Then, the Z'X’ coordinates are
rotated about the Y’ axis by —6LF to form the xyz coordinate
system with y = Y’, which represents the orientation-angle
resolved molecular frame (OR-MF) with the E field lying on
the zx plane, as shown in Fig. 14(c). Thus, the OR-MF xyz co-
ordinate system shown in Figs. 14(c) and 15 is obtained by the
Euler rotation of the laboratory-frame XY Z coordinate system
shown in Fig. 14(a). By definition, the polar angle 6y, of the
E-field direction on the zx plane measured from the z axis in
the OR-MF is the same as OLF, that is, 6,0 = OLF. Because
of the reflection symmetry of the E field with respect to the
plane perpendicular to the E-field direction, 65 in the range
of 90° < OL5F < 180° can be treated as OLF = (180°—6LF)

in the range of 0° < 65F < 90°, and by definition, the polar

ion X
angle 6, of the E-field direction is given by 0y = 6L
We adopt the azimuthal angle @g.. describing the an-
gular correlation between p... and the laser polarization

direction as shown in Fig. 15. In the OR-MF, using the
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\

pol $Z
C atom
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FIG. 15. Definitions of Gcicc, @elec, and Gy in the OR-MF with
xyz coordinates. The z axis is set to be along the direction of the
CH;* recoil vector p,,, and the E-field direction lies on the first and
third quadrants of the zx plane.

polar and azimuthal angles, 6. and @i, representing the
direction of p,., the orientation-angle resolved distribution
Of Petecs [ (Petecs Oclecs Pelecs Gpol), in the volume element of
pelec2 SiIl Oelec dpelec deelecd(pelec depol iS giVen by

f(pelec s eelec » Pelecs Gpol )peleezSineelec dpelec deelec d(pelec depol s

where pelec = |Perec|- As long as the orientation angle 601
in the MF is defined on the zx plane on which the E field
lies, we do not need to take account of the azimuthal angle
of the E field and the corresponding factor of sin 6y in the
volume element. In other words, f (Pelec, Gelecs @elecs Fpol)
includes implicitly the sin 8, factor in the LF. When we

J

1

I (Gelecs Pelecs epol) = \/TCO (onl)
T

discuss the photoelectron yield, the 6,, dependence has not
been discussed. However, when we discuss the alignment-
angle dependent ionization probability W (6,,) shown in
Fig. 9, which is plotted by the accumulated event num-
bers as a function of 6, in the LF, we need to take
into account the volume element of sin @), as described by
Eq. (2). In the energy-scaled polar coordinates, the distri-
bution, fg(Eelec, Oelecs Pelecs Fpol), can be represented using
Eelec = Pﬁlec/z and dEglec = Petec d Pelec a8

fE (Eelec s Gelec s Pelecs epol )(ZEelec ) 1/2 Sineelec dEelec deelec d‘pelec
X d onl .

Consequently, an OR-MF-PAD, I(Bciec, @elec; Gpol), is 0b-
tained by the integration of fg (Eeec, Oclec, @elec; Opo1) OVET a
specific range of Ej. between E| and E, as

I (Gelecs Pelecs epol) Sin Gelec dOeiec d Petec d epol

E>
= [/ fE (Eele(:a eelec s Pelecs epol) (2Eelec)1/2dEelec]
E

1
X sin eelec dee]ec d(pelec depol- (Al)

APPENDIX B: SPHERICAL HARMONIC
EXPANSION OF OR-PAD

We expand the OR-MF-PADs by the spherical harmonics
YLM(QCICC’ wclcc) as

Linax L

Z Z IBIE)M (epol)YLM (Betec, Pelec)s

(B1)

L=0 M=—L

using the expansion coefficients ,BEM (Gpo1), Where ,380 (Gpo1) (L = M = 0) is set to be 1. We adopt the Condon-Shortley phase
[42] that is, a factor of —1 is adopted as the sign of the spherical harmonics only when M takes a positive odd value. The
expansion coefficients, {ﬁ?M(onl)}, representing the anisotropy of the PADs, can be determined using the orthonormality of the

spherical harmonics as

Va4 T

0 _
Prw(Bpor) = CoBpol) J =

o
|:/ 1 (Bejec, Delecs epol )Y;M(eelem @elec) Sin Bejec deelec:| d‘pelec'
0

(B2)

We confirm that, at L;,,,x = 4, the expansion of Eq. (B1) converges to the best-fit distribution of the observed PAD in the entire
range of 6,,]. We define the residual of the least-squares fit, 6(6,01), as a function of 6, as

i 7 [ i
8(po) = | —— [ EE

2
1LV[:7L ,BZ)M (onl )YLM (gelec’ (pelec) - 1(0616C7 welec;gpo] )] sin eelec deelec d‘pelec

We confirm that §(6po1) becomes smaller than 0.2 for 6 >
15° and 0.3 for O,01 = 5° aslong as Lmax = 4. At6pg = 5°, the
residual is larger than those at the other 6y, values, because
the accumulated event numbers are not sufficiently large at
Opol = 5° due to the small solid angle range proportional to
sin 6, We further confirm that the residual decreases by
~0.1 when L, is increased from 3 to 4, while it decreases
only by a negligibly small amount of ~0.01 when Ly, is
increased from 4 to 5, which means that the convergence is

(B3)

fon fn_n [/ (Betec Pelec ;epol )]2 Sin Gelec dbeiec d Pelec

(

reached at Lp,x = 4 in the least-squares fit. Therefore, we
adopt the results obtained with Ly,x =4 in the following
analysis.

The 6p, dependence of the resultant coefficients,
ﬂBM (6po1), is found to be complicated. For example, in the
four-photon ionization to X, Iﬁf;)o(@pol)l is the largest among
{|ﬁfM(9pol)|}(L =4, M=0,1, 2, 3, 4) at Gy, = 5° while
189 (Opo)| and |BY,(Bpo1)| are the largest at Oy = 45° and
85°, respectively, suggesting implicitly that the PADs tend
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to be aligned to the laser polarization direction and that the
OR-MF is not a good frame to describe photoelectron emis-
sion dynamics. In order to make the representation much
more intuitive, we convert these coefficients of the OR-
ME-PAD, {ﬁEM(Gpol)}, into the expansion coefficients of the
orientation-angle resolved laboratory frame (OR-LF) PAD,
{Brm(Bpo1)}. For example, in the OR-LF-PAD, |B40(0po1)| is
more than three times larger than the other expansion coef-
ficients, |Bam (Gpo)|(M =1, 2, 3, 4), in the entire range of
BOpo1, as shown in Fig. 6(d).

The OR-LF-PAD, IXF (05F . L ; 6,4), is transformed
from the OR-MF-PAD and is represented by Eq. (1). The

coefficients, Brm(Opol)(-L < M < L), of the OR-LF-PAD are
described by a linear combination of ﬂgM, (Bpo1) of the OR-
MEF-PAD having the same L as

L
B Opo) = Y By Opo)Dipyy (0, 6501, 0),  (B4)

M'=—L

where Db,M (0, Gpot, 0) is the Wigner’s rotational matrix
[29]. Note that the OR-MF-PAD and the OR-LF-PAD are
equivalent and their coordinate systems can be converted from
each other by the rotation about the y = Y’ axis because the
orientation angle is specified.
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