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Abstract. A pure and high intense pulsed supersonic CH (X?II) radical beam source was developed via the
C(*D) + Hy reaction. An electrostatic hexapole field was used to state-select CH radicals. The focusing
curves for the single rotational states of CH were measured for the first time by a saturated laser-induced
fluorescence (SLIF) spectroscopy for the R-branch in A2A3/2 — X2H1/2 transition. The focusing curves
were simulated by the classical trajectory simulation based on a Stark energy analysis of the rotational
energy levels, including spin-orbit and A-doubling coupling effects. In addition, orientational distribution

functions were calculated for the selectable states.

PACS. 39.10.4+j Atomic and molecular beam sources and techniques

1 Introduction

CH radical is one of the most important radicals as an in-
termediate in various reactions, such as hydrocarbon com-
bustion [1] and planetary atmosphere [2]. From theoretical
and practical importance of CH reactions, it is worthwhile
to develop a high-intensity, high purity state-selected CH
radical beam source for advanced experimental studies in
gas phase and surface molecular reaction dynamics. How-
ever, the formation of CH radical with high intense and
high purity is one of the most difficult subjects, because
the process of CH radical generation simultaneously gen-
erates the mixture of other reactive species. From this
reason, the studies on it’s reaction dynamics have been
extremely limited.

Recently, the hexapole technique has been applied to
focus reactive radicals produced in a plasma discharge
beam source [3-7]. The combination of a rotationally cold
supersonic beam and a long hexapole field has achieved es-
sentially pure rotational state-selection. Even in such case,
however, pure rotational state-selection was useful only for
a few lowest states. For CH radicals, Curtiss et al. have
measured the CH focusing curve provided by a continu-
ous discharge source using a quadrupole mass spectrome-
try [3]. Their focusing curve was obtained as the difference
signal corrected by an appropriate subtraction of large
background signal that comes from the fragmentation of
the focusable CoH radical. The focusing curve could not
be state-resolved and had no clear structure. In addition,
the agreement with the simulation appears to not good
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enough to allow the identification of each rotational state.
As can be seen in this case, practically, the orientational
selection is mostly carried out as an ensemble average of
orientational states. From this reason, the simulation of
the focusing curve is very important to know the rota-
tional state distribution of the state ensemble after the
hexapole state-selection.

More recently, we succeeded in developing a high-
intense and highly purified CH radical beam source [8,9].
In the previous study, the CH beam source was char-
acterized by a saturated laser-induced fluorescence spec-
troscopy (SLIF). The selection and purification of CH by
the hexapole focusing from the byproducts was satisfac-
torily accomplished.

In the present study, the focusing curves for the single
rotational states of CH were measured for the first time by
using a saturated laser-induced fluorescence (SLIF) spec-
troscopy for the R-branch in A2A3/2 — X2H1/2 tran-
sition [10,11]. The state-resolved focusing curves enable
us to make a reliable comparison with trajectory sim-
ulation of individual rotational states. In other word,
the influence of A-doubling coupling effect upon hexapole
state-selection of CH can be directly examined by the clas-
sical trajectory simulation based on a Stark energy anal-
ysis of the rotational energy levels, including spin-orbit
and A-doubling coupling effects. In the present study,
such a classical trajectory simulations were also carried
out, and the results were compared with the experimen-
tal ones. The trajectory simulations were in good agree-
ment with the experimental results. It was confirmed that
A-doubling coupling effects give a significant effect for the
CH focusing.
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Fig. 1. A schematic view of the experimental apparatus for measuring the focusing curve of each single rotational state. NZ:
Nozzle, SK: skimmer, BS: beam stop, C1, C2, Cs: collimators whose sizes and the distances form the nozzle were shown in the
figure, HP: 80-cm long hexapole field constructed by 6 mm ¢ rods that were mounted with Ry = 5 mm, P.M.: photomultiplier.

For the application of oriented CH beam to the study
on steric effect, it is required to know the orientational dis-
tribution of CH beam. For this purpose, the orientational
distribution functions were calculated for the selectable
states.

2 Experimental
2.1 Focusing curve of state-selected CH

A schematic view of the experimental apparatus was
shown in Figure 1. The detail of the CH source has been
reported elsewhere [8]. Briefly, CH was generated from the
following reaction scheme:

He — He*(2%9),
He*(22S) + CO(X'E+) — C('D) + O + He,
C('D) + Hy — CH(X?IIL,v = 0).

He*(23S) was generated by a pulsed DC discharge and en-
tered into a channel reactor filled with the (1:1) premixed
gas of Ha/CO. The Ha/CO(1:1) and He gas were injected
from the pulsed valve at the stagnation pressure of 140
and 1800 Torr, respectively. The CH radicals were state-
selected and focused into the point 150 cm downstream
from nozzle by an 80 cm-long electrostatic hexapole field.
The focusing curves for each |J, Fi, M) rotational state of
CH were measured by the saturated laser-induced fluores-
cence (SLIF) method for R-branch in A2A3/2 — X2H1/2
transition. The 430-nm probe light is the light from dye
laser operated with Stillben 420 pumped by YAG laser.
The LIF signal was detected by a photomultiplier (Hama-
matsu R1635P) mounted at 7 cm apart from the beam
crossing point and counted by a photon-counter (Stan-
ford SR400). The gate width was set to 1.0 us with the
delay time of 20 ns after the laser irradiation.

2.2 Trajectory simulation for focusing of CH radical

For Hund’s case (a), the rotational wave function of the
diatomic molecules in the 2II state is generally character-
ized by the total angular momentum quantum number J,
its projection M on the space-fixed axis, and its projec-
tion 2 = A+ X on the molecular axis. The wave function
is given by [12]

(ba(QvJ’M):1/\/§(|QaJ7M>+E|_QaJ7M>) (1)

where € = 1 denotes the parity index quantum number.
The parity depends also on the value of quantum num-
ber J. The state with € = 41 has the e-symmetry and the
state with € = —1 is the f-symmetry.

For the intermediate case of Hund’s case (a) and (b)
that CH radical belongs to, the field free wave functions
are given by [13,14]

gps,Fi(Ja M) = aFi,JQbE(Q = 1/2aJ7M)
+bFi,.]¢E(Q :3/27J7 M) (2)

where Fi denotes the fine structure state.
The coefficients ap; ; and bp; ; are described [12]:

a1y = by = [(X +Y —2)/2X]"/? (3a)
biy = —asy = [(X - Y +2)/2X]"/? (3b)
where
X = [4(J+1/2° + V(Y —4)]"* (4a)
Y = A/B (4b)

A is spin-orbit constant, B is rotational constant, and J
is the rotational quantum number.

The rotational energy levels for doubly degenerate par-
ity pair were given originally by Hill and van Vleck as
follows [15]:

BE(J) = B(J —1/2)(J +3/2)  (1/2)X].
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The energy levels associated with the plus sign are
called Fo, Fi = 2; those with the minus sign Fy, Fi = 1.
F1 is the term series that forms levels with J = N 4+ 1/2,
and Fa forms levels with J = N—1/2 (N means J = N+S,
angular momentum excluding spin).

In the electric field FE, the e-symmetry state
D41, pi(J, M) and the f-symmetry state @_q p;(J, M) are
coupled. The coupling matrix element of ji - E, Wtark i
expressed as

Wtark = (éil,Fz‘(J; M) |_:uE| ¢3FLFZ'(J’ M)>

M
—pE—_[1/2(ap )% +3/2(bpi 1)
I J(J+1)[/(GF,J) +3/2(bri,r)?]
MQ.y
= _puB——" —_, o E
PG+ = Ha

where p is the permanent dipole moment of CH; u =
1.46 D [16]. By using the values of A = 28.1467 cm™!
and B = 14.1923 cm~! [17], the simple relationship of
a%iJ ~ bQFl.J ~ 1/2 is found to hold for the CH radical
except for the |J, Fi) = |1/2,2) state that has a%iJ =1
and biﬂ% 5 = 0. As a result, the value of .5 becomes
1/2 for the |J, Fi)y = [1/2,2) state and almost unity for
the other rotational states. This could mean that one is
not able to separate F; state from Fy state at the same
J > 1/2 and M = J except due to a difference in A-
doubling between these two manifolds.

The shift and splitting in energy due to Stark effect is
then given by the eigenvalues of the 2 x 2 matrix

WA - We Wstark =0
Wstark *We o

where W, denotes the A-doubling splitting between the
doublet states in zero field. Strictly speaking, we must
include the magnetic hyperfine interaction in the calcula-
tion, because the H of CH carries a nuclear spin I = 1/2,
which couples in a low external field situation to J always
as F' = J + I. However, we omit this effect in the fur-
ther calculation, because the hyperfine interaction in CH
is rather small [11].

Diagonalization of this matrix gives the eigenval-
ues [13,14,18]:

Wiy (E) = (1/2)Wa | 1+ 1+<2‘;;/fiE)

This leads to the radial force of CH in an ideal hexapole
field:

s _OWE(E) oW (E)OE
r or o OE  Or
W/21 2 9‘/027"4 e 2 18‘/02 3
=F T+ﬂeﬁR—8 Hegr RS r

where V| is the hexapole voltage, Ry is the radial distance
of the hexapole face from the central axis of the hexapole,
r is the radial coordinate. This radial force was applied in
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the trajectory simulation of the focusing behavior of CH in
the hexapole field. In the simulation, an exact numerical
calculation of the molecular motion in the hexapole field
was carried out point-by-point following Newton’s equa-
tion. The CH motion was calculated for the set of two
parameters of v and ¢. Where, v is the incident velocity,
¢ is the incident angle that is defined as the angle be-
tween the incident velocity and the hexapole central axis.
The statistical weight of these parameters was calculated
from the velocity distribution and the distribution of the
incident angle determined by the solid angle restricted by
the geometrical parameters. The velocity distribution was
measured by a conventional time-of-flight method. It was
characterized by the shifted-Maxwellian distribution using
two parameters, vs and a; [19]. The parameters were de-
termined to be vy = 1650 ms~! and a, = 350 ms~!. The
geometrical factors are the hexapole radius and length as
well as the collimator sizes and their locations with respect
to the beam source and detector. They are summarized in
Figure 1. A point source at the nozzle is assumed as the
starting point of every trajectory. The detail of the simula-
tion process has been described in the previous paper [20].

2.3 Orientational distribution of CH in an electric field

Diagonalization of the above 2x2 matrix give the field de-
pendent eigenfunctions that can be expressed as the linear
combination of the field free eigenfunctions [13,14]:

U, pi(E,J,M) = ac pi(E)P_1,ri(J, M)
+ Be Fi(E)Py1,mi(J, M) (5)
where

1
a2:p1,Fz'(E) = ﬁ:QI:I,Fi(E) =

1
3 + =
2ueg B
24/1
e

Using the field dependent eigenfunction, the orientational
distribution function for each rotational eigenstate is de-
scribed as

f%JMEwaJ/Qn@JJUkMELMMww

_ |:(04€,Fi + ﬂE,Fi)
\/§

2
am4|MQuzmMW

[ (e, i — Be,Fi) ’ = ?

#[Car oy, 0 = 172,00
- 2

+ Eezﬁﬁi%g%ﬁﬁle@J] [6(2=3/2, 7. M)
- 2

[l ey, 1@ 2y

(6a)

For the each |¢ (€2, .J, M)|?, the function can be expanded
by a series of Legendre polynomials as

16, J, M) = 2

+1 2J
5 > Cu(Q, J, M) Py (cos0).

n=0
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The coeflicient C,, is written as [21]

1)M_Q J J n J J n .
Q-Q0)\M-MO

Finally, for each rotational eigenstate in the electric field,
the expansion coefficients of the orientational distribu-
tion function, P, ;,/(F,cosf), by Legendre polynomials
is expressed as follows

Crn(Q, J,M)=(2n+1)(—

Cn(EaFiaEajaM) -

(ae Fi+ﬂs Fi) :|2
—— tap C,(2=1/2,J, M
7 ari,J ( / )

N [0, i — ﬂs,Fi)aFi Jr C, (= —1/2,J, M)
L V2 7
n (aer‘f'ﬁan bFzJ] Cn,(2=3/2,J, M)
n (045 Fi — BE Fl e~ Pefi)y J:| Cn = —S/Q,J,M)-
- (6b)

This result was used for the calculation of the orientational
distribution for each |J, Fi, M) state as the function of the
electric field strength.

3 Results and discussion
3.1 Focusing of CH by a hexapole field

Figure 2A shows the focusing curve for the single rota-
tional state of |J, Fi, M) = |1/2,2,1/2) measured by the
saturated laser-induced fluorescence (SLIF) method for
R-branch in A?Ag/5 « XI5 transition without beam
stop. This is the focusing curve measured for a single
state-selected CH beam for the first time. The focusing
curve showed a distinctive feature of long asymmetric tail
to higher voltage. The simulated focusing curve includ-
ing A-doubling coupling effect was shown in Figure 2A
as a solid line. The coefficients, ar; ; and bp; ; calcu-
lated from equations (3a) and (3b) were shown in the fig-
ure. As a reference, the simulated focusing curve without
A-doubling coupling effect was shown in the same figure
as a dashed line. The calculated focusing curve includ-
ing no A-doubling coupling effect (dashed line) had no
such asymmetric feature. While, the simulation including
A-doubling coupling effect (solid line) showed the asym-
metric feature and was in good agreement with the ex-
perimental result. From the comparison of two calculated
focusing curves with the experimental one, it was found
that the asymmetric feature is due to the A-doubling cou-
pling effect. In addition, it was confirmed that A-doubling
coupling effect gives the significant effects for the CH fo-
cusing: the shift of the peak position and the broadening
of the state-selection.

For the application of the state-selected CH beam,
it is very important to achieve a good resolution of the
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Fig. 2. Open circles: focusing curve for the |J, Fi,M) =
|1/2,2,1/2) rotational state of CH measured by the saturated
laser-induced fluorescence (SLIF) method for R-branch in
A?Ay)5 — X1 /5 transition: (A) without beam stop, (B) with
beam stop; solid lines: focusing curves simulated including A-
doubling coupling effect; dashed lines: focusing curves simu-
lated without A-doubling coupling effect. The coefficients, ari,.s
and br; s calculated from equations (3a) and (3b) were shown.

state-selection. A beam stop is expected to be efficient
to improve the state resolution in the focused beam, be-
cause the beam stop selectively removes the trajectories
that are more affected by the A-doubling coupling effect
in the weaker electric field near the central axis of the
hexapole. To make sure this point, the focusing curve for
the |J, Fi, M) = [1/2,2,1/2) rotational state was mea-
sured with beam. Figure 2B shows the focusing curve
measured with beam stop. At a glance, it is found that
the asymmetric feature of the focusing curve due to the
A-doubling coupling effect is clearly disappeared. The res-
olution of the focusing curve was greatly improved as com-
pared with the one without beam stop. Figure 3 shows the
focusing curves measured for each |J, Fi) rotational state
of CH with beam stop. In all cases, there were no asym-
metric features in the focusing curves. It was confirmed
that the beam stop is very useful to improve the state res-
olution of the focusing curve of CH. The simulated focus-
ing curves including spin-orbit and A-doubling coupling
effects were shown in Figure 3 as the solid lines. As a refer-
ence, the coefficients, ap; ;y and bp; ; calculated from equa-
tions (3a) and (3b) were shown in the figures. The simu-
lated focusing curves without A-doubling coupling effects
were also shown in the same figure as the dashed lines.
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Fig. 3. Open circles: focusing curves for each |J, F'i) rotational
state of CH with beam stop measured by the saturated laser-
induced fluorescence (SLIF) method for R-branch in A?Az /5
X?I1, /5 transition: (A) |3/2,1), (B) [3/2,2), (C) 5/2,1); solid
lines: focusing curves simulated including spin-orbit and A-
doubling coupling effects; dashed lines: focusing curves sim-
ulated without A-doubling coupling effect. The coefficients,
ari,g and bp;,y calculated from equations (3a) and (3b) were
shown for each |J, Fi) rotational state. The contribution of
|J, Fi, M) = |5/2,1,3/2) state in the focusing curve (C) is
shown as a dotted-dashed line.

For the |J, Fi) = |3/2,1) state that has small A-doubling
splitting of 725 MHz [22], both simulations nicely repro-
duced the experimental one. While, for the other states
that have large A-doubling splitting, it was found that
only the simulation based on a Stark energy analysis of
the rotational energy levels, including spin-orbit and A-
doubling coupling effects can nicely reproduce the experi-
mental ones. Especially, large peak shift was recognized for
the |J, Fi) = |3/2, 2) state that has large A-doubling split-
ting of 7325 MHz [23]. It was confirmed that A-doubling
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Fig. 4. Orientational distributions of CH for each single-
rotational |J, Fii, M) state in the electric field. The coefficien-
cies, aps,; and br; y calculated from equations (3a) and (3b)
were shown for each |J, Fi, M) rotational state.

coupling effects give a significant peak shift for the CH
focusing with beam stop. For the |J, Fi) = |5/2,1) state,
the single state selection of |J, Fi, M) state is found to
be difficult. The contribution of |J, Fi, M) = |5/2,1,3/2)
state in the focusing curve is shown as a dotted-dashed
line.

3.2 Orientational distribution of CH in an electric field

The calculated orientational distributions for each single-
rotational state were shown in Figure 4 as the function of
the orientation field-strength. It was found that the de-
pendences of the orientational distributions on the orien-
tation field-strength are dramatically changed depending
on the rotational state. The significant A-doubling cou-
pling effect was recognized for the CH orientation. The
theoretical calculations show that the orientation field
strength of 3 kVem™! is enough to get good orienta-
tion for |J, Fi, M) = |3/2,1,3/2) state that has small
A-doubling splitting of 725 MHz. While, the orientation
field strength higher than 10 kVem™' is necessary for
the |J, Fi, M)y = |1/2,2,1/2),3/2,2,3/2) and |5/2,1,5/2)
states, because of their large A-doubling splitting, 3263,
7274, 4847 MHz respectively [23]. These calculated results
are applying for the study on stereodynamics for the CH +
NO reaction. The results will be shown in elsewhere [24].
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