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Direct measurement of dynamic alignment in strong fields
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The degree of dynamic alignment (the excess alignment beyond that due to geometric alignment) induced by
linearly polarized, 100 fs pulses in the 10'> W/cm? intensity range, has been investigated. Exploiting circular
polarization to turn off dynamic alignment and 47 angular collection to capture all ejected ions, a quantitative
measure of the excess alignment was extracted from the relative atomic ion yields subsequent to Coulomb
explosion in linearly and circularly polarized fields for several linear molecules (H,, N,, O,, and CO,). The
degree of dynamic alignment was measured to be about 0.90 (H,), 0.16 (N, and O,), and 0.29 (CO,). The
anomalously large value of CO, implies a torque enhancement that we show is consistent with CO, interacting
with the field longer than N, and O, prior to enhanced ionization.
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The anisotropy in the angular distribution of ejected ions
induced via strong-field Coulomb explosion (CE) of di-
atomic and polyatomic molecules following enhanced ion-
ization (EI) has been the subject of debate for nearly two
decades [1,2]. Two effects contribute to the anisotropy, the
so-called geometric [1,3,4] and dynamic [4-6] alignment
(GA and DA, respectively). Alignment due to GA relies on
terms of the form (p-E)”, due the multiphoton transitions
(where m, in this context, is twice the number of photons
involved in the transition), leading to ionization prior to EI,
where p (=a-E) is the induced dipole moment, E the elec-
tric field of the laser, and e the polarizability matrix, with ¢
and @, components relative to the molecular axis, M. The
field exerting a torque on M distinguishes DA from GA. This
torque induces M to align with E prior to EL Tong et al. [7]
refer to torquing the neutrals as DA and torquing the molecu-
lar ions as postionization alignment. In this paper we will use
DA to refer to both processes because contributions to the
angular distribution of the ejected atomic ions due to DA
(torquing) can be eliminated, but we cannot determine when,
before the explosion, the torque occurs.

At low intensities and with sub-10-fs pulses, the valence
structure plays an important role [8]. At high intensities,
however, particularly with pulses as long as 100 fs, charge-
resonance transitions dominate the electron dynamics prior
to CE [9]. The induced dipole is then due to moving charge
from one side of the molecule to the other, which is largest
when plIM. As a result, |p| =R, the bond length. We also can
model alignment in terms of e, if field-induced quantities are
used. However, calculations show that || <R while |e | is
nearly independent of R [7]. Thus, at high intensities
(~10" W/cm?), molecules with M aligned more with E are
easier to ionize, and the ejections tend to be along E and
depend on (M-E)™", even for short (<30 fs) pulses, as ad-
dressed in Ref. [8], leading to a cos™ @ angular distribution
where 6 is the angle between E and p (M).

Typical Coulomb explosion experiments employ linearly
polarized light; GA and DA are then comingled and difficult
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to distinguish. Several authors have pointed out that EI will
ensue without, or at least significantly reduced, DA in circu-
larly polarized fields since the polarization axis rotates too
quickly (a period of 27/ w,) for the molecule to respond to
the instantaneous torque [10-13]. Thus far, previous studies
have been qualitative, providing tests for determining when
DA is active. These tests include varying the polarization
[10-13], wavelength, and pulse width of the field [14], laser
intensity [13,14], the moment of inertia [10], and the charge
state of the constituent atoms [10,12-14], as well as compar-
ing two-dimensional over-the-barrier ionization calculation
with anisotropy measurement [3]. In general, DA increases
as the moment of inertia decreases and the laser intensity
increases. While it appears to be clear that DA is inactive in
I, [3,10] and active in H, [3], N, [3,11,13,14], O, [10], and
CO, [11,12], a quantitative measure of the contribution each
type of alignment makes to the anisotropy has never been
reported, to our knowledge. The purpose of this paper is to
fill this void for four linear systems, H,, N», O,, and CO,. To
that end, we compare explosion spectra induced by linearly
and circularly polarized fields, while exploiting our ability to
image (collect) all explosion ejecta simultaneously. This ap-
proach not only distinguishes the two effects, it provides a
quantitative measure of the contribution DA makes to the
anisotropy.

Our characterization of DA is based on the relative num-
ber of atomic ions,

n=—-, (1)

measured under linearly (N, p) and circularly (Np) polarized
fields. In the absence of DA, N;p <N p and n— ng, where
the subscript G indicates the population ionizes solely
through GA. As mentioned above, the number of ions gen-
erated via GA depends on m and can be written as
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where d() is the solid angle and the distribution of molecules
is assumed to be isotropic. The origin of this expression can
be understood as follows. First we note that at 10> W/cm?2,
all molecules aligned with E (#=0) are ionized [15]. Thus,
when N, molecules are in the laser focus, N, LP, will be given
by Ny/(1+m) (i.e., in the absence of DA). Only those ions
within a relatively small cone angle about E are ionized. At
the same time, Nep,, is given by (VTTNO/Z)F((Z
+m)/2)/T'((3+m)/2). The z axis for the Ncp,, integral is
perpendicular to the plane of polarization, to account for the
fact that molecules within a wedge angle measured from this
plane are ionized. Many more, but not necessarily all, mol-
ecules are ionized in circularly polarized fields (e.g., NLPG
=0.08N,, whileNCPG: 0.34N, at m=12) due to the different
integration regions. As a measure of DA, we define a dimen-
sionless parameter we call the degree of dynamic alignment,

7 3)

1—I’lG’

which ranges from 0 (no DA) to 1. Clearly, this reflects the
fact that in the absence of DA n— ng and when all molecules
are aligned with E (complete DA), N;p— Nep— N,y and n
— 1. If we define the number of molecules responding to DA
as NOAnLP=NLP—NLPG and NOAnCP=NCp—NCPG, respec-
tively, for linearly and circularly polarized fields, an explicit
expression relating An; p and Anep to 7 can be derived from

Egs. (1)=(3),
1ﬂ<2+m>
Nep T 2
Angp—nlAnep= (1 -ng) NOGA = (1 —nc)Em-
2

(4)

Consequently, # is sufficient to characterize DA.

To measure N;p and N-p, we employed an experimental
arrangement similar to that in Ref. [21], where the explosion
partners with momenta parallel to the face of the detector up
to ~80VgM a.u., where ge is the charge and M is the atomic
mass, were captured simultaneously with our 4m-image
spectrometer [21,22] subsequent to excitation of the parent
molecule with linearly or near circularly polarized, 800 nm
radiation. Focused 100 fs pulses could be varied in intensity
from 0.5 to 5% 10" W/cm? without modifying other param-
eters. The spectrometer consists of a uniform extraction field
and image quality microchannel plates (MCP) backed by a
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FIG. 1. (Color online) Coordinates in the focal and detector
planes, separated by a distance /, with the x (y) axis parallel to the
X (Y) axis. The laser is polarized in the xz plane at an angle B and
the molecular axis (M) is oriented at an angle 6 relative to E.

phosphor screen and housed in a vacuum chamber. Sample
gas pressures were in the 0.1 and 6 X 1078 Torr range. Im-
ages were recorded at 500 Hz with a digital CCD camera
synchronized to the laser repetition rate—each image frame
corresponded to one laser pulse and contained only a few
explosion events (0 to ~10). Knowing that ions with differ-
ent charge-to-mass ratios arrive at the detector at different
times, we gated the potential across the MCP to select the
ions of interest to record. Gate widths of a few hundred
nanoseconds are sufficient to isolate the first few charge
states of atomic ions. Values for N;p and N-p were obtained
by integrating the total charge signal associated with an im-
age. In these experiments, each image contained 200 000 la-
ser shots.

Linearly polarized radiation was generated directly from a
Ti:Sapphire regenerative amplifier. Elliptical polarization
was generated with a N/4 plate. Our experiments were run
with an ellipticity, €, of about 0.92, where e=E</E~. The
electric field along the major (minor) axis is indicated by the
superscript > (<); E~=0 corresponds to linear polarization.
The direction of the major axis was controlled with a \/2
plate. We assume EI occurs at the critical radius, R [9],
which is determined by the field strength. Thus, to keep the
field the same, the circular polarization intensity was twice
that of the linear polarization. When €=0.92, the electric
fields are nearly the same for elliptically (EP) and linearly
(LP) polarized fields—E,,=1.04E, p and E;,,=0.96E, p. To
approximate circular polarization more closely, we averaged
four images with E;,, confined to the xz plane (see Fig. 1),
pointing in two orthogonal directions by rotating the \/2
plate through 180°.

We extract n from Fig. 2 where we present the results of
three separate explosion experiments performed with linear
polarization with E along X (see Fig. 1), circular polarization
with E in the xz plane and linear polarization with E con-
fined to the xz plane and S rotated through 7 rad. Since the
physics is independent of B, N;p should be approximately
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FIG. 2. Momentum distributions for linear explosions at /y=2
X 10 W/cm? and B=0° (top), circular explosions at 2/, (middle),
and linear explosions at /, averaged over 18 angles for B ranging
from 0° to 170° in steps of 10° (bottom) along with the relative
yields. The N, and O, images contain doubly charged ions, CO,
images contain doubly and triply charged ions while H, images
contain protons exclusively.

the same for top and bottom rows. This is clearly not the
case, which is due primarily to gain variation over the MCP.
A better estimate of N;p is given by the bottom row. We
emphasize that the bottom row is an average, not a sum, of
18 separate experiments so the number of counts measured
corresponds to a single linear polarization experiment. At the
same time, charges are collected over the same area of the
plate in the middle and bottom rows. The first point explains
why when DA is incomplete, the bottom row has a lower
yield than the middle row—the denominator of Eq. (2) is
larger than the numerator. The second point ensures that gain
variation across the plate is the same in the two cases. Con-
sequently, n is given by the relative yields of the bottom row.

Figure 3 displays n vs m for the four systems along with
an estimate of 7, which graphically is related to the relative
distance to the upper and lower curves. Clearly, 7 is sensitive
to m. The values plotted correspond to m,,,, a weighted av-
erage of the dominant channels for each system as discussed
in the next paragraph. We determined m for specific channels
from fits to angular distributions measured from correlated
explosion partners as described in Ref. [23]. While at a given
intensity m is independent of bond angle for CO,, it is af-
fected by several other parameters for all the systems. First,
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FIG. 3. Relative ion yield, n vs m, for H, (triangle, 0.92+0.09),
N, (diamond, 0.35+0.04), O, (square, 0.35+0.04), and CO, (star,
0.38 +0.04). The grey ranges, centered at n and m,,, (see text),
indicate the uncertainties in our determination. The solid (dashed)
curve is ng (n=1) and the 7 values for each point are given as
percentages adjacent to each point.

it depends on the intensity. At high enough intensities, ion-
ization will saturate and all molecules within a cone angle «
relative to E will ionize; « grows with intensity, broadening
the distribution and reducing the apparent m. To explore this
behavior, we varied the intensity between 1 and 4
X 10> W/cm? and found m to be constant within 7%. Wider
intensity excursions caused m to exhibit larger variations.
This is due in part to opening and closing of different ion-
ization channels; m increases monotonically with ionization
stage [13,14].

Since the images in Fig. 2 are composed of several chan-
nels, except for H,, m and 7 will be between the values for
the dominant channels listed in Table I. The table also con-
tains the corresponding measured m and contribution this
channel makes to the images in Fig. 2, m,,, for each system
and an average full width, A6,,,, associated with m,,,,. We
note that m,,, is only approximate for CO, because the cor-
relation signals between the doubly and triply charged ions
were too weak to determine the angular distributions for
mixed charge-state channels. The fact that m increases with
the charge state means m,,, should be considered a lower
limit for CO,. Since ng(m) has a negative slope, 7 for CO, is
also a lower limit. Since n is very flat near m=40, 7 is not
very sensitive to the actual value of m in this region, as can
be see in Fig. 3. The grey areas about the data points in Fig.
3 is an estimate of the uncertainty in n and m. The primary
uncertainty in »n is due to variations in N;p and Np, which
was about 7%. The uncertainty in m is due mostly to the

TABLE L. Parameters for DA for 100 fs, 800 nm pulses at 2 X 10> W/cm?: primary and secondary channels along with [m] and (%
contribution), R, and R¢ in nm, A6,,, (A6,,) the average (apparent) full width of the angular distribution for n,,, (m,), 1, n, An, and

T;/T{0O,) calculated at (R,,,)=(R,+Rc)/2 as discussed in the text.

Primary channel Secondary channel R, Re  mupg Aby, mg,  Aby, 7 n An  T;/T(O,)
H, 1,1 [19] (100%) none 0.074 025 190 31° 0.3 1794° 90+11% 092 0.74 14,17
N, 2,2 [15] (62%) 2,1 [7] (38%) 0.110 023 12.1 38.6° 4.67 609° 16+x5% 035 0.12 0.8, 0.9
0, 2,1 [11] (62%) 2,2 [15] (38%) 0.121 023 125 37.8° 4.67 609° 16+5% 035 0.13 1, 1
CO, 2,2,2[39] (80%) 2,3,2/3,2,3/3,22[-] (20%) 0.232 044 ~39 22° 388 665° 29+4% 038 025 27,24
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multiple channels mentioned above. This explains the large
horizontal uncertainty for all systems but H,, which only has
one channel. For CO,, we took the uncertainty in m to be
~10%. Again, 7 is not very sensitive to m near m=40. The
contribution due to the uncertainty in extracting m from fits
to the angular distributions is much less than 10% and neg-
ligible except for H,. The corresponding uncertainty in the
values for 7 are given in both Fig. 3 and Table I.

The first conclusion we draw from Fig. 3 and Table I is
that DA is essentially the same for N, and O,. This is con-
sistent with the fact that the R.s, the charge states and the
moments of inertia are all about the same. The second is that
H, is torqued more efficiently than the other systems. This is
not surprising since H, has a significantly smaller moment of
inertia, which causes its free rotation to be faster as well as
making it easier to be torqued. A third conclusion is 7 for
CO, ranks second behind H,. This is surprising. While the
induced dipole moment sustained by charge-resonance states
(|p|<eR,,,; [9], where R,,, is the total length of the mol-
ecule) increases relative to N, and O,, the moment of inertia
of CO, is larger (I);<R?_,/4), making it more difficult for
CO, to respond to the same torque at both R, (the equilib-
rium separation) and R (Table I). At the same time, a higher
ionization stage of the molecule is consistent with the pre-
cursor ion spending more time in the field [13,14]-H,%*,
N,**, 0,**, and CO,%". Evidently, a longer interaction time
with the field, perhaps combined with multiphoton ionization
prior to EI, leads to a significant enhancement in the number
of molecules torqued beyond that expected from the ratio
|p X E| /1, which governs the classical equation of motion
for 6. We point out that a larger perpendicular component of
p (or a ) that will arise when CO, is bent does not solve this
mystery as it will tend to retard DA making the problem
Worse.

The exact nature of the enhancement requires more
knowledge of the evolution of the systems in the field than
we have. However, we can show that it is consistent with a
longer interaction time with the field, 7;. In the simplest
model the population torqued =«T7;. However, since we only
know n and not N;p/N, and Ngp/N, (which depends on
knowledge of quantum efficiency, etc.) required to determine
An;p and Ancp, we will use An=n-ng as a measure of the
population torqued. The relative interaction time can be writ-
ten as T;(CO,)/Ty(0,)xAn(CO,)/An(O,) because mol-
ecules nearly aligned with E will be trapped in pendular
states at 10'> W/cm? [23,24]. The proportionality coefficient
depends on the moments of inertia and molecular lengths of
the two systems, which we determine from the equation of

motion, §=—(pE sin 6)/1,,. We ignored the damping term,
(2RO/R), because it has been shown to be small at
10" W/cm? [10,25]. Since the dipole is established by the
field, p<eR cos 0, this leads to

E sin fcos 6

a*MR

, ()

where a depends on how p is related to R, which is nearly
independent of variations in R and 6. Assuming the mol-

ecules start from rest at angle 6, integrating the @ equation
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shows it takes time 7(6)=aK(sin> )\MR/E for the system
to rotate to 0, where K(sin? 6) is the elliptic integral of the
first kind. At the same time, numerical models show that p
=0.5R for H,* [9] and 0.4R for H;>* [26]. Thus, a is nearly
the same for diatomics (H,*) and triatomics (H;>*). Assum-
ing this holds for N,, O,, and CO, (we are aware of no
calculations to the contrary) the proportionality coefficient is
just R(CO,)/R(0O,) allowing the relative interaction to be
written as

T/(CO,) _ An(CO,)
Ti(Oz) - A”(Oz)

R(CO,)
R(Oy)

(6)

Values for the relative times are given as the first number
under the last column in Table I. Since we do not know
where the systems are torqued most efficiently, we chose an
average R between R, and R for this comparison. The result
is CO, spends about 2.7 times longer in the field than O,.
While 7; is about the same for O, and N,, this model sug-
gests H, spends about 40% more time in the field than O,.
We point out that these ratios depend on the values selected
for R. If, for example, H, were torqued more efficiently near
its R,, while O, closer to its R, this model would suggest H,
spends 20% less time than O,. Since H, loses only two elec-
trons while the others lose more, it is very possible that H,
receive more torque closer to R, than the others.

It is also possible to estimate T directly from 7(6) if we
recognize that the population torqued for a specific m,,, lie
outside A@,,,, the width of the angular distribution given in
Table I. In the absence of DA, only the molecules within this
cone, ng, will be ionized. For n to exceed ng, additional
molecules must be rotated into this cone prior to EI. Since
K(sin? ) increases monotonically with @ from 0 to 90°, it
becomes harder and harder to rotate molecules as 6 in-
creases. We can estimate the width of the distribution of
the molecules responding to DA, A6, from an apparent
exponent, mg, which we obtain by equating ng(mg,)
with the measured n. The interaction time can be estimated
by calculating AT for rotating from 6, (=A6,,/2) to
Oy (FA04,,/2)~T= T(6,,)—T(8,,,). The relative interac-
tion times in this approach are given as the second number in
the last column in Table I. Except for H,, we have good
agreement between the two methods. Again, the time for H,
is most likely too large not only because of uncertainty in the
molecular lengths but because we have assumed that the
molecules are not rotating. A combination of the facts that
K(sin> ) — % as 6—90° and that 6,,=<90°, explains why
the time for H, is so long. Since H, rotates rather rapidly
compared with the other systems, it is not necessary for the
field to do all the work; most H, will rotate to much smaller
angles. For example, if 6,,=59°, Ry,=R, and Ro,=Rc, the
rotation times for H, and O, would be about the same.

In conclusion, we have reported a general technique for
measuring the contribution geometric and dynamic align-
ment make to the ejection anisotropy. Our measurements not
only confirmed previous qualitative observations, they pro-
vided a quantitative measure of the degree of DA. We also
show that the anomalously large DA in the linear triatomic,
CO,, is consistent-with the removal of more electrons prior
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to the Coulomb explosion, thus the precursor ion spends
more time in the field than diatomic systems such as N, and
O,. While our simple classical model sheds some light on the
underlying physics, a full quantum mechanical treatment is
necessary to confirm these ideas and the interaction times. At
the same time, the potential contribution that angular
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momentum introduced by circular polarization [27] makes to
the anisotropy needs to be investigated.
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