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We theoretically investigate the production of cold CN molecules by photodissociating ICN precursors in a brute-force
field. The energy shifts and adiabatic orientation of the rotational ICN precursors are first investigated as a function of the
external field strength. The dynamical photofragmentation of ICN precursors is numerically simulated for cases with and
without orienting field. The CN products are compared in terms of their velocity distributions. A small portion of the CN
fragments are recoiled to near zero speed in the lab frame by appropriately selecting the photo energy for dissociation. With
a precursor ICN molecular beam of ~ 1.5 K in rotational temperature, the production of low speed CN fragments can be
improved by more than 5 times when an orienting electrical field of 100 kV/cm is present. The corresponding production
rate for decelerated fragments with speeds < 50 m/s is simulated to be about ~2.1x10~* and CN number densities of
108-10'% cm—3 can be reached with precursor ICN densities of ~10'2-10'% cm~3 from supersonic expansion.

Keywords: cold molecules, photodissociation, molecular orientation

PACS: 37.10.Mn, 37.90.+j, 33.80.Gj

1. Introduction

Over the past few decades, cold atoms and molecules
have been actively pursued for their applications in a wide
range of research areas, like high-resolution spectroscopy,
cold collisions, precision measurement, many-body physics,
quantum information science, cold chemistry, etc. Compared
to cold atoms, cold molecules with both richer internal struc-
tures and chemical properties have inspired even stronger in-
terest among researchers. A variety of techniques have been
developed for the production of cold molecules, like buffer gas
cooling,! Stark deceleration,?! and laser cooling.3- Ultra-
cold molecules photoassociated from laser cooled atoms have
also been reported.[®! Continuing efforts in search of new
methods for the production of cold atoms and molecules have
never ceased.!!®-!71 In 2007, Matthews et al.!'8! proposed that
cold oxygen atoms could be made with zero mean velocity in
the laboratory frame by photodissociating NO, molecules.

Later, this method was demonstrated in an experiment
producing slow NO molecules!'”) and was given the name
of photostop.?”! Cold bromine (Br) atoms near zero veloc-
ity were also obtained®! by photodissociating Br, precursors
and even trapped with a magnetic field.”””! The means toward
improving the production efficiency for cold atoms of low ve-
locities during photodissociation were also proposed and the-
oretically investigated. [>3-24

The cyano radical (CN) is one of the first detected
molecules in the interstellar medium and has also been found
extensively in many other systems, like atmospheric carbon
arcs and low pressure discharges. It is widely involved in the
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creation and destruction of various cyanides, most of which
are notoriously toxic. The availability of a cold CN sample
will help us to better understand the hyperfine structure of this
triple-valence-bond molecule and investigate its physical and
chemical properties.

In this paper, we carry out a theoretical study on the pro-
duction of cold CN radicals by photodissociating ICN precur-
sors brute-force oriented in an electrostatic field. The energy
shifts of the rotational ICN molecules exposed to the orient-
ing electrical field are first studied using the matrix method.
The dependence on the electrical field strength of the adia-
batic orientation of the ICN dipole is also investigated. The
fragmentation processes of ICN precursors with and without
the orienting field are then numerically simulated using the
Monty—Carlo method. The recoiled CN molecules are com-
pared for both cases in terms of their velocity distributions.
Some discussion and a conclusion are given in the end.

2. ICN molecules exposed to orienting electrical
field

For manipulation of molecules with electric (or magnetic)
fields, a detailed understanding of the influence of the external
field on the energy levels of the molecule is helpful. The field-
dependent eigenstate of the molecule can be expressed as a
linear combination of its field-free eigenstates. These field-
free quantum states are used as a set of basis vectors, upon
which the field-dependent Hamiltonian matrix of the molecule
is composed. The eigenvalues of the field-dependent eigen-
states can be found from the elements along the principle diag-
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onal axis of the matrix after diagonalization. The projections
of the field-dependent eigenstates on the basis vectors, i.e., the
coefficients, can also be obtained from the accompanying ma-
trix for diaganolization. This is the basic idea underlying the
numeric matrix method.!?! In practice, the number of the se-
lected basis vectors should be large enough to ensure accuracy
of the solution but not too large to save expenditure on com-
puting time.

The electronic ground state ICN molecule is linear in
geometry and has an electric dipole moment of 3.8 D.[20]
Upon rigid rotor approximation, the field-dependent Hamil-
tonian for the rotational ICN molecule can be expressed as
H =BJ(J+ 1)+ Wsguk. Here Wy = —pu - E is the interac-
tion between the electrical field E and the electric dipole p
of the molecule, J is the rotational quantum number, and B
is the rotational constant of the molecule. In the absence of
electrical field (E-field), the eigenstates of the rotational ICN
molecule are labeled as |[JM). With the presence of the ex-
ternal E-field, the corresponding eigenstate can be expressed

as|/,M)= Y CJM|J',M), since only quantum states of the
J'>|M|
same M are coupled. Using the above-mentioned numeric ma-

trix method, the rotational energy of the ICN molecule can
be conveniently obtained. Figure 1 shows the Stark energy
shifts of the ICN molecule as a function of the E-field strength
for some rotational levels (/ =0, 1, 2, and 3). When the E-
field is not strong, there are both low-field-seeking (positive
energy shift, u// — E) and high-field-seeking (negative en-
ergy shift, u//E) quantum states for the rotational molecule.
As the E-field increases, the molecule, irrespective of its quan-
tum state, will finally turn into a strong-field seeker (negative
energy shift, u// E).
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Fig. 1. (color online) The rotational energy levels (/ =0, 1, 2, 3) of
the ICN molecule (B =~ 0.092 cm™!) in the vibronic ground state as a
function of the E-field strength.

The orientation of a linear molecule can be characterized
by its orientational probability distribution function (OPDF),
which indicates the distribution of the molecular axis orienta-
tion with respect to the direction of the external E-field. Ac-
cording to the literature,/?’! the field dependent OPDF of the

rotational ICN molecule, Py (cos 6, E), can be written as

Pry(cos6,E)
2n 2

= /|<I>JM|2:/d¢/dX¢JM(E)*¢JM(E)
o 0

o (2 1) 1)1 2 (1M

= Cy Cn
J
JJ" 2
J+J"
x Y (2n+1)
n=[J"-J"|

JJ" n JJ"n
X(M —MO)X(O 0 O>><Pn(cos9). (1
Here @y (E) = |[JM) = Y.C)M|J’M) is the wave function of
J’

the field-dependent eigenstate of the molecule, P,(cos®) is
the n-th order Legendre polynomial, and the two elements be-
fore P,(cos 0) are conventional 3-j symbols. Substituting into
Eq. (1) the field-dependent eigenstate vector calculated above
using the matrix method, one can obtain the degree of orienta-
tion for the state, (cos @) = (J,M |cos 6| J,M). Figure 2 shows
(cos ) as a function of the E-field strength for a few rotational
states of ICN. Due to its small rotational constant and big elec-
tric dipole moment, ICN of the lowest rotational states can be
well oriented under an E-field of strength ~ 100 kV/cm, which
is readily available for normal experimental conditions. As the
energy of the rotating molecule gets higher with increasing J,
it becomes less tame to the orienting E-field, as shown by the
various curves. The change of (cos0) in sign (from negative
to positive values) indicates the transition of the molecular ori-
entation (from being anti-parallel to parallel), as can be seen

from curves for states like |[J,M) = |1,0), |2,0), and |2,1).
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Fig. 2. (color online) The degree of orientation, (J,M |cos 8|J, M), of
the ICN molecule as a function of the E-field strength for states of / =0,
1, and 2.

For a molecule ensemble of rotational temperature T,
the value of (cos ) needs to be further averaged over all the
quantum states populated according to their respective thermal
statistical weight P(J,M) and is given as

({cos0)) =Y P(J,M)(cos6) . )
JM
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Here P(J,M) is governed by the Boltzmann distribution law

BJ(J+1)
- (kTrot ) ) (3)

and given by

1
P(J,M)= — €XP

with the partition function given by
Z=Y (2J+1)exp[—(BJ(J +1)/kTio)].

Therefore, the degree of orientation of a molecule ensemble
has a strong dependence on its rotational temperature 7.

3. Photostop of CN molecules from ICN precur-
sors

3.1. Overeview

The photodissociation dynamics of ICN in the A contin-
uum has been extensively investigated.[?®-3°! Photodissocia-
tion of brute-force oriented ICN has also been experimentally
reported.**#!1 It has been well established through experi-
mental and theoretical studies that there are two possible dis-
sociation channels in the medium energy region (290-248 nm)
of the A continuum:

ICN — ICN* — I(*P3 ) + CN(XL")
—T°(*Py ) + CN(X?ZT). 4)

The first channel leads to an iodine atom (IP; /2) and a CN
radical of the ground state (CN2X"); while the second channel
leads to a molecule of the ground state (CN?Z*+) and an atom
of the spin—orbit excited state (I*2P, /2). Three main potential
surfaces have been found to contribute in the A continuum. 33!
The parallel transition to the IIy, surface is the major com-
ponent, while the perpendicular transitions to 'TI; and 3IT;
surfaces are thought to contribute more in the blue and red
wings of the absorption curve. ICN molecules excited to the
3Ty, surface are almost linear in geometry along the disso-
ciation coordinate and adiabatically correlate to the I* prod-
ucts, leading mainly to CN fragments of low rotation. ICN
molecules excited to the 'TT; and I1; surfaces, however, have
a strong preference for bending and adiabatically correlate to
the I products, leading mainly to rotationally excited CN frag-
ments. The resulting CN fragments primarily populate the vi-
bronic ground state.*8]

The basic idea of photostopping a CN molecule from an
ICN precursor is as follows: a precursor ICN molecule moves
with velocity vicn in the lab frame. After absorption of a pho-
ton, the ICN dissociates into a CN radical and an I atom. The I
atom is recoiled forward and gets accelerated, while the CN
radical is recoiled backward and gets decelerated. The en-
ergy of the photon is chosen so that the recoil velocity of the
CN, ucn, just cancels its original velocity vicn, and the CN
is brought (i.e., photostopped) to a standstill in the lab frame.

More details about the kinematics of the photostop process can
be found in Refs. [20] and [23].

Energy conservation for the system under consideration
in the center of mass (COM) frame can be expressed as

E(hv)+ Ein(ICN) — Dy = Eso + Eint(CN) + E, 5)

where E(hv) is the photon energy, Ei,(ICN) is the internal
energy of ICN, Dy is the dissociation energy of the I-CN bond
(~ 26980 cm~! ), Esq is the spin—orbit energy of the iodine
atom (0 cm ™! for I and 7603 cm ™! for I*), Ej,(CN) is the in-
ternal energy of the CN fragment, and Er = E1(I) + ET(CN)
is the kinetic energy available to both fragments. From con-
servation of energy and momentum, the recoil velocity of the
CN in the COM frame is given as

M,
UcN = 4 | 2Ep———————, (6)
N \/ " Mo (My + Mcx)

with M and Mcn being the masses of the I atom and CN
molecule, respectively.

3.2. Numerical simulation

In fact, due to the finite angular distribution of the
fragmentation, [*?! the velocity distribution of the recoiled CN
fragments is rather broad, even though a polarized laser for
dissociation has been adopted. Only a small portion of the
CN molecules are lucky enough to have their original kinetic
energy almost canceled during the recoil and have velocities
near zero. These lucky ones are mostly CN fragments who
recoil backward parallel to or only in small angles with re-
spect to the precursor beam axis. Orientation of the precursor
ICN molecules with a brute-force E-field along the molecular
beam axis will greatly improve the probability of fragmenta-
tion along this direction, and thus the production rate of CN
fragments near zero velocity.

The fragmentation of 1'?’C!2N'* precursors to produce
slow CN radicals is simulated using the Monte—Carlo method
for cases with and without orienting E-field. The ICN molec-
ular beam for simulation has its longitudinal velocity (v;) cen-
tered at 560 m/s with a FWHM spread of 50 m/s and its trans-
verse velocities (v, and vy) centered at zero with a FWHM
spread of 10 m/s. Such a precursor beam is readily obtained by
supersonically expanding ICN molecules seeded in argon (Ar)
gases. The rotational temperature of the ICN beam is taken to
be ~ 1.5 K.[*! The electrical field E for precursor orientation
and the polarization of the laser field for photodissociation are
both along the molecular beam axis (i.e., the z direction). Both
product channels, as mentioned in Eq. (4), are considered dur-
ing simulations. The wavelength of the dissociation laser is
chosen to be ~ 285 nm so that the photon energy requirement
for photostopped CN from the second channel is met, since we
are more interested in cold CN radicals of low rotation. The
quantum yield of T* from ICN at a dissociation wavelength of
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~ 284 nm was experimentally studied to be about ~ 53%[3!]

and an estimated value of ~ 50% is taken here for ~ 285 nm

[29,31

dissociation. According to the literature, I the average ro-

tational energy of the CN molecules from the I* channel of our
interest is estimated as ~ 75 cm™!.

Figure 3 shows the velocity distributions of the ground
state (>X*) CN molecules after photostop in the z direction
and x (or y) direction, respectively. The results presented
are for cases with the orienting E-field being 0 kV/cm and
100 kV/cm, respectively. CN molecules resulted from both
product channels are discernible in the plot for the case of
E =0 kV/cm. The central high peaks correspond to CN
molecules from the I* channel. Those molecules which appear
near the zero velocity are successfully photostopped and in our
pursuit. The CN molecules from the I channel share more ki-
netic energy and have much higher velocities. They contribute
mainly to the outside low peaks (or shoulders). Without ori-
enting field, the CN product has a fifty-to-fifty probability of
being accelerated or decelerated. With an orienting E-field of
~ 100 kV/cm along the positive z direction, almost all ICN
precursors in the molecular beam (7;o; = 1.5 K) are turning
into strong-field seekers (see Fig. 2) with the CN part being
oriented to some extent toward the negative z direction. After
fragmentation, almost all CN fragments are recoiled backward
and more of them can be well photostopped, as shown by the
increased height of the peak near zero velocity in Fig. 3.

To have a quantitative idea of the improvement on the pro-
duction of the decelerated fragments by the orienting E-field,
\/ Vi3 4v2) distri-
bution of the CN molecules, as shown in Fig. 4 with a log—

let us examine the total speed (i.e., v =

linear scale. The number of molecules is statistically counted
as a function of the speed with an interval of 10 m/s. The
maximum speed is truncated at ~ 750 m/s just for viewing
purposes. The open squares and circles correspond to cases of
E = 0kV/cm and 100 kV/cm, respectively. The solid squares
indicate the initial speed distribution of the ICN precursors in
the supersonic beam. The number of CN molecules is nor-
malized to that of the most probable speed in the ICN pre-
cursor beam. For instance, the relative numbers of CN at
speeds of v = 10 m/s, 50 m/s, and 100 m/s are counted to
be ~ 1.65 x 1075, ~ 9.65 x 1074, and ~ 2.82 x 10~ for the
case of E = 0 kV/cm. These corresponding numbers increase,
however, to ~ 1.05x 1074, ~4.84 x 1073, and ~ 1.41 x 1072
for the case of E = 100 kV/cm. The improvement factor,
defined as the ratio of the number of CN fragments with
E =100 kV/cm to that with E = 0 kV/cm, is about ~ 6, ~ 5,
and ~ 5 for the three velocities of ~ 10 m/s, ~ 50 m/s, and
~ 100 m/s, respectively. This factor gets smaller and smaller

as the speed increases, as can be seen in Fig. 4.
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Fig. 3. (color online) The velocity distributions of the ground state
(2E+) CN molecules after photostop in the z direction (a) and x or y
direction (b). The initial temperature 7' of the ICN precursor beam is
~ 1.5 K. The E-field strength for precursor orientation is marked on the
plot.
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Fig. 4. (color online) The total speed distribution of the CN molecules
after photostop. The open squares and circles correspond to cases of
E =0 kV/cm and 100 kV/cm, respectively. The solid squares indicate
the initial speed distribution of the ICN precursors in the supersonic
beam.

The production rate of the decelerated fragments is an-
other interesting quantity concerning photostop. The decel-
erated CN molecules with their speeds below a certain value,
called truncated speed vy, are statistically accumulated. This
count of the number of CN molecules starts from zero speed
and proceeds toward high speeds with an interval of ~ 10 m/s.
The production rate is defined as the ratio of the accumulated
number of CN molecules to the total number of ICN precur-
sors being used, and the corresponding results are shown in
Fig. 5. The solid squares and circles correspond to cases of
E =0kV/cm and 100 kV/cm, respectively. For the case of E =
100 kV/cm, the production rate is ~ 2.0 x 1076, ~ 2.1 x 1074,
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and ~ 1.1 x 1073 for CN molecules with speeds < 10 m/s,
< 50 m/s, and < 100 m/s, respectively. The production rate
increases sharply in the low speed region before continuing its
gradual growth toward the high speed region. The improve-
ment on the production of decelerated fragments due to ori-
enting E-field can also be seen here.

—=—F=0kV/cm
10—2f —¢—E=100 kV/cm

10-4F

10-5¢

Production rate

10-6L

107

0 50 100 150 200 250
vy /mes~!

Fig. 5. (color online) The production rate of CN fragments as a function
of truncated speed vry.

4. Discussion and conclusion

In this paper, we have theoretically studied the produc-
tion of cold CN molecules near zero speed by photodisso-
ciating ICN precursors brute-force oriented in an electrical
field. The Stark energy shifts of rotational ICN molecules
exposed to an orienting electrical field were first studied us-
ing the matrix method. The dependence of the adiabatic ori-
entation of the ICN dipoles on the orienting E-field strength
was also investigated. Depending on its quantum state, the
rotational molecule can orient in parallel or anti-parallel to
the direction of the weak E-field. As the E-field increases
in strength and gets strong enough, the molecule, irrespec-
tive of its quantum state, will finally turn into a strong-field
seeker and orient along the direction of the E-field. The
photofragmentation of ICN precursors with orienting E-field
of ~ 0 kV/cm and ~ 100 kV/cm have been numerically sim-
ulated. The recoiled CN fragments were compared for both
cases in terms of their velocity distributions. With the presence
of the orienting E-field of ~ 100 kV/cm, the number of low-
speed (v < 100 m/s) CN fragments can be improved by about
5 times. The corresponding production rate of photostopped
CN fragments (v < 10 m/s) is on the order of ~107°. Precur-
sor molecular beams from supersonic expansion readily have
densities of ~10'>~10'* cm™3. Thus the photostopped CN
molecules (v < 10 m/s) may have a number densities on the or-
der of ~10°~10% cm™3. For some applications, molecules with
speeds < 50 m/s or even larger might be acceptable, and the

number density can be increased to about ~108-10'0 cm—3

ac-
cording to the simulated production rate of ~2.1x10~* above.
The total number of target molecules in pursuit also depends
upon the volume in which they can be prepared. The single-

photon absorption based photostop technique can make full

use of the big volume available in supersonic precursor beams
(especially in the propagation direction) with little worry about
In addition, the
number of photostopped molecules can also be increased by

the required laser energy for dissociation.

accumulation from multiple molecular pulses.
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