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CORRECTIONS TO TCI~-392X

Page Location Correction
vi line 12 up "Kenematic'" should be "Kinematic'.
8 sketch Sketch should include a mechanical chopper
between beam source and velocity selector.
9 line 3 up ", (0,0) = +%— (i.e., > 0)" should be
"£, (0,0) = - % (i.e., < 0)."
13 line 12 "marrowed" should be "narrowed."
17 Eq. 13 Second = sign should be'gr(due to anharmonicity).
20 line 4 (+ 27%)
20 line 9 "Scattering gas' should be "Crossed beanm!
28 line 3 The sketch is actual size.
33 line 10 "proading" should be "broadening'.
50 line 1 "X" should be "XA".
50 line 5 up Yeahrt" should be "chart!
53 line 4 up "anomaly" should be "thought'
64 line 2 Add to legend 'The peaks were arbitrarily
normalized to the same !010j> height.'
111 line 4 "regsult-the" should be "result: the'
111 lines 6, 8 "Eq. B1l" should be "Eq. Cl" (two places).
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ABSTRACT

A molecular beam study of the change in relative populations of
the lower vibratiomal states of CsF upon collision with CO2 is reported,
Focused beams of CsF in Sp@cified vibrationalrrotatipnal states were
prepared by means of a previously developed ﬁolecplar beam electric
resonance method employing microwave stimulated emission combined with
quadrupole electric focusing fields. The ratio of populations of the
two lowest vibrational states (U = 1/U7 = 0) was measured for one
(J,M)w=l(l,0)‘rotatiQnal state of CsF, ‘Thie ratio was determined for
the direct (unattenuated) CsF beam and then for the CsF beam attenuated

by the scattering partner. The result was a smalli but statistically
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significant increase (contrary to expectation) in the "= 1/ U =0
population ratio due to scattering. This observation is considered

to serve as evidence of inelastic scattering. It is interpreted
assuming the possibility of both vibrational excitation and deegxecitation
of the CsF, but with kinematic factors enhancing detection of the
excitation process.

Also included are two previously published papers on certain
theoretical aspects of inelastic scattering, a part of the present
thesis research. In the first, the sudden approximation has been
used to produce numerical calculations of the angular distributions
and energy dependence of rotational excitation cross sections for
diatomic molecules in collision with atoms. The second demonstrates
the equivalence of the Born approximation and the first-order time-
dependent perturbation approximations for such systems, and presents

analytical formulas for the rotational transition probabilities.
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T. ‘INTRODUCTION

"The trouble with chemistry is that it is too difficult for chemists.”

A. Einstein

The above quotation indicates why the molecular beam methodl of
studying molecular interactions is so attractive; it separates out
single pairwise interactions between molecules, interactions which
in principle are completely defined by the Schrédinger equation, but
which in practice are greatly obscured by the groé5‘averaging procedure
of a bulk chemical reaction. This most evident attractive feature of

imoleéﬁlar beams,l i.e;, the production of spatially isolated molecules . .
in closely defined veiocity ranges, hds been powerfully augmented in
recent years by the concurrent ability_to specify internal quantum
states of the beam rpoleculeso2 In pafticular, inhomogeneous electric
fields ;f various multipolar configurations have been utilizadz to
separate rotational states and sgpatially Orient'various simple’polar(
molecules by means of the molecularlelectric Stark effect. Two
examples are given below.3 |

1) The six-pole electric field selects ranges of rotational
stétes_of symmetric top molecules.4 The selected molecules can then
be oriented with reépect to a laboratorwaixed.axis,‘and experiments

‘ I with alkali

which measure the reactive anisotropy of e.g., CH,I or CF

3 3

atoms have been performed.5

2) The four-pole electric field focuses polar diatomic

molecules in rotational states of negative indﬁced“dipole moment {(i.e.,

molecules whose second-order Stark energy increases with electric field).2



This configuration has been used in experiments that measure the
anisotropy of the intermolecular potential for TjfF-rare gas and CsF-rare
gas pairs6. It has been used in the determination of rotationally
inelastic cross sections for state-selected TIF interacting with
various collision partners,7 It is used for state enhancement in
molecular beam electric resonance (MBER) spectroscopy.8 Recently,
the MBER technique has been combined with microwave induced rotational
stimulated emission to provide beams of "pure state" CsF useful for
scattering studies.9 The beams consist of CsF in eompletely specified
quantum states (rotational and vibrational). A signifiecant portion »
of this thesis is concerned with the utilization of this technique,
The goal was to observe a change dn the relative population of vibrational
states of CsF upon collision with other molecules.

The thesis is divided into six parts. Sections IT-IV describe
the experimental work, consisting of measurements of changes in the
ratio of vibrational state populations in beams of state-selected CsF
upon collision with other gas moiecules, as noted above. The results
are discussed in terms of vibrational excitation and de-excitation.
Section V (with appendix) describes the theoreticai work, mainly oﬁ
rotational excitation,i.e., calculations utilizing the sudden approxima-
tion to compute the angular and energy dependence of the cross sections
for rotational excitation of rotationally state~selected polar diatomic
molecules in collision with atoms. The results are applied to the TJF
experiments of Toennies.7 Section VI demonstrates the equivalence

between the first-order perturbation limit of the time-dependent treat-



ment and the Born limit of the time~independent treatment for the
case of rotationally inelastic collisions of diatomic molecules with

atoms.



II. VIBRATIONAL STATE SELECTION OF CsF AND DESCRIPTION OF THE

SCATTERING EXPERIMENT

A. General discussion of focusing

The focusing of polar molecules is made possible by the molecular
electric Stark effect, which yields a net force on a neutral polar
molecule placed in an inhomogeneous electric field E. TFor a linear

(e.g., diatomic) molecule in a 'E: state, the Stark energy is given by:
W=75%" W, (0
. Lo

where Wo is the molecular energy in the absence of an electric
field. (For linear molecules with no component of angular momentum
along the molecular axis, the odd orders in the perturbation expansion

vanish.) The lowest-order field-dependent energy then isll

\/\/7. = ’&.;/zE; h (I’M) ) @

where Mo and I are the permanent molecular electric dipole
moment and moment of inertia respectively, E is the magnitude of

the electric field, and fz(J,M) is given by

N |
£ (TM)= J(T+1) - 3M (for J,M # 0,0)

2 2T (F+)(2T~1Y 27+43) ° (3)
= ..,,i: (fFor J,M = 0,0).

In an inhomogeneous field sufficiently weak that W4 < WZ’



the molecules experience the following force:

—2

F=-YW,=- aw" VE = p,YE | @

where

Heg = 721 'F (T,M), (5)

Now consider the behavior of these molecules in a four-pole field
with rods of hyperbolic cross section (usually approximated as circular),

adjacent rods carvying alternate voltages of +'Vo or -.V; . See sketch:

\
el

— X

= Yo (2%, and (6)

The potential for this field is V(\(,Y) y

E:—-Vv 7‘;{)((_\/3] (7



= r (8)

VE = 2% | (9)

Then

A s
E ‘“F/IME o £ETM) rt)=m #(¢), (10)

where m is the molecular mass and r(t) is the time-dependent off-axis

displacement. Note that Eq. (10) is of the form

mv +Hr=0, (11)

i.e., the solutions will be either exponential of sinusoidal in r,
depending upon the sign of H (here, upon the sign of fz(J,M)).
In particular, molecules with fZ(J,M)>'O which are injected,e.g.,
from a molecular beam source into the field with axial velocity »>
.radial velocity will excecute simple harmonic motion with respect to
the axis. If one assumes a single velocity vV (for example, by
the use of a mechanical velocity selector), then molecules effusing

into the field from a small orifice on the axis will be brought back



into focus on the axis at a distance L(=L(J,M), that is, a different

distance for each J,M state) given by

2 4
M :I"_@_z V) ___________mﬁ/ZI (12)
L @M) 2 o (V) 25,3 M)

»

This is illustrated in the sketch below. Note that a beam stop
much wider than either the source or detector is employed to eliminate
the direct (unfocused) beam which contains all other (unwanted)

rotational states.

Fiela’ Rej;'On >J‘

Beam L(J,”M'> L(‘T.l)M?) L (T, M)

e - \
i I
Velo cﬁy Beam 5+°l°

sel ‘ec'l'or

(VERTICAL SCALE EXAGGERATED WITH
RESPECT TO THE HORIZONTAL SCALE)

Note also, that if one hold L fixed and varies \Z.' (or V), each
individual rotational state i will be brought into focus at the de-

tector when Eq. 12 is satisfied for fz(Ji,Mi) .



B. Vibrational state selection

1. Method of selection of vibrational states

This section is largely a redescription of the wvibrational
state selection method (the 'megative beam' or flop-out technique)
from the Ph;D thesis of T. G. Waech.9 The experiments of the present
author were in fact carried out on the same apparatus as that used
by Waech. This apparatus had also been used previously in some of the
reactive asymmetry experiments utilizing a hexapolar electric field,
as noted earlier,lo after which it was refitted with the four-pole
field and microwave facilities for the vibrational state selection,
to be deseribed below.

5Utilizing the results of the previous section, one may consider a
mechanicallyvchopped (i.e., modulated off-and-on at 25 Hz) beam of
velocity-selected polar diatomic molecules (e.g., CsF) for which the
rod voltage \L von the A-and B-fields cause the states (J,M) = (1,0)
to be focused at the detector, a hot tungsten wire, which produces by
surface ionization Cs+ ions that are multiplied and detééted by a

phase sensitive detector (PSD): See sketch:

B éom S’rDF /J wave €,+€&+°r

vich, |/,4 ¥,e.g>y; /o /X
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This apparatus is similar to a typical MBER design,sa except that
there is only a single obstacle, and the A~ and B~fields each deflect
the particles through a quarter-wavelength, rather than the usual
half wavelength. The signal 1’ recorded by the detector will con-
sist of the desired ;;mponent (I,M)=(1,0) (which includes all vi-
brational quantum numbers, U ) as well as an unwanted component due
to scattering of the CsF around the beam stop by residual background
molecules in the vacuum chamber, and perhaps surface scattering of the
CsF by the field rods, etc. The unwanted component can obviously
have any value of (v*JM)f In principle, one can reduce this unwanted
component with better vacuum and by suitable collimation, trapping,
etc., to avoid surface scattering.

If one now introduces a crossed beam of microwave radiation of
frequency* 1 into the C-field region to stimulate the transition

_— s e e e e me e

At this point, the definition of four different: symbols is re-
emphasized: '

V = velocity of particles (em sec-l)

V.= voltage on quadrupole field rods (volts or KV)

v = vibrational quantum number

v = frequency of microwave radiation (Hz).
(v 10)<—> (U"00), one observes a net decrease ("flop out'") in signal
at the detector due to the fact that the newly formed (U 00) molecules
have f2(050) = +-%-(i.e.,> 0), and are lost from the beam as they take

diverging exponential trajectories (see previous sketch). Since

this rotational transition frequency )  depends on the vibrational



1
state (to a good approximation 1 Jj =Zc[Be~=~c<(0'+—‘i)] ,
where ¢ 1is the speed of light, B, and o« are 5.527265 GHz and
35.247 MHz respectively, for CsFlz.), then a scan of the mierowave

spectrum in this region will result in "knocking out" successively

10

up to 50% of the molecules in states with (J,M) = (1,0) and v = 0,1,2...

(see sketch following):

7

'I —+

e 0§ ¥ V

0
In}fw 5"+7 ?ocuser!
of Sljnal
D Jecj'o |

)/

/ / / / /
Unwanted signal due to scattering
//// around beam stop
L L Ly L . v (6Hz)

10.9 109

If one now square-wave-modulates the microwaves off~and-on at a

low frequency, e.g., 25Hz and again detects the beam with a phase

sensitive detector (PSD), the constant 1’ will hot be ‘seen; only the

"loss" signal, i.e., the ( U 10) which is transformed to ( V” 00) and
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is deflected from the beam will produce an AC signal out of phase

with the reference. If the phase of the signal is inverted, it appears
as a positive trace with a zero baseline. (See Figs. 1 and 2 for a
tracing of gome typical data from the recorder chart; these are
similar to Fig. 2 of Ref. 9a and Fig. ITI D. 1 of Ref. 9b.) This
modulated microwave molecular beam signal will hereafter be referred
to as the MMMB signal.

The zero baseline (i.e., the fact that the minimum between resalved
peaks corresponds to the electronic "beam off" zero of the PSD) implies
that there is no overlap between adjacent (U710) states in the MMMB
frequency spectrum I (?). It then becomes valid to identify the
signal (v'10) as IU‘H$> s, 1.e., a beam of "pure-state" quantum-
mechanical kets. More importanfly, the ,W'JO>> intensity dis
proportional to the flux of CsF in the designated state, and provides
a direct measure of the relative-numbers of molecules in vibrational
state U .

As a final note to this seﬁtion, it turns out that the velocity
selector was not needed for the MMMB frequency scans. Originally, it
served the dual purpose of cutting down on the gross amount of un-
wanted signal due to scattering around the beam stop and unwanéed
signal from other rotational states whose f2 (J,M) and velocity
allowed them (for a given \& on the rods) to reach the detector
along with ( U” 10); both of these sources no longer econtribute

when the microwaves are modulated.9
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2, TFactors affecting peak shapes

At least three factors influence the shape of the peaks in the
"spectrum'" (i.e., the plot of I(? ), the various }U’ld) intensities
as a function of the frequency 2 of the microwave radiation).

These factors are: a) the amount of reflections of the microwaves
within the transmission system, b) the microwave power level, and
c¢) the electric field in the C-field transition region.

Factors a) and b) above are closely related. It is observed ex-
perimentally that only &/ |mw of microwave power is needed to saturate
the transitions, but this results in lines that are badly broadened,
often so much so that they overlap. In other words, although the
natural linewidth should be tonsiderably less than 0.5 MHz,13 high
power and/or reflections can produce lines of width = 70 MHz.

(See Fig. 3 for a representative curve tracing illustrating this
effect.)

It was noted in the present work that a significant amount of
attenuation (230 dB) had to be introduced into the waveguide in order
to reduce the linewidth to =~z 1 MHz! The broadening at lower
attenuation apparently was due to reflections back into the klystron
and frequency shifts in the klystron. It was thus necessary to have a
microwave source of sufficient power capability such that it could be
attenuated by 30 dB and still deliver enough power ( =2 150-300 P(W)
into the region of the molecular beam (C-field).

With respect to the electric field in the transition region, Waech

showed14 that a variation from 0 to =100 V/em will yield a line-



- width of order 12 MHz. To reduce this width to ¥ 0.5 MHz means
that the field must vary only from O to about 20 V/em. To obtain
this homogeneit&, it is necessary either to move the transition region
several cm. away from the ends of the A-field rods (not possibleIWith
the present exﬁerimental apparatus) or to provide electtrical isélation
(e.g., a grounded conducting shield) between the field rods and the
transition region. This latter method was the one actually used

-+ (see gection III A).

3. Hyperfine structure

One other factor that affects the peak shapes is the hyperfine
structure of the rotational transition. The last series of experiments,
with lines marrowed to a2l MHz showed a small, regularly occurring
feature on the low-frequency side of each |V10>>peak. This ecan be
seen in Figs. 1 and 2, where the arrows point.to the partially resolved
structure. The separation of the two peak positions is 300 KHz,
corresponding fairly closely to the splittings observed by English and

15 133CSl9

Zorn.> for the zero-field hyperfine levels of F. See the

following sketch, which is a reproduction of Fig. 1 of Ref. 15:

. =Y
Y:l ::Zl ' =3
<135 KHe
J=1 — l .
F~5[f
)\ F=4
s ¥ 76KHe a9

= ||.0S GHe 2 =3

13
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Complete resolution of all these states is not possible (nor
necessarily desirable) with the apparatus in its present condition.
To achieve complete separation, better frequency stability and lower
DC electric fields in the transition region are required. English
and Zorn15 used an applied DC field of 1.5 V/em in order to observe
;ransitions among the F-states of the J=1 level; this compares with
a range of =0-50 V/cm éstimated for the present experimental arrangement.
In spite of this liﬁitation on resolution of the hyperfine levels,
the partial discrimination (i.e., between thé Fl = 7/2 and the
unresolved Fy o= 9/2, 5/2 levels) is a éood measure of the capability
of the apparatus in its present form; aﬁd suggests that a complete
resolution could be ach%eved (with only modest'expefimental refinéments)

if desired.
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C. Description of scattering experiment

1. Background

Once a method exists that gives an accurate ratio of populations
of certain quantum mechanical states (such as that described in
Section IIB), it is natural to consider an experiment that might
changeaﬁhose populations. Allowing the given ensemble of states to
interact with other molecules is such an experiment, one which gives
information about the inelastic processes of chemical and physical
intéfest occurring during collisions. The present work involves
beams of molecules which differ only by being in different vibrational
states, and the collision experiment chosen is one which involves
inelastic vibrational gcattering.

Inelastic vibrational collisions have been observed previously
in beam experimeﬁts by several workers in the ion~molecule field.

16

. Ditthgr and Datz: have measured the energy loss (due to vibrational
iﬁéléééicity) of Na+ ions and of neutral Na atoms gcattered Ffrom

H_2 (and DZ) in the relative kinetic energy range 3-29 ev, aﬁd similar
energy losses for K+ ions and neutral K atoms scattered from D2
in thg relative kinetic energy range 10-32 ev. Toennies and co-workers
have performed similar experiments for Li+ + HZ (and DZ);17xwith
sufficient resolution to "separate' the Li+ ions corresponding to

various final vibrational states of H2 (or D2)@17a' Mzhan and c:o—workersl‘8
have observed vibrationally inelastic collisions in the lérge-angle

+
scattering of Nz by He, although their resolution was not sufficient

- 1
to separate individual states. Moore and Doering o studied the collision



of 100-600 ev. protons with H2 (and Dz) and with NZ’ and have resolved
processes corresponding to the excitation of the first four excited
vibrational levels in H, (Dz) and the first excited wvibrational level
in NZ' Recently, Cosby and Moranzo have published angular distributions

of the vibrationally inelastic tramsition probabilities for the process
Gr) + Ar—ao (') + Ar (14)

with =0 and\T; 0, 1, 2, ..., 13, and energy distributions for the
U= 0+’ = 1, 2, 3 procese in O + O2 CXSEﬁ), The results are inter-
preted in terms of a semiclassical model.

Non-beam methods of determining vibrational transition rates
often involve the excitation of a specific vibrational level.-in a
gas sample by means of monochromatic radiation. The decay of the
population of this excited state is then monitored by the intensity
of its fluorescence spectrum or by the rate at which the molecules
cease to absorb the exciting radiation, both methods giving information
about collision processes which depopulate the excited state?l' Recently,
this type of experiment has been given impetus by the development of
lasers which serve as the required intense source of monochromatic
radiation.

The scattering experiment in the present work attempts to
measure changes in the relative state population ratios of the
rotational-vibrational state~selected beams of CsF upon attenuation by
scattering due to a second (crossed) beam of molecules or a scattering
gas. Because of the difficulty in separating elastic froﬁ inelastic

events (i.e., molecules reaching the detector don't carry tags

16
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identifying the process by which they got there), one cannot easily
determine how much of the attenuation is due to elastic scattering

and how much (if any) is due to inelastic scattering processes.
Nevertheless, a change in the ratios of the populations of the IU’1d>
states (in particular the ratio Il’0>7/l01c£> is necessarily caused by some
scattering process that is different for the different states under
consideration. This ratio change is the measured experimental quantity,

to be described below.

2. The present experiment

The present scattering experiment consists of repetitive measurements
of the '"peak heights" in the frequency scans I (7 ) (see Seetion IIB
and Figs. 1 and 2) for two selected quantum states thM>»(= ‘Old> and
]ll@)) for a MMMB of CsF. This establishes the population ratio
|110>/{010> for the vibrational states in the beam. This ratio should,
in principle, be defined by the temperature of the beam oven if one
assumes that the CsF was in thermal equilibrium with the oven as it
was emitted. Then

l”0> _ _Elno>«Elow> - [.,, ﬁwg
lo10> "e"f{ LT =P k‘l;m] o

(Hereafter, this ratio of populations will be abbreviated I,/I,.)

Moran and Trischka 23 have verified that the ratio of populations of
vibrational states given by Eq. 13 is, in fact, satisfied for beams
of LiF and LiCf.

The value of this ratio I,/I, for the direct CsF beam is to be

compared with its value after the CsF beam has been attenuated by a
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a secondary crossed beam (or a scattering gas), typically 002.
As in Ref. 23, the peak heights were chosen as the monitor of the
vibrational populations in order to facilitate a rapid replication of
the microwave frequency scans (both with and without scattering gas),
in an attempt to minimize the effects of long term drifts,*

As an altermative, the area under the curve I(») for a given
transition might be a more correct quantity to measure, but two
factors make this impractical with the present apparatus. First, the
noise level in the portion of the curve which is Stark-shifted to
higher frequencies than that of the zero-field transition introduces
a large uncertainty into What is only a small portion of the total
integrated ,trlq> intensity. Second, long-term drift would be muéh
more troublesome, since the complete frequency scan takes 3-10 times
as long.

Even if some systematic error exists which would produce a ratio
Il/Io for the unattenuated beam that does not satisfy Eq. 13 (and this
is evidently the case; see Section IV B), the experiment is designed
so as to compensate for such an error. The measurement of the Il/I0
ratio is done identically in all cases on a given day, the only
difference being the presence or absence of the secondary beam (or
gas). Any systematic errors should be present in both cases; any
change in the ratio Il/l‘o can be due only te a scattering process

which is different for the V'ml state than for the U” =0 state.



One such process ig vibrationally inelastic scattering, which the
present experiment is intended to observe.

The experimental procedure is ag follows: the CsF MMMB
is tuned up, usually on the state |01q>, to obtain a maximum
intensity (for a given oven temperature) on the PSD. Then, following
the method to be described in Section IIIC. 3, the heights of the
,Old) and |110) peaks are recorded by sweeping the microwave
frequency slowly through each transition maximum, and rapidly
between maxima. As quickly as possible, one then obtains intensities
corresponding to V=0,V =1, v =0,U =1, ...v =0. The data from
such a set of measurements, typically 4 peaks of V=0 and 3 peaks
of V=1 are defined as a "cluster". ‘After one "cluster," the system
is again tuned up on the U= 0 peak maximum and scattering gas is
admitted to the crossed beam apparatus until the U= 0 peak is
attenuated by 20~35%,. (For attenuation magnitudes, see Table 1.)
The procedure of scanning the U'=0 and V"=1 peaks is then begun
again, and data are taken with the attenuated CsF beam, to determine
another "cluster'". The scattering gas is pumped out and another
cluster is measured. Scattering gas is then readmitted for deter-
mination of a fourth gluster. This process is continued until
enough data has been taken, or until something breaks downm.

One important experimental requirement that must always be
fulfilled in order that the final data accurately reflect the beam
intensity received at the detector (see Section IIIA for a description

of the detector) is that the electron multiplier be operated in a
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TABLE 1

Summary of percentage attenuations

Method of Attenuating Z Attenuation
Date Attenuation Gas Cluster # (t~ 2%)
Jan. 24 Scattering Gas 002 1 24
Jan. 24 Scattering Gas CO2 2 28
Feb. 16 Scattering Gas 002 3 28
Feb. 16 Scattering Gas CO2 4 35
Mar. 20 Scattering Gas 002 5 30
Mar. 20 Crogsed Beam 002 6 27
Mar. 20 Crossed Beam 002 7 24
Mar. 20 Crossed Beam co, 8 29
Mar. 20 Crossed Beam 002 9 23
Mar. 1 Crossed Beam Trichlor*‘ ik 34
Mar. 1 Crossed Beam Argon Hk 32

* 1,1,1-trichloroethane

*% Not numbered

20
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linear mode (constant gain). To a lesser extent, this problem of
maintaining linearity exists for all the elements in the detector
circuitry: the PSD and the chart recorder must operate in a linear
fashion, and the elements of the ion lenses in the detector assembly
must be maintained at constant voltages (see Section IIIA). The
multiplier, however, is different in that it exhibits a systematic
nonlinearity that grows worse as the signal magnitude increases.
This nonlinearity is relatively easy to avoid in practice; one

need only not "overload" it by extracting too large a current from
its output. For a discussion of this point, see Section IITE. Also,
for a related piece of data which indicates that this nonlinear

effect was absent in the present experiments, see Section IID,2.
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D. Experimental problems

Several troublesome experimental problems are discussed below.
Each of these was annoying, but not particularly serious. Unfortunately,

they are much easier to describe than to explain and/or overcome.
1. Loss of detector activation

The 0.25 mm tungsten wire which served as a surface ionization
detector (see Section IIIA) was normally almost 1007 efficient in
forming Cs+ ions from the CsF that'struck it. It was operated at a
moderate red glow, by means of a filament current of 3.5~3.6 amp. This
current (temperature) offered the best compromise between excessive noise
at the high extreme (i.e., current 5 3.8 amp) due to emission of large
éﬁ;unts of alkali ions that are normally embedded in the tungsten
crystalline matrix, and at the other extreme, loss of AC gignal due to
the’too—long pre-ionization residence times ( 5 10 msec) of the Cs atoms
on the wire at current levels < 3.0 amp.

It was found that after about one hour of operation at 3.5 amp, the
signal began to decline rather rapidly; this was due to loss of detecpor
efficiency, rather than to actual decrease in beam intensity. The
detector efficiency could be restored by passing a current of 4.1 amp.
through the wire and simultaneously adding liquid nitrogen to the cap
surrounding the detector (see Fig. 4) assembly for a few minutes. Upon
reducing the detector current to its base value of =~£8.5 amp, it woul&
then detect at 100% efficiency again.

The reason for this signal decline is not understoood; the most

likely explanation is that the work function of the wire has been
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decreased by the "poisoning' effect noted by Touw and Trischkaza. The

substance most likely to be responsible for this is the hydrocarbon dif-
fusion pump oil, but this is somewhat unexpected, as the liquid nitrogen
baffles between the diffusion pumps and the molecular beam chamber
should have minimized backstreaming of this type (see Section IIIA for

characterization of the vacuum system).
2. Asymmetric voltages on focusing field rods

The focusing of rotational states of polar diatomic molecules in
an ideal four-—pole field assembly depends only on the difference voltage
AVon adjacent field rods. In Section IIA, AV was given by AV=V,-(-V;)
=2V, , i.e., the magnitude of the voltage was the same on all rods,
and the system was symmetric with respect to ground. This need not be
the case, and in fact the largest MMMB Iu‘l@ gignal (i.e., peak intensity)

is obtained with an asymmetric voltage on the rods:

(voltages with

C respect to ground)

Unfortunately, this asymmetric rod voltage produces stronger

"end effects,'" i.e., larger stray electric fields in the C-field
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transition region, and leads to much greater Stark broadening of the
lines. This was the reason for the introduction of the isolation
shields, described in Section ITIA.2, to surround the C-field region
(i.e., to narrow the range of transition frequencies by isolating the
region from the stray electric fields). With this arrangement, the
linewidth observed (see Fig. 3) has a FWHM of =22 1 MHz, although

there is still a small amount of signal up to a5 MHz higher in
frequency'than that of the zero-field transition. To get an iﬁtegrated

intensity for a given v, ‘then, one must span this whole .5 MHz range.
3. Slow decline of signal with time

The oven temperature étabilized easilg; iﬁ remained constant to
ca. 0.04 mv (+1 e ) out of 228 my (22950 °x ). These voltages#
represent the temperatures of the oQén as sensed by two chromel-alumel
thermocouples (1l mv25 oK) attached to-the oven (éee Section ITIIB).
In spite of this apparent constant teméerature, the |U’l0>> . MMMB
signal typically showed a slow decline of up to =250% of its original
value (i.es, that obtained just after the oven reached 28 mv) over the
several hours during which a typical MMMB:experiment was carried out.
This effect was troublésome, as the steady decrease in AC sign?l'(with
the noise level remaiﬁing approximatel§ congstant) was what usually
limited the useful 1ifetime of the experiment. Trivial éﬁplanations
of this decrease, d.e., plugging of the slit, corrosion of the slit
by impurities, etc., do not seem to be the actual cause. Another

possible explanation of this effect could be the increased formation
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of dimers,25 The oven slit was kept = 25 ° hotter than the main
body of the oven during the initial warm-up, and more power was put
through the heaters near the slit than through those at the other
end of the oven where the CsF charge was located. Nevertheless, the
oven temperature probably became slightly more uniform as the operating
.temperature was reached and maintained, thus increasing the percentage
of dimers emittedaz6

This signal decline is interesting from another standpoint however,
as it sheds light on the possible nonlinearity of the Bendix electron
multiplier,..a pféblem mentioned in Section IIC and discussed in
Section ITIE. Inmthe discussion, it ié noted that overloading the
mulgiplier will result in a measured Il/I0 ratio that is smaller than
its true value. In the present experiment, if the multiplier were
significantly overloaded, then the decline in signal with time would
result in an increasing Il/Io ratio for CsF (measured in the absence
of scattering gas).l That this is not the case can be seen (to some
extent) in Figs. 11 ~ 14, which are plots of Il/Io as a function
of time during a given experiment, and more clearly, froﬁ,the data
analysis of Section IVC. The graphs and the analysis show that in
spite of a large scatter for the individual measurements, the 1ong-'
term variation of the unattenuated Il/IO,ratio is essentially zero.
This provides confirmatory evidence that multipiier nonlinearity is

not a problem here.



IIT. EXPERIMENTAL APPARATUS

Section III describes the physical apparatus in which the experiment
was carried out. Except for changes in the microwave system and the
beam production systems, the basic appaiatus is almost unchanged from the

thesis work of T. G. Waech.gb

In Section ITIA, a brief description of
the basic apparatus is presented, with frgquent referral to Ref. 9, in
which a more complete description (including photographs and drawings) is
given. Section IIIB of the present work is a description of the beam
system and secattering center. Section IIIC details the microwave

system. Section IIID suggests possible improvements for future experi-

" ments, and Section IIIE is a precautionary note about the problem of

"saturation" due to high current levels in the Bendix electron multiplier

in the detector assembly.
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A. Basic apparatus and operating conditioms.

The apparatus consists of two differentially pumped chambers
(see Ref. 9b, Figs. VA.l, VA.2, and VA.3). The smaller oven chamber is
made of brass, and the larger main chamber (containing the velocity
selector, focusing fields and detector assembly) is of stainless steel.
The pumping system is also the same as in Ref. 9b, except that Congoli-
dated Vacuum Corp. 'Convoil-20" hydrocarbon diffusion pump oil is used
in all three pumps. In addition to the diffusion pumps, there are
large liquid nitrogen cooled surfaces in both chambers. This cryogenic
pumping is especially important in the oven chamber, where the 2-inch
diffusion pump is inadequate without it. Typical operating pressures
(nominal ion gauge readings) in the oven chamber are: 1--2::10_6 torr
with the CsF at its equilibrium temperature, but without scattering gas,
and 1—5x10-5 torr with scattering gas (the highest pressure obtained
with noncondensable argon). The main chamber pressure was typically
1-2x1077 torr.

The CsF beam (either direct or attenuated) passes through the
aperture from oven to main chamber, through the wvelocity selector, the
four-pole field which selects the (1,0) rotational state, the microwave
(C-field) transition region, then is refocused by the second four-pole
field onto the detector.

The velocity selector and the four-pole field have been described
previously.9b The C-field tranmsition region differs from that of Ref. 9
in that two grounded sheet metal aluminum plates were inserted perpen-

dicular to the beam to isolate this region from the stray DC electric



fields caused by the end effects of the 4-pole rods (mentioned in
Section IID.2). The plates each had a 0.635 cm dia. hole for passage
of the beam. The following sketch (to scale, and looking down on the

system) illustrates the placement of the shields:
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Note the closeﬁess of the A-field rods to the transition region.
It is probable, in fact, that the residual "end effect” electric field
penetrating into the hole in the first Al sheet is responsible for the
line broadening beyond the natural (calculated) value of <& 0.5 MHz.

The detector has also been described previously.gb’ 10

The photo-
graphs (Fig. 4) in the present work are included to show the surface
ionization assembly (the construction of which was a part of the thesis
worklo of R. J. Beuhler) in its present state of refinement. In the

present work, only the 0.25 mm W wire (refer to Fig. 4B) was used for

surface ionization. It was operated at a moderate red glow by passage
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of a current of 3.5 - 3.6 ampsg. The ions formed on the wire were focused

by the einzel lens and injected into the quadrupole mass-filter, whose
resolution was adjusted experimentally to give as noise-~free a trans-

mission of Cs+ as possible. (The main use of the mass-filter in the

X . et . + o, .
present work is to discriminate against K ions emitted from the W wire.)

The mass-selected Cs+ ions are refocused by a second einzel lens
and strike the input dynode of a Bendix M306 electron multiplier opera-
ted at a gain of 'Q: 1000 (1 Cs+ yields < 1000 electrons). (See
Section IIIE for a cautionary note about the signal levels in the
multiplier’.) The output from the multiplier goes to & cathode follower
(input resistance 107J1-), then to the PSD, which detects the 25 Hz
component of the signal and whose rectified output is displayed on a
strip chart recorder, from which the tracings in Figs. 1 and 2 were
taken. A block diagram of the entire detection system is given in Fig.

III-4 of Ref. 10 and Fig. VC.1 of Ref. 9b.
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B. The scattering system.

The beam system consists of an oven (see Figs. 5, 6, and 7) from
which the CsF effuses, and a secondary source, an array of parallel
capillary tubes which are directed perpendicular to the direction of
the Cs¥F beam. The capillary array was used only in the last two experi-
ments, however; in all preceding experiments, the scattering gas was
admitted non-directionally via an opening in the wall of the oven
chamber.

The CsF oven wasg a typical stainless steel effusive source with a
single slit 0.25 mm by 5.0 mm, with the long dimension horizontal (to
be compatihle with the beam stop and detector wire, also horizontal).
It had coiled tungsten heaters ét both ends, and the slit end was
normally kept % 25K hotter than the "stock". Two chromel-alumel
thermocouples are used to measure the oven temperature: one is bolted
onto the back of the oven, and the other is located deep ingide a hole
in the oven, close to thé slit. The oven is shown, in photographs and
in a drawing, in Figs. 5A, 6, and 7.

The capillary array is described in Figs. 5B, 6, and 7. It is a
Brunswick Collimated Hole Structure, sample #2. The area of the array
is 5.8 mm x 1.7 mm; the capillary tubes are 3.0 mm long and 0.025 mm
(nominal) radius. The array is nominally 417 open, giving a total of

&z 2200 tubes. An estimated f£low rate for the noncondensable axgon
(i.e., product of pressure rise in the chamber when scattering gas is

added and the estimated speed of the diffuéibn\pump) is nsl.leOl6

12

molecules/sec. The flow rate per tube is 8x10™ " molecules/sec, resulting
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in a calculated29 angle,)@ﬁ, at which the intensity of the secondary

beam is % that in the forward direction, of 2 5°,
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C, Microwave system
1. General description

The microwave systemt is similar to that of Ref. 9b, with severai
important changes as desighated. The assembly consists Qf a microwgve
source'(a Varian X-13 klystron, described in Section IIIC.2) coupled
into a transmission system which carries the microwave radiation into
the vacuum chamber to the wicinity of the molecular beam. After leaving
the klystron, the microwaves pass through a ferrite isolator and a
variable attenuator, then are emitted into a 1 cm air gap. In the air
gap, they are modulated (chopped) mechanically at 25 Hz by a rotating
wheel (see Section IIIC.4). The microwaves that get through the
chopper are recollected by a horn antenna and pass into a 10dB directional
coupler, then through a window into the vacuum chamber, where they are
‘ "Broadcast" from another horn antenna into the C-field transition
region. The sidearm of the directional coupler contains a wavemeter
and crystal detector for monitoring the frequency and power level of
the microwaves, (For photographs, a block diagram of the microwave
system, and a complete listing of the component parts, see Figs. 8-10).

The microwave transmission system was made up of (mismathhe&)f
components intended for several frequency bands. It was therefore
advantageous fo have enough microwave power available to operate with
appreciable attenuation in order to minimize the problem of reflected

waves and "frequency pulling" of the klystron (see following section).
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2. Klystron and power supply.

The early experiments employed a Polarad 1107H‘micrdwave gource

(3.8-8.2 GHz) and Polarad Model 1509 frequency doubler (10.0-15.5 GHz).

Also, one Tun was made with a Hewlett-Packard (HP) Model 8690A'sweep
ascillator (generously loaned by Prof. R. C. Woods). The HP source
demonstrated'the advantagg of having a greater power capability. The
Polarad source was'necessérily operated at peak power, and its output
power spectrum P (2 ) varied widely with frequency 2 . Another annoy-
ing feature was the necessity of pperating at low attenuation with
. concomitant broading of the CsE peaks.

For these reasons, a new microwave source was obtained: a Varian
X-13 klystron (forced-air cooled); powered by a HP 716B klystron power

supply. Typical operating conditions. were:

Beam voltage: - 365'v (With respect to chassis ground)
Reflector voltage: = 340 v (with respect to beam supply)
Beam current: 232 ma

These éettings resulted in a power output of =100 mw, at 11 GHz.

Under typical experimental conditions, this was reduced #z 30 dB by

the attepuator and Az 2 dB due to the air gap, resulting in approximately

150 - 300/uu delivered into the region of the molecular beam. (The
X~13 can deliver someéwhat more power than 100 mw if one desires to work
with a higher attenuator setting (to minimize the reflections discussed
in Section iIB.Z) while maintaining the same power delivered to the

mplepﬁlar beam.)
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3. Details of frequency sweep.

The electric tuning range of the X-13 klystron (i.e., the region
over which the frequency may be varied by hoiding the resonant cavity
gize fixed and varying the reflector voltage) is only barely wide
enough to cover both the 101q>- and %lld> peaks, which are separated
by 2 = 70.494 MHzlz. Therefore, in order to permit slow scans through
the peaks (A¥»E 1 - 2 MHz) and rapid change between the peaks, the
following mechanical method was used to vary the frequency by changing
the cavity sigze:

A Hurst Model 112RC synchronous motor which turned at 1.0 revolution/
hr was geared down by a 50:1 worm. The driven output of this assembly
was coupled to the micrometer screw which adjusté the cavity size of
the klyStrén (see Fig. 8B). Power for the.moﬁor came from an RCA
Model WA-44C audio oscillator, amplified by a Knight Model KN3220A
power amplifier. A 60 Hz setting on the RCA oscillator then yielded
the desired freqﬁency sweep rate of 22 0.8 Mz /min. (The sweep rate
cquldAbe changed from about 0.5 to 3.0 MHz/min by altering the frequency
of thevoécillator. See Fig. 10 for a block diagram of the microwave
apparatus,)

Since the final experimenéal data consisted of measurements of
peak heights only for the two rotational transitions, it was possiBle
to use the following techniques to(gp rapidly from peak to peak while
scanning slowly (0.8 MHz/min) through the regions of peak’ﬁaxima:

a) The motor was left running all the time, being connected/
‘disconnected to the klystfon by tightening/loosening a set screw on

the output shaft of the motor.
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b) The approximate frequency was set rapidly by a hand turn
( = 1 !4 revolution) of the dial which conmnects to the motor (see
Fig. 8B).
¢) The set screw was tightened and the oscillator set at about
240 Hz ( ~ 3.2 MHz/min). As the transition frequency was neared,
the oscillator was cut back to 60 Hz to sweep through the peak maximum.

d) The set screw was loosened and the process repeated for another .

transition frequency.
4, Method of modulation.

The method of modulation of Ref. 9 was used initially. A 40 volt
square wave at 25 Hz was applied to the '"Mod in" input of the 716B |
klystron power supply, which was set on "external modulation". A
'portion of this signal served as a reference for the PSD. It was soon
discovered however, that the input circuitry of the 7168 for this mode

caused severe droop distortion (5.3 velt) of the waveform. See sketcht
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The result was a combination of a "square wave plus ramp" signal
‘going to‘the klystron reflector, resulting in a frequency modulation
of several MHz in 20 msec. ‘This freQuency variation produced a molecu-
lar beam resonance signal which varied with time during each 20 msec
“on-period" of the /A—anes. The time variation yielded é greatly
distorted "spectrum" I (), including a negative signal in places
(due to the out-of-phase componenﬁs caused by the unwaﬁted frequency

modulation) as the klystron waé:swept through the transition (sée sketch).

=0
1 ‘ V=)
V=72 \
Q- T T —Y

Here, ¥Y=2+5V , i.e., the sum of the "nominal" frequency setting 2/
which is swept by varying the cavity size, and J7 which is'due to the
uﬂwanteé electrical ffequency modulation. The zero of the vertiecal
axis ié Z , the electronic ("beam off") zero of the apparatus. Note
tbat this is an early experiment with greatly ( = 50 MHz) broadgned
lines, .

A purely mechanical method of modulation was finally adopted, as
~shown in Fig. 9. The slotted wheel, rotating at 25 Hz, chops (at con-

stant frequency and phase) both the microwaﬁe beam and the reference
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signal from the lamp which is sensed by the small photocell. The power
loss in the waveguide is small ( 22 2 dB) if the air gapvis less than

1 cm, The pawer for the chopper motor was furnished as follows: a 25 Hz
Connor-Winfield Model P125B solid state oscillator is poweved by aﬁ Eico
Model 1020 DC supply. The osc;Llatér output is amplified by a Knight
Model KN3220A power amplifier, and one end of the amplified éignal is
phase shifted by a 2 MF capacitor in order to derive au37phasa signal.
This 3-phase signal powers a Globe Industries, Inc. Model 53A117-2

synchropqus motor, which drives the chopper (see Figs. 9 and 10).



D. Suggestions for future improvements

Several possible improvements suggest themselves. Aside from
improving inadequacies of the basic apparatus, i.e., better pumping,
better design of crossed molecular beam system etc., the main axea for

improvement is in the microwave system-transition region.
1. The transition region

" - Reduction of the inhomogeneous électric fields in the trangition
region will resqlt in less Stark broadening and greatly narrowed lines,
Asidg from the iﬁprcvement of S/N due to the concentraﬁion of mqré of

the ﬁMMB signal into a narrower frequency range, it might make it

practigal to scan the tramsition hfld} electronically (see Section

I1ID,3). |

The Sta?k broadening of the hrld> lines is due maiﬁly to the
pengtrat{qn of the electric field from the ends of the quadrupole
rods into the "C-field" transition region. This was the reason for the
success of the aluminum sheets that partially isolated the tgansition
region from these end effects.

A better solution for the problem of isolating the transition regipm
njight be td;carry out the transitions in a microwave "cavity" insiﬂe
che vacyum chamber. This would serve the dual purpose of requiring less
power (i.e., the microwaves would be confined to the region of the beam
raﬁher than being "broadcast" out into the vacuum chamber) and of
isolating the molecules.from stray DC fields. The cavity ﬁould presumahly
have guitable holes gnﬁ in its sides to let the molecular beam go

through. One problem with this arrangement would be that of tuning



the cavity inside the vacuum, however.
2. Electronic amplitude modulation of klystron

There are at least two methods of electronic amplitude (off/on)
modulation of the microwaves that should be somewhat better than the
method currently used. The first of these, is a commerical PIN modulator.
It is 8 semiconductor device (PIN = Positive, Intrinsic, Negative)
composed of a number of PIN diodes which are mounted as shunt elements
across aktransmission line. These elements can act as variable resistors

“to the passgage of microwave energy. The device would be mounted in the
wavéguide; it‘is controlled by a 25 Hz square wave of a féw volts |
amplitﬁde, and provides > 35dB of differential attenuatioﬁ during

the OfF part of the cycle. It is easier to operate than the present
method and more reliable (but much costlier).

A second, less costly method, makes use of the 25 Hz, 40 volt
~square wavé generator of Ref. 9 for external modulatign‘of the klystr9a
(see also Section ITIC.4). In order to reduce the droop distortion of

fhe 46 v square wave to an acceptablé level, one must_increase the
capacitance in the input circuitry of the 716B power supply from itg
present value of 0.15 /uF to S’-S; 10 /MF. The object, of course, is
t§ make the magnitude of the unwanted frequency modulation (in MHz) éue
to the droop distortion of the ﬁodulating signal much smallervthan the
width of the CsF line. Even the increase in capacitance mentioned
abovebméy ﬁot be sufficient if the lines are made very narrow by the

techniques mentioned in Section IIID.l.‘ In that case however, it might
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3. Electronic frequency modulation of klystron

The droop distortion that was so troublesome when the transitions
were proadened X 50 MHz and the unwanted frequency modulation was
§:3 MHz can be turned to positive advantage if the opposite situation
holds. For a transition with width 2 500 KHz, the whole range of
transition frequencies is spanned during the 20 msec ''on time" of the
mierowaves, and the signal recorded by the lock in amplifier wili be a
measure of the integrated intensity of the peak.

Electronic frequency modulation vields several advantages:

a),Thé integrated intemsity is probably the proper quantity Eb‘
mgasure; "it is proportionali to the -total population.of a hf1d>- vibra~
fional state.

. b) The intensity is'cnnsiderably'gasier to measure because one
c;q‘tune up the peak value ef.thg.infegrated area and then remain at
this maximum value and average out the shert-term neise.. This is not
poessible when'the frequency is scanned (as in the present wefk). There,
_oene mugp”tiy te extraét'the peak height from a.significant amount ef
short-term ( R 1-5 sec) noise en a curve that is sharply peaked;'

c) Concdrrently,Aalec;reniavmedulatien lende itself to signal~r
averaging inétruménts; since transients can be averageé out electrenically.
d)<If a PIN modulater is used for amplitude medulatien, it might
be advantageous to do the electroniec frequency moéulation at<alcensidé£ably

higher freqﬁeﬂc§'( 2 10 KHz) than the chepping frequency. This will

eliminate-entiieiy the effacts of the RC coupling te the klystren pewer

supply.
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E. CQurrent levels in the electron multiplier

Many molecular beam experiments develop an AC signal by means of
mechanical chopping of the beam by some sort of chopping wheel. This
was done in the present experiment, in fact, as is noted in the first
part of Section IIB,1. Under these conditions, essentially all of the
ions thét reach the multiplier will représent signal which has baen
modulated at the reference frequency (here, 25 Hz).

This is no longer the case when the microwave source (or some
other parameter, such as the voltage on the rods) is modﬂlated, Then,
as before, the AC componént will still be the oniy thing detected by
the PSD, but now there is a large DC background of unmaduléted CeF
' £hat strikes the wire,;is ionized, mass selected, and impinges on the
multiplier. This DC background, perhaps ten times the size of the AC
éignal, can drive the multiplier into a nonlinear region and result in‘
spurious rezdings. The followipg sketch, a representation of>tﬁe
‘"transfer function" of the multiplier operating at a preset voltage

(i.e., a preset nominal gain) illustrates this effect.
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The sketch is an extreme case in which the large input puts the
multiplier far into its nonlinear region (im is the maximum current that
can be extracted from the multiplier, on the order of 10"5 amp). The
L and I, intensities are indicated as negative ('"flop-out'") peaks sub-

tracted from i he DC background. The nonlinearity results in

pc® *
(11/Io>mﬂ' /Qll/Io)Mf‘< "1, i.e., an apparent decrease in the intensity
ratio of the beém. Addition of scattering gas to attenuate the CsF
signal (incl#ding the DC background) will bring the multiplier into a
more nearly linear region, resulting in a larger abparent valug of
(Il/Io) out. If the multiplier had been badly overiaaded, this effect
ggglg have explaiﬁed the measured incrgase of Il/IO for the attenuated
CsF beam.

In the present experiment however, care was always taken to keep
the muitiplier output well below its rated maximum output current of

1077

amp. This gection is included as a warning that when a émall AC
'signal is superimposed on a large DC background, some independent
‘measurement of the total signal should be made, e.g., by an electrometer,

to_@etermiue that the multiplier is not overloaded.



IV. DATA ANALYSIS AND DISCUSSION

A. Treatment of raw data

Typical raw data are shown in the chart tracings of Figs. 1 and 2.
The data consist of recordings of the strong peaks f01q> and }110:?
(Io and I, respectively) taken from the scans of T (z) as described
in Section IIC, upon which is superimposed a significant amount of
- presumably random short-term noise and long-term drift. It is desired
to extract accurate values for the ratio Il/ IO from data such as
these, both for the direct beam and for the beam attenuated by scatter-
ing. Hoﬁever, the data reduction is complicated by two sources of
inconstancy: first, one must "filter" the peak height out of the
short-term noise as accurately as possible, and second, one must
correct the overall signal for long-—term drift dué to such causes as
loss of detector activation' ( see Section IID.l), slow changes in the
intensities of the beams, etc.

The peak heights are determined "by eye", with the attempt made
to locate as carefully as possible the maximum of the peak in'the
"center of gravity' of the accompanying noise. ' {(In other words,
one tries to locate the peak height where it would be in the absence
of the short-term noise.) Compensation for drift is then accomplished
by means of a rather conventional linear time interpolation procedure
as shown in the following sketch. The sketch is an idealization of
the chart tracing, with the short~term random noise removed and only

the transition maxima shown:
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The time dependence (i.e., drift) is aséumed to be linear between
‘.010> peaks (for lack of a better method), and the attempt is made to
determine what the i010> intensity would be if it were measured at
the same time as r;he ’llO} intensity. Since the ]) syxﬁbol denotes
the actual heights measured and not the desired interpolated values,
the symbols hoi and hli are introduced to define the peak heights' (or
maximum intensities) of the jle} and ﬁllQ} reasured at the "same"
time ti. Now, define Ri‘ = hli/‘ h-oi’ the ratio of peak intensities
I(U'7")/I(V=O)( cf. Il/ Io) . A single value of Ri is defined as one
"measurement'. Typically, one obtains several of the Ri under
identicasl conditions @.e., close together in time and either all
without scattering gas or all with the same addition of scattering
gas); these several Ri are defined as a "cluster' of measurements.
Thus, the sketch above illustrates two measurements Rl and‘v R2 which

form a cluster of two points. These definitions are used in the

statistical analysis of the ratio data, deseribed in Section LVC.
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B. Results of ratic graphs
Plots of the,Ri for experiments on four separate days are shown
in Figs. 11~14. The abscissa is the elapsed time, starting from an
arbitrary zero. The choice of time as a coordinate is somewhat
arbitrary and serves mainly to display the data. Figs. 11~13 show

experiments in which CO, was the scattering gas, and Fig. 14, an

2
experiment employing 1,1,l-trichloroethane and argon. Figs. 11 and 12
summarize experiments in which the scattering gas was introduced into
the oven chamber nondirectionally, i.e., through an opening in the
chamber wall. The capillary array: (which was more like an actual
crossed beam) was installed for the runs summarized in Figs. 13 and 14.

The two values of Ri (i.e., the pairs of connected points on
Figs. 1l«14) at each ti@e t, are not separate data, but rather are
two independent readings of the same charts. This serves a purpose
which can be expressed in two similar ways. On the one hand, it gives
some idea of the precision of an individual chart reading by cﬂecking
its reproducibility. Secondly, it provides replicative data that is
useé to evaluate the statistical variance in the act of reading the
chafta This variance adds to the total uncertainty in the magnitude
of the change in R upon scattering, and must be taken into account in
anyistatistical analysis that attempts to define the standard deviation
or confidence interval for this magnitude.

, Several observations are apparent upon examination of the Ri

plots' (Figs. 11-14):

The basic ratio for the unattenuated CsF beam: (hereafter denoted

by Ro), while constant as nearly as can be determined during the
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(via Eq. 10 or 12) through the replacement of I (orlI%) and M, by

their proper values,‘ﬁgz

andJMw?g which depend on vibrational state.
The proper rod voltage for maximum transmission will then depend
slightly on vibrational state. VWhen these quantities are put into

Eq. 12, one calculates ( for a fixed value of L) that the voltage that
gives maximum focused dintensity forVU'= 1 is 1% less than that needed
to maximize theV = 0. Experimentally, a 17 change in rod voltages -
(when they are tuned up for maximum intensity) produces a negligible
change in the focused signal.

This calculation is not the whole answer, however. It is possible
that some combinations of oven, four—pole fields and detector positions
could cause different focusing for different states. Thile it would be
rather difficuit to calculate whether this effect is the cause of the
anomalous ratio, one can demonstrate experimentally that it probably
is not. If it were the cause, then presumably the reason for the large
changes in the ratio from experiment to experiment would be the
difference in relative alignment of the oven, detector, beam stop, and
microwave horn with respeét to the fixed four-pole fields for each
experiment. This implies that it should be possible to change the
ratio,guring a run by moving the above components, either singly or in
combination. This was found not to be the case experimentally -- the .
ratio did not change significantly when these components were intention-
ally moved during a run. Furthermore, one would expect that if the

ratio were lower than theoretical when the apparatus was tuned up

for the maximum intensity of the aOlO>> gtate, then tuning up on j110>>



should result in a ratio that is higher than theoretical. This was
tried and had no effect. Thus, the reason for the anomalous ratio
remains obscure.

In spite of this unpredictable discrepancy between the theoretical
and measured values of the ratio for CsF in the absencekof scattering
gas, it is observed that the addition of a scattering gas to produce
overall attenuation of the main beam yields a ratio which is'greater
in all cases than it was in the absence of scattering gas. It is a
small increment with & large uncertainty in its magnitude, but its
existence is established at a confidence level better than 95% { see

next section).
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C. Analysis of data

The data from the scattering experiments have been summarized in
Figs, 11-14. The individual "clusters" of data are indicated by the
brackets in these graphs. In general, each cluster of ratios measured
in the presence of scattering gas (these ratios hereafter denoted as R®)
has a cluster of;"R0 measurements taken between them {(i.e., no two
clusters R® are adjacent). This is not the case in Fig. 13, where

- clusters 6-7 and 8-9 were made with no R° measurements intervening.
These clusters of COQ ratios RS are independent, though, in that they
were observed by measuring one cluster of data for scattering gas,
evacuating the oven chamber and then readmitting the gas for another
cluster measurement. This was done to produce a larger number of
clusters in order to improve the statistical significance of the effect.

In analyzing the data, attention is confined to experiments
utilizing CO2 as a scattering gas. Close examination of these results
(Figs. 11-13) reveals a significant fact. If one compares the average
value of the ratio R® within & scqttering cluster with the average of the
ratio R° for adjacent clusters without scattering, then one observes
in all cases that the cluster average of R® is greater than these
average values of RP. For the nine clusters utilizing coz, the ratios
of the cluster averages R® for scattering to the adjacent cluster
averages R? ranges from 1.003 to 1.051. These nine ratios (hereafter
defined as X = R?/RP) have an average valqe of 1.021 and a standard
deviation of 0.004. The "student's t-value" for a two-ended 95%

-confidence interval with eight degrees of freedom is 2.31, resulting in



an effect X = 1.021 + 0.011l at a confidence levellof 95%. This primitive
method of analysis is designated Method A.

If a more detailed analysis is desired, then a decision must be
. made as to what is éonsidered to be the_basic measurement being taken:
is it the individual detegminétions of the hi, or are whole clusters the
fundamental éuantity being observed? The two different assumpitions will
yield different magnitudes and estimated uncertainties for the value
of X.

The details gf these analyses are sketched below. They were carried
out by R. A. LaBudde, whose kind assistance is gratefully acknowledged.
The first of these methods considers the clusters to be the basic
experimental quantity measured and the second assumes the same for the
individual hi'

The method of equivalent clusters (denoted as Method B) assumes
that all clusters are measured with equal precision and that there is
a single distribution of cluster variances. Analysis in this manner
results iﬁ a value of Xn of 1.019 with a standard deviation of 0.005
and eleven degrees of freedom, yielding XB = 1.019 + 0.012 (95% con-
fidence level).

The final method, that of equivalent measurements (Method C),
assumes that there is a uniform ’error associated with measurement of the
data and of reading the cahrt; further, that there is a cluster error
only when significant. This analysis yields XC = 1.016 with a standard
deviation of 0.005 and 40 degrees of freedom. This give a final result
XC = 1.016 + 0.009 (95% confidence level). These results are summarized

in Table 2.
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TABLE 2

Summary of data analyses

Standard Degrees of
Method - X deviation freedom Error#
A 1;021 0.0047 8 + 0.011
B 1.019 0.0054 11 + 0.012
C 1.016 0.0047 40 + 0.009

* at 957 confidence level

51



52

Although the three methods of data analysis give resulits of dif-
ferent magnitude, they are in accord in that the uncertainty associated
with the 95% confidence interval for each calculation is < 2/3 of the
size of the effect, and that the magnitude of the effect agrees (among
the three methods) to within the stated errors of the analyses. Thus,
the existence of the effect (X > 1.00) is confirmed at better than a
95% confidence level, but with a large uncertainty in its magnitude.
Note that X > 1 impiies preferential vibrational excitation (Qure= + 1)
of CsF colliding with 002 (in terms of the laboratory signal detected

in line with the CsF beam).



D. Discussion of results
1. An apparent anomaly: preferential excitation

The observation of X > 1 upon attenuation of the CsF beam by a
‘crossed beam of CO2 has been demonstrated in the previous section.
This effect is.not peculiar to C02 as a scattering gas; Fig. 13 suggests
that a similar increase occurs fgr'argon and 1,1,l~trichloroethane,
although there are insufficient data for these cases to yigld statis-
gical gignificance to the effect. Also, some early data taken by
T. G. Waechso indicated a similar effect for HZO used as a scattering
gas. The nonintuitive direction of the effect is illustrated by a
gimple temperaéure argument: '"'cold" (room temperature) 002 collides
with vibrationally "hot" CsF and makes the CsF "hotter'" (i.e., raises
Il/Io). This result was quite unexpected; in fact it was the opposite
of what was expected initially.

Results contrary to preconceived notions are good in that they
demand extra evidence before their existence is believed. They also
tend to reduce bias, conscious or otherwise, in interpretation of the
data. In the present case, the early results (starting with the
preliminary obsérvatiqns of T. G. Waech) were viewed with skepticism
and were‘accepted only when the CO2 measurements were repeated under
different conditions and the effect confirmed on several occésions.

* A further anomaly is that the elastic scattering,'if it is depen-
dent on the vibrational state of the CsF molecule, wouid tend to make
X « 1. Because of the increase in the dipole moment and polarizability

with vibrational state, it 1s reasonable to expect an increase of 2-3%
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in the long-range CG constant. Since the scattering intensity as a
function of angle is proportional to (06)1/3, one might expect the low-
angle residual CsF to be enriched in the state ¥"= 0 by £ 1%Z. This of
course is the opposite of the measured effect. The next section attempts

to regolve this apparent anomaly.
2. Kinematic congiderations

A plausible ekplanation for the "contraintuitive" effect (X > 1)
%

is as follows: vibrational excitation and deexcitation of the 002
*The author appreciates a preliminary, tentative suggestion of this
explanation by M. E. Gersh.
 are both occurring, but the detector "sees" a much larger fraction of
the scattering due to the former process than that of the latter.

As an example, consider the velocity vector triangle for collision
of CsF with COZ'(shown in Fig. 14). 1In this figure, the velocity of

002 is the mpst probable velocity & , where

L
kKT \z ,
oA = {%:’“ . = 336 m/sec at 300°K. (14)
For the-focusing fields used in the experiment, the CsF velocity is
given bygb

V("he)= 502V, (kv), (15)
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where, as before, Vo is the rod wvoltage. Thus, with a typical value
of Vo of 1.0 Kv, VosF = 502 m/sec. For right angle collisions, the
above velocities yield Vel = 604 m/sec, and thus, a center of mass

relative kinetic energy E_, of 1.035x10" L2 erg (=521 cm*l). This is

1
greater than the energy (=349.32 cm_l for CsFlz) needed to exgiﬁe the
0 < 1 vibrational mode.

Referring back to Fig. 12, the circle (sphere) labelled "excitation'

and "Av = + 1" designates the locus in velocity space of all CgF

molecules scattered inelastically by the process:

CSF(U'*‘*O>‘}' CO, - CSF(U"T»I>+ COZ-#(—*AE)) (16)

where the initial and final relative kinetic energies are related

through A E (349.32 cm_l) by energy conservation:

2 _ ,L /2
"%:Mvrcl = zMVrcl +AE ) (17)

where M is the reduced mass of the system CsF - COZ’
Similarly, the sphere marked "deexcitation" (Awv = =1) refers to the
exothermic reverse process.

Now consider the scattered signal that is seen by the detector in
the present experiment. The collimator in front of the four-pole field
transmits beam molecules with an angular divergence of 0.97° in the

laboratory (LAB) (as illustrated in Fig. 7), and allows them to be
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focused onto the fixed detector. This implies that the only scattered
molecules detected are those whose velocity vector (after scattering)
terminates within the region of the 0.97° angular acceptance of the
quadrupolar field. A drawing illustrating this is ghown in Fig. 15.
One notes that the excitation process, whose circle terminates nearly
on the CsF LAB veloéity vector ('@d = 00a since the datector is
directly in the path of the CsF beam) allows a wide range of center-of-
mass (C. M.) angles to appear in the 0.97° laboratory angular range.
This phenomenon, known as "Jacobian cusping', (i.e., that a "large"
range of C. M. angles are crowded into a narrow range of LAB angles)
yields great enhancement of the scattered signal observed at the cusp
angle (here at a LAB scattering anglé Cb = 0). This enhancement does
nof occur for the deexcitation process. (See Fig. 16 for an illustration
of the Jacobian cusping))

A second process (also shown in Fig. 16) that adds to the enhanced
detectioﬁ of the excitation product is that it is confined to a smaller
region in velocity space than is the deexcitation product; thus, a fixed
laboraﬁory detector angle will see "more" of the excitation process
than the deexcitation. These two effects are strictly kinematic in
origin and may be evaluated quantitatively (see Warnock and BernsteinBl).
One obtains the following relation for the ratio of the average differ-
ential solid angle LAB cross section (déyg%ﬁéxfor excifation to that for

deexcitation at a LAB scattering angle

cm = 0 from Eq. 39 of Ref. 31:
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where

Cex

)sz = integral cross sections for excitation and deexcitation,
respectively
gw(aw>;8dﬂzh9= C. M. angular distributions of these cross sections,

’ 7 .
Wer , Wy, = C. M. recoil velocities,

§ax, Sdn

(Many of these symbols are defined in Fig. 16)

angle between @& and"hg‘and Mg;, regpectively.

Little is known a priori about the « and.thé 3(9) for this

system. Presumably, for a kinetic energy only ca. 1.5 times threshhold,

0 ox is considerably smaller than G&X (which has no threshhold). Re-
garding the angular distributions 3(6), the only reliable existing
calculations are those for He - H2 by Micha and Rotenbergsz, which have
indicated preferential forward C. M. scattering for vibrational energy
transfer, in contrast to‘the backscattering results inferred from more
primitive arguments By earlier workers. This is important, as the
vibrationally inelastic scattering (if it occurs) at @M = 0 will
correspond to C. M. angles of 9° and 56° for excitation and deexcita-
tion respectively (i.e., scattering into the forward hemisphere). The
results of Ref. 32, therefore, suggest that the present explanation
of the unexpected experimental results is not immediately ruled out

on a theoretical basis.



The other factors in Eq. (18) are known more definitely. Given

S
any pair of values of V and VCsF’ the ratio (ngx/u@x) is readily

co
computed, and the range of fcos deﬁ/fiCﬁS $exl can be exactly
evaluated from a diagram such as Figs. 15 or 16. For example, in Fig.
15, WiwWo) = 5.2, and  |cos $4|  has a range of 0.93 to 0.94,
while the range of ELOS Sexk is 0.0 to 0.36. Both the W and §
factors enhance detection of the excited product then, especially the

ﬂCos Swu!eac) (although this singularity is not observed in prac-
tice due to lack of resolution). Nevertheless, they constitute a
considerable enhancement (by a factor in excess of 15) for detection of
the excitation process velative to the deexcitation process.

For the velocity of CsF in the above example (502 m/sec), the

part of the enhancement just noted due to Icos fex!=n» 0 is almost
independent of the velocity of the 002 crossed beam. It will occur

whenever the C. M. recoil velocity of CsF, W'CsF is equal in magnitude

to the perpendicular distance (= D) from the C. M. point to the line

connecting .the scattering center with the detector at angle-

1

whenever gag = 900). To achieve this, one requires W csr ° 1. The

D
kinematic algebra for two beams intersecting at an angle ﬁ yields

d (i.e.,

T 2 2 £
Wgsg - [v(\.cz + vcs? - Z—VCOz stF’ cos B =~ W AE‘]

- 19
D VL Stn B » (19)
For the present work /g = 900s and
7 2 2 2 Ii
V Veseg = m DE
Wc.sr»’: { w, * Vesg = m ] ; (20)

D Veo,
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For VCSF = 502 m/sec, there is a fortuitous near-cancellation of the
second and third terms in the square root. Then W'CSF/D <o~ 1 for all
VCOZ’ and the pronounced §° enhancement (Jacobian cusping) will be
present (to a greater or lesser degree) for a wide range of speeds of
the 002 molecules in the crossed beam. For the case of the scattering

gas (rather than crossed beam), Eq. 19 indicates that the Jacobian

(o)

cusping will be present for a small range of angles around p = 90"
at any rate, the W' enhancement will always be present.

A question arises as to the velocity selecting properties of the
four-pole field {as derived by Waechgbk He calculated a velocity band-
pass of -%¥5:=0.21; if this was thé case in the present work, the
excitation process would not be seen at = 0, The author feels,
however, that Waech's calculation refers to a perfect aligmment of
oven slit, beam stop, and detector. In the present work, the beam stop
was occasionally moved by enough to change the ratio over a range
—ék%fﬂﬁ— = 1, This problem is ome that needs to be investigated more
thoroughly in the future; one way would be to scan the velocity range
transmitted with the velocity selector: it shquld‘separate signal from
excitation and deexcitation processes.

In summary, an increase in the ratie 11/10 for CsF has been
observed when the CsF beam is aitenuated by scattering gas. The effect
is small and has a large wuncertainty in its magnitude. An attempt has
been made to show that this effect could arise from preferential
detection of vibrational excitation over the (more probable) deexcitation
process. In‘order to say anything more definite, considerably more

/

(and better) data is needed, information from systematic variation of

both @ and V,_ ..
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E. Figures

Figure 1. Chart tracing of the direct CsF bean.

This figure shows recorder chart tracing of frequency scans of the

f01Q> and l110:> intensities. Frequency markers, to locate the

scale for the peaks, are as follows: a = 11.018, b = 11.020, ¢ = 10.948,
d = 10.950 (all in GHz). The scans are made with the klystron sweeping
upward in frequency, starting just below the low-frequency edge of the
transition. The low-ftrequency sides of the peak scans may sometimes be
distorted from their true shapes (i.e., too steep) because the frequency
sweep was begun at a rapid rate (< 3MHz/min), then reduced to 0.8 MHz/
min, as the maximum was approached. The peak é;s scanned through, and
then the klystron was tuned up on another peak.

Two features are to be noted. First,\the "ZERO" is the electronic
"no beam'" zero of the BSD (lock-in amplifier). It is from this line
that the peak heights are measured. Second, the arrowheads point to
side peaks due to two unresolved hyperfine levels, i.e., F1‘= 9/2 and

15 133CSl9

7/277 of the F, which (together) are partially resolved from

the F, = 7/2 level (the main peak).
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Figure 2. Chart tracing of attenuated CsF beam.

This cluster of data for a CsF beam attenuated by ca. 27% by CO2
is traced from the chart of the experiment of the same day as Fig. 1.
The direct (unattenuated) I 01q>- CsF beam appears noisier than it
actually is due to the narrowness of the peak and the difficulty of
setting the klystron to an exact frequency mechanically. Much of this
noise disappears when the klystron frequency is swept mechanically.
This cluster of data is that marked CO2 (6) on Fig. 13. Note that, as

in Fig. 1, the arrowheads denote the partially resolved hyperfine

structure,
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Figure 3. Peak shapes as a function of microwave power level.

This figure is a plot of the apparent intensity of l 01Q>and
Jllgﬂas a function of the microwave frequency for three different
microwave power levels (delivered to the region of the molecular beam):

Curve A: 2.8 mw

Curve B: 1.4 mw

Curve C:2¥0.3 mw
These apparent widths at higher power levels probably depend greatly
on the reflections in the waveguide, as well as the power level itself.
The A and B curves are thus not to be considered as accurate power-
broadened peak shapes, but instead, examples of the influence of increased

power and reflections on the linewidth.
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Figure 4. Detector assembly.

A. Exploded view of detector system. The numbered parts are as
follows: 1, ionizer and electrostatic (einzel) lens assembly (described
below). 2, liquid nitrogen cold trap into which the ionizer fits. (The
cold trap has an entrance hole for the beam and an exit hole for the
un~ionized CsF that misses the wire,) 3, tube covering the quadrupole
mass spectrometer. The arrow points to the entrance of the mass
spectrometer. 4, exit end of mass spectrometer. 5, section which bolts
onto location 4 and which contains a second einzel lens (seen in the
photograph) which refocuses the mass-selected ions onto the Bendix M306
electron multiplier located inside housing 5.

B. Closefup view of ionizer. The construction of this assembly
was a part of the Ph.D. thesis work of R. J. Beuhler.lo This photograph
supersedes Photographs 8 and 9 of Ref. 10 and Figs. VC.3 and VC.6 of
5_=Ref. 9b. The arrow points to the two surface ionization "hot wire'
ionizers. One is a 0.25 mm dia. W wire used in the present work; the
other is a 0.025 mm thick x 1.l mm wide ribbon composed of 927 Pt - 87 W.
From top to bottom, the lens elements and gpproximate operating voltages

with respect to ground are:

o - grounded plate 0 v
i - outer einzel lens element 4 45 v
o - inner einzel lens element - 270 v
g - outer einzel lens element + 45 v
r - repeller + 50 v

In addition, the detector wire itself is operated at a typical

voltage of + 35 wv.
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Figure 5. Beam sources.

A. The CsF oven disassembled. Pieces 1, 2, and 3 bolt together
to form the main body of the oven with the position of the slit shown by
the arrow. Pieces 4 comprise a monel "pill box'" which holds the CsF
sample. Its purpose is to prevent the CsF from clogging the slit if
too-rapid heating causes bubbling within the.sample. Rieces 5 are two
different "splash plates” (a further protection against a clogged slit)
Iplaced between pill‘bex and slit. Except for 4, the entire oven is
stainless steel. For slit dimensions, see Fig. 7.

B. Secondary beam source. The scattering gas for the crossed
beam enters thé far end of the tqbe which is press fitted into a vacuum-
. tight line coming through the chamber wall. The ocutpuf end of the source
is an array of capillary tubes, described more fully in the legend for
Fig. 7. The arrovaoints to a plate that shields the ends of the cap-
illary holes from being clogged by CsF effusing obliquely from its oven

slit. (For a better illustration of this, see Figs. 6B and 7).
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Figure 6. The scattering system assembled.

A. CsF oven and crossed beam source assembled in their normal
position on the flange. The oven is held in position by a combination
of screws and standoff pins. The secondary beam source, as noted
before, is held in place by a '"press'" fit into the flange. The plate
denoted by the arrow shields the capillary array from the CsF beam.

B. Another view of the scattering assembly. DNumbered features
are: 1, the pven slit. Here one can see again the plate that shields
the capillary array. 2, boron nitride terminal block for attaching oven
heaters to external connections. 3; a similar boron nitride block for
connecting thermocouple leads. 4, a bronze cylinder serving as a thermal

shield for the hot oven,
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Figure 7. Drawing of the‘scattering system.

Shown is a 2X scale drawing of a side view of the beam systems
and scattering center. The CsF (Alfa Inorganics, Inc.) effuses from
the 0.25 mm x 5 mm horizontal slit from a fairly standard stainless
-steel oven. The CsF crystals are loaded initially into the monel
reservoir ("pill box") pictured in Fig. 5A; this helps to prevent
clogging of the slit. The CsF bgam-is defined by the collimator
opening to the 4~pole A-field which subtends a 0.97° aperture at the
slit. The light dashed line illustrates the fupctiop of the shield
(see Figs. 5A and 6), i,e., protecting the capillary array. The CsF
faces a large liquid nitrogen cooled surface (not shown in the drawing),
2.85 cm from the slit.

The capillary array is a Brunswick Collimated Hole Structure,
sample #2, having 41% transparency with tubes 3,0 mm long and nominal
radius 0.025 mm.“The cross sectional open area of the array is 5.8 mm
x 1.7 mm, with the long dimension perpendicular to the direction of the
CsF beam. This orientation provides uniform attenuation over the

entire width of the CsF beam (gsee Fig. 6A).
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Figure 8. Components of the microwave system.

A. Various components of the microwave system. Numbered features
are: 1, flexible hose from fan for air-cooling the klystron. 2, Varian
X-13 klystron and worm gear drive, partially obscured by a Hurst Synchron
112RC motor (one revolution/hr.). 3, Microlab/FXR Model X157A Ferrite
isolator. 4, PRD Model 195B variable attenuator. 5, Homemade microwave
chopper (25 Hz) in an air gap in the waveguide. The Globe Industries
Inc. motor #53A117-2 which powers the chopper is mounted on top of a
Polarad Ca-Ks horn antenna which recollects the modulated microwaves.

6, Hewlett-Packard X752C directional coupler. The main channel ends
(off the right of the picture) in an Andrew 55000-75 pressure window

which is joined to a waveguide entering the vacuum chamber and terminates
iﬁ'another Polarad Ca-Ks horn ~~ 2.3 cm from the molecular beam. The
10dB sidearm of the directional coupler terminates in a Hewlett~Packard’
Model M532A wavemeter and Hewlett-Packard M424A crystal detector. (See
Fig. 10 for a block diagram of the microwave system).

" B.  Klystron and frequency sweep assémblyu The output of the

1 rev/hr motor goes to a 50:1 worm gear assembly, whose large driven
gear .can be seen attached to the cavity adjustment micrometer screw.

This arrangement results in a scan rate of -~~~ 0.8 MHz/min.
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Figure 9. Two views of microwave mechanical modulation system,

A. View of the microwave chopping wheel from the klystron side.
Numbered features are: 1, the end of the PRD variable attenuator and
the beginning of the air gap in the klystron. 2, the chopper wheel.
3, light bulb whose chopped output provides a reference signal for the
PSD.

B. View from the other side of the chopper. Numbered features
are: 4, photocell which senses the chopped light from the bulb and
whose output serves as a reference signal for the PSD. 5, Polarad
Ca-Ks horn antenna which recollects the chopped microwaves for trans—

mission into the vacuum system.
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Figure 10. Block diagram of microwave system.

This drawing shows the arrangement of the various components of
the microwave system. Most of the system is described in the legend
of Fig. 8. The’oscillator, amplifier and motor drive for frequency
sweeping the klystron are described in Seciion 111C.3; the mechanical

chopping assembly for the microwave beam is desecribed in Section II1IC.4.
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Figure 11. R, versus time (Jan. 24, 1970).
Results of the experiment of Jan. 24 without the crossed beam,

i.e., CO, added to the scattering chamber diffusely (through a hole in

2
the chamber wall). The circles denote the Il/Io ratio for the direct
CsF beam; the triangles indicate ratios measured with the CsF beam

attenuated by scattering gas. As noted in the text, the two points at

each time t, are a result of independent chart readings.
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Figure 12, Ri versus time {(Feb., 16, 1970

Results of a second experiment. Otherwise, as in Fig. 11.
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Figure 13. Ri versus time (Mar. 20, 1970).

Results of another experiment. In contrast to the first two

(scattering gas) experiments of Figs. 11 and 12, the crossed beam

arrangement of Figs. 6 and 7 was used here.

Otherwise, ag in Fig. 11.
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Figure l4. Ri versus time (Mar. 1, 1970).
Results of another experiment, utilizing 1,1,l-trichloroethane and
argon in the crossed beam configuration of Figs. 6 and 7. Otherwise,

as in Fig. 13.
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Figure 15. Velocity vector diagram for CsF—002 scattering.

This Newton diagram illustrates the cirecles (spheres) that define
the locus of the CsF center of mass velocities after collision with
Co,. The initial laboratory velocity of the CsF (502 m/sec) corresponds
to the nominal velocity transmitted by the four-pole fields under typical
operating conditions (see Section IVD.2). Here, o denotes the most
probable velocity (336 m/sec) of Co, at room temperature. The circles
marked "excitation' and 'deexcitation' define post-collision CsF which
has acquired or lost, respectively, a vibrational quantum of energy
from the available relative kinetic energy. Note that the "excitation"
circle is essentially tangent to the direct (laboratory) CsF velocity
vector. For a detector angle J: {) , this enhances the inelastic
signal due to excitation by a phenomenon known as "Jacobian cusping"

(see text, Section IVD.2 and Fig. 16).
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Figure 16. Factors influencing enhanced déﬁection of éﬁcitation process.
Section IVD.2 of this work (or Eq. 38 of Ref. 30) indicates that
the ratio for detection of excitation to that of deexcitation processes
is proportional to (Wiﬁy /Wéx }f)l gws §dx!/ | cos €., ) . Here, W'i, is the
center of mass recoil velocity for inelastic process i, and 5’; is the
angle between W: and d o This figure attempts to ‘distinguish the

velocity (W) effect from the angular ( § ) effect.

The angle (0 ; is the angle the detector makes with the scattering

center, zero angle coinciding with the CgF beam (in the present work,
'd = 0)., Now consider the detector set at angle @i in the figure
and subtending the angle indicated by the short, heavy arc. A larger
fraction of the excitation process (indicated by angular range dé%b)
is received by the detector than that of deexcitation (d@ége This
effect is due largely to the W' factor - the excitation sphere is
smaller and a given laboratory '"slice" out of velocity space (i.e., a
given small arc subtended by the detector) corresponds to a larger

solid angle for this process.

At

ﬂﬁd s the W' factor is still present. Now, however, the

cos § factor becomes important. Obviously, there is a different

range of § values for both inelastic processés, but only the median
value is illustrated here ( ﬁg and §d ). Note that §@ is small and
f,ﬁcos §L§§ | . On the other hand, g& = 90° and ggésgdi = 0.

This illustrates the further enhancement of detection of the excitation

process due to "Jacobian cusping”.
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Figure 17, Effect of 002 velocity distribution on inelastic scattering
kinematics.

The "Jacobian cusping', i.e., the tangency of the "excitation”
circle noted in Fig. 16, is almost independent of the secondary beam
velocity. Shown here are the loci of intersections of the various
&

velocity distribution, there is essentially complete

"excitation'" and "deexcitation" circles near

d:;CDS‘ Over the whole

range of the CO2

coalescence of the tangents for the Av =+ 1 circles, leading to a
significant overall "Jacobian cusp" enhancement of the cbservable
(d :O) signal. (For an analysis of this coalescence effect, see Section

IVD.2.) Values of VCO of 0.48 ¢ and 1.64 correspond to the half-
2

intensity velocilties for thermal C02,
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V. SUDDEN APPROXIMATION IN ATOM~DIATOMIC SCATTERING

A. Introduction

The experimental section of this thesis was mainly concerned
with vibrational inelasticity in low energy scattering. The next twq
chapters deal with rotationally inelastic collisions. Chapter V (with
appendix) is a reprint of published work utilizing the sudden approxi-
mation to calculate the angular and energy dependence of inelastic
cross sections for diatomic molecules colliding with atoms. 'The
numbering of pages, equations, and references within the reprint is

self-contained.
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Sudden Approximation Applied fo Rotational Excitation of Molecules by Atoms. IIL
Angular Distribution and Energy Dependence of the Inelastic Scattering®

Rocer W, FeNsTERMAKER AND RicHArp B. BErNSTEIN
Theoretical Chemisiry Institule and Chemistry Depariment, University of Wisconsin, Madison, Wisconsin
(Received 27 July 1967)

The sudden approximation for rotational excitation of diatomic polar molecules by atomic impact is
applied, yielding semiclassical angular distributions of rotational transitibn cross sections and their energy
dependence. . The results for a model system (intended to approximate T1F~Ar) are pot inconsistent with
the experimental findings of Toennies. The dominant excitations are those allowed by first-order time-
dependent perturbation theory, but the strong coupling {due principally to the large long-range anisotropy
in the potential) produces extensive excitation to remote open channels, i.e., those forbidden by low-
order perturbation theory, The main prediction of the present work is the presence of a single major peak
in each of the varioug differential polar inelastic cross sections; with increasing collision energy, these
maxima trend to smaller angles and increase in peak intensity.

I INTRODUCTION

In Paper IT' the sudden approximation was applied
to the computation of rotational transition probabilities
and inelastic integral. cross sections for the scattering
of polar diatomic molecules by atoms. The calculations
were based upon a modified L-J (12,6) potential
which included both short- and long-range anisotropies.
The results showed that at thermal energies the long-
range anisotropies (principally the R~7cos’@ dipole-
quadrupole term) were of principal importance in
determining the inelasticity, In the present work,
these computations have been extended to yield the
angular distributions;of the various rotational excita-
tion cross sections ahd their energy dependence. The
results have relevance to the molecular-beam measure-
ments by Toennies? of (partia:{; inelastic cross sections
for the TIF-rare-gas systems‘r

* This research received financial support from the National
Aeronautics and Space Administration Grant NsG-275-62. Report
WIS-TCI-240, July 1967, gives a more detailed account of the
present work. ’

1 R. B. Bernstein and K. H. Kramer, % Chem. Phys. 44, 4473
{1966), hereafter referred to as Papér IT, For Paper 1, see j. Chem.
Phys, 40, 200 (1964). For comments on the validity of the sudden
approximation applied to the rotational excitation problem, see
P. Pechukas and J. C. Light, J. Chem. Phys, 44, 3897 (1966).

* (a) J. P. Toennies, Z. Physik 182, 257 (1965). (b) For his
original (preliminary) report, see Discussions Faraday Soc. 33, 96
$l962) s (¢) Atomic Collision Proceyses, M. R, C. McDowell, Ed.

North-Holland Pubi. Co., Amsterdam, 1963}, p. 1113,

The present status of the varjous theoretical ap-
proaches to the rotational excitation problem have
been reviewed by Takayanagi®; more recent and
relevant papers include those of Toennies,* of Gordon
and collaborators,® and Dalgarno and coworkers.!

II. COMPUTATION OF THE TRANSITION
PROBABILITIES '

The method of IT was used throughout. To allow
smoother interpolation, additional values of thé action
integrals S(n, p, ¢) and deflection angles x(b* E*)
were computed at finer intervals in the important
regions of the feduced impact parameter 6* (for reduced
energies E* of 1, 3, 10, 30, and 100). The transition
probabilities Pg (5% E*) for the excitation from state
Jy m=a toj', m'=8 were computed as before from these
action integrals via Eq. (14) of Paper II for gssigned
values of as, 8y, &, and ¢, the anisotropy parameters.
For all of the present calculations, the de Boer ghantum
parameter A* rwas fixed at 0.1. '

3K, Takayanagi, ddvances in Alomic and Molectdar Physics,
D. R. Bates and'I, Estermann, Eds. (Academic Press Inc., New
York, 1965), Val. 1, p. 149. i

¢ ]. P, Toennigs, Z. Physik 103, 76 (1966), .

8 R, G. Gordon, J. Chem, Phys, 45, 1635, 1643, 1649 (1966);
48, 448 (1967); R. J. Cross and R, G. Gordon, fbid. 45, 3571
(1966); R. J. Cross, ibid. 46, 609 (1967), ;

8 A, Dalgarno,iR. J. W, Henry, and C. §. Roberts, Proc. Phys.
Soc, (London) 88, 611 (1966); A. C. Allison and A, Dalgarno, ibid,
90, 609 (1967). :
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Tasie I. Reduced inelastic cross sections for transitions from the 00 state and the 10 state, Parameters: full set.

K

.

Erk
et 1 3 10 30 100
A, 00 state (cntries are either oy 00* 0 oy 0™ %)
i'm' =10 0.005s 0.002, 0.000s 0.000; 0.000,
11 0.371 0.322 0.268 0.225 0.184
=1 0.748 0.646 0.537 0.450 0.368
'’ =20 0.097 0.089 0.079 . 0,071 0.063
21 0.017 0.009, 0.004, 0.003, 0.001,
22 0.236 0.232 0.211 0.180 0.152
== 0.603 0.571 0.510 0.438 0.371
Cjtm =30 0.010 0.004y 0.004, 0.003, 0.003
31 0.036 0.035 0.029
32 0.013 0.002, 0.000;
33 0.073 0.060 0.040
=3 0.253 0.197 0.144
Jim' =40 0.018 0.019 0.017 0.017 0.015
-4 0.014 0.003 0.002,
42 0.023 0.023 to0.022
43 0.012 0,003, 0.000,
jl=4b 0.116 0.077 0.065
Zejrme o0 1.720 1.323 $.948
@ 1net, 00" 5.04 4.13 3.31 2.73 2.19
Zojmr, 00"/ ine,00* .0.341 0.400 0.433
" B. 10 state (entries are either ojm: 10 OF 64,10)
j'm' =11 0.010 0.005 0.002, 0,002 0.000,
j'm'=20 0.017 0.007, 0.005; 0.003, 0.0024
21 0.285 0.257 0.220 0.188 0.157
22 0.005¢ - 0.002, 0.000, 0.000, . 0.000;
F=2 0,597 0.526 0.447 0.379 0.317
Jim' =30 0.089 0.087 . -0.083 0.078 0.074

Finola* 4.57 3.68 2.92 2.35 1.88

® All entries have been corrected for the contribution of the “tail” of P(b*) above b¥=3,
b The summed value for o4, 00* is low because of the omission of o', ur* ‘

The extent of the computations was as follows:

Type (a): “Full parametrization,” designated *full i
set,” i.e, both long-range anisotropies (ay=0.3,
¢=2.0) and short-range (b ==5,=0.5). For a=00 and
#=00, 10, 11, 20, 21, 22, 30, 40, and for a=10 and N
8=10, 11, 20, 21, 22, 30, the calculations were per- oo
formed at E¥=1, 3, 10, 30, 100. For =00 and =31,

32, 33, 41, 42, 43; at E*=1, 10, 100. A

Type (b): Long-range anisotropies only, L.e., 22=0.3, 8P ol
¢=2.0, by=5,=0.0. For «=00 and 8=00, 10, 11, 20,
21, 22, 30, 40, and for =10 and =10, 11, 20, 21,
22, 30, the calculations were performed at E¥*=1,100.
- Type (c): Short-range anisotropies only, i.e., gy=c=
0.0, b="b,=0.5. Computations as for Type (b).

I, ANGULAR DISTRIBUTIONS

The differential inelastic'cross sections may be ob-
tained” (within the semiclassical framework) from the

7 See Paper I; also J. L. J. Rosenfeld and J. Ross, J. Chem. Phys, F16. 1. Plots of b* Py vs b* for the full set of anisotropy
44, 188 (1966). parameters and for reduced energy E*==1, 3, 10, 30, 100: - -

o
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transition probabilities by means of an inventory over
the 1, 3, 5, «+- branches of the classical deflection
function x(b*, E*). At reduced energies £*> 1, no more
than three branches are obtained, so that the differ-
ential inelastic polar angle cross section doga(x)/dx
is given by

2x sinxdx[dopa(x) /0= [dose(x) /dx1dx

3
= Z‘: 2nbiPpa(bs)dby (1)

and

da'ﬁa*(X) _ 23: bi*Pﬁu(bi*)

e 2
. &iagar] D

where og,* is the usual reduced cross section, i.e., in
units of wors® (For TIF-Ar, this quantity is estimated
to be ~25 A%) The values of dx/db* were obtained
by numerical (quadratic) differentiation of the x(4%)
table available from II (plus additional calculated
values), except at suitably low angles where the mor¢
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PARAMETERS:
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P30
e"p
0075

acourate analyiical form®
| dx/db* | 2545w (b*)~7(E*)~ (3)

was used directly.
Thus, for each desired value of the center-of-mass
deflection angle x, the appropriate values of &%,

| dx/db* |, and b*Ppa(b*) were obtained by inter-

% (a) From the Kennard low-angle approzimation, expressed in
the present notation, (b)Y R. B. Bernstein, Molecular Beams,
i I;i)ss, Ed. (John Wiley & Sons, Inc., New York, 1966}, Chap. 3,

p. 8L,

polation® and employed in Eq. (2) to yield dosa*(x)/dx
at the specified energy E*.

At the same time, it was convenient for comparison -
to calculate the differential elastic cross sections which
would have been obtained on the assumption of no

® For large V¥, E* (eg, 23, =10, respectively), first-order
eriurbation-approximated values of P (b*) were adequate.
hese aﬁproximate calculations of Pp, V) (5*) were more convenient
to use than those obtained by interpolation from tables of calcu-
Inted (vip the full sudden approximation) P's, ‘



ROTATIONAL EXCITATION OF MOLEQULES BY ATOMS. 111

104

4421

0.0

Paooo

Fic. 4. Plots of 4* Piooe and b* Paos
vs b*. The values of * Py are plotted

PARAMETERS:
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Fig. 1. ;
PARAMETERS:
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Fazo0
E*e100
g*p
005} E
[
o 3
inelastic scattering, i.e., A slight problem arises with respect to the very low
i . & [ angles, i.e., the “quantum region” x <@, where Oy -
(__ =2 Z b X (4) is some critical angle below which the classical treat-
dx /nunt pat db* ment is invalid 3 In the present case, for an L-J (12,6) - -

This calculation [Eq. (4), using the present values of
dx/db*] gave results in agreement with those obtained
from Desai’s!® values of the Mason!! scattering function

p(x, E*):
(do*/dx) wun=T.0X 102(E*) 1 Pxaeg ™ Bp(x, E*}. . (5).

® R. C. Desai, J. Chem. Phys. 44, 77 (1966).
1 E. A, Mason, J. Chem. Phys. 26, 667 (1957).

potential,
ot 196 =0.118(A¥)SB(E*)-ts,  (6)
k(Q/x)11 7 :

where the total cross section Q has been approximated
by the Schiff-Landau-Lifshitz (SLL) equation

Q=2Qs11 =8.083(Co/hiv) 2", @
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For A*=0.1 and E*>1, 0,:.50.43 deg. Thus the
present computations were not carried below § deg.
(However, it might be possible to extend them to
smaller angles using a recently developed low-angle
quantum treatment.”?) It should be noted that within
the framework of the present treatment [from Egs.

3

12 X, H. Kramer, “Rotational Excitation and Small Angle Molec-
ular Scattering in the Sudden Approximation,” Rept. WIS-TCI-
212, January 1967. Here it is also pointed out that the conclusion
of I regarding the zero-angle limiting behavior of the differential
. inela_si)tlic cross sections is in error; finite values at x=0 are indeed
possible. .

vs b*; otherwise s in Fig. 1.

(2), (3), the Appendix of this paper, and Eq. (9) of
Paper 1], dog.*/dx—0 as x—0, regardless of energy.
In transforming the results of B*Ps(b*) to

doge* (%) /dyg, the additional weighting of the long-
range contribution [via the denominator of Eq. (2)] is .

expected to emphasize the outermost peak in 5*P(b*),
thus ‘resu}tmg‘ in a very simple angular’distribution
function peaking at fairly low angles (see Results).

IV. INELASTIC CROSS SECTIONS
“The inelastic integral cross sections were obtained

by numerical (Simpson’s rule) and/or graphical inte-
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gration of the d*Ps.(b%) curves:

ope(EY) =2 j' PP (b, ENG. (8)
L [
(In practice, the region of integration was limited to
0.5<6%<4.0, encompassing 299% of the cross sec-
tions.) As a check, these cross sections may alse be
obtained from the inelastic angular distributions via

the idgntity
* dogs™
e = f 3 dx.
o X

(Once again, the actual range of integration used was
limited, here from 0°<x<40° alsc encompassing
2999, of gg.*.) The results were found to agree within
3%. The more precise results are believed to be those
obtained from the Simpson’s rule integration of
b*Ps.(b*) ; they are presented in the Results section.

(9

V. RESULTS

. A, Energy Dependence of Cross Bections

Table I.A gives the results of computation of the

partial integral cross sections op.* for a=00, =10,

11, 20, 221, 2:£2, 30, 40 for E*=1, 3, 10, 30, 100;

@ \
I e

F 41100

42200

i ]

d 3300 '
o m
or d 3100 A
L d 4200 N
# [ p

N
e N \E*"“ REFERENCE LINE
—

-3 ot 5 L PR TR Y
1 10 100

E%

Fic. 6. Log-log plot of the energy dependence of the varicus
og.* for =00 and full set of parameters. Entries denoted by
di'm’00 are 20%;mep. The calculated points are connected by
straight lines. The calculated points are connected by straight
lines, The (£*)/ reference line {arbitrarily placed) represents the
energy dependence of the total inelasticity.
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F1e. 7. Incremental contributions to Piyes,0[ (6*)2] from /=1, 2,
3, 4, for full set of parameters; E*==1.

and f=3:£1, 32, 3£3, 41, 4:£2, 443 for E¥=1,
10, 100. Table 1.B lists the gg,* for @=10 and B==121, -
20, 2:-1, 23=2, 30 for the same values of E¥,

Figures 1-4 show the energy dependence of the
transition probabilities for the important transitions
from the a=00 state, i.e., plots of §*P,(¥*) for fixed
values of the anisotropy parameters and for various
states 8. Figure 5 illustrates the same effect for two
transitions from the a=10 state,

Figure 6 shows the energy dependence of the in-

* elastic cross sections for a=00. Figure 7 illustrates the

incremental contribution of each individual Aj transi-
tion probability to the total inelastic transition prob-
ability from a=00. (Note that in Fig. 7 and Table I.A,
the entries for Aj=4 are incomplete due to neglect of
the transitions 00—4--4.)

Figure 8 shows the dependence of the 2200 transition

'probability on the anisotropy parameters. In both

cases, the plots compare (f) full parametrization:
0,=0.3, ¢=2.0, by=0=0.5; (1) long-range anisotropy
only: a;=0.3, ¢=2.0, b;=58,=0.0; and (s) short-range
anisotropy only: @;=c=0.0, 5,=0;=0.5. The upper
and lower plots compare behavior for E*=1 and 100,
respectively.

B. Angular Distributions

Figure 9 shows the angular distributions for F*=1
(e=00 and 10, respectively) plotted as des*(x)/dx,
the reduced differential polar inelastic scattering cross
section, These functions are closely related to the
physical quantities that would be measured in a
crossed molecular beam experiment. For nonzero ',
the cross sections have been doubled (since the —-m’
states are not distinguishable); these doubled values
are denoted by dj'm’jm.
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the cross sections for those transitions listed are seen
to account for only about 409, of the total inclasticity.
Thus there must be a great many higher-order transi-
tions, each contributing small increments to the transi-
tion probabilities at successively smaller impact
parameters (cf. Fig. 7), which, in aggregate, account®
for the inventory of the total inelastic cross scction.

This is further elucidated by consideration of the
energy dependence of the various cross sections, In
Fig, 6, the (F¥)10 “reference line”  (arbitrarily
placed) represents the energy dependence of the total
inelasticity (see 11); however, the “‘allowed” transi-
tion cross sections show a smaller {ractional decrcase
with increasing energy for increasing 4Aj, while the “for-
bidden” ones maintain a strong energy dependence.
This suggests that many more forbidden outgoing
channels are opening up at higher energies, where their
combined influence probably gains importance relative
to the allowed transitions. ’

It is interesting to note that for small A* (i.e.,

" A* £0.5), the total inelastic integral cross section may

L3
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F16. 8. Plots of b* Pugo vs b* contrasting three sets of anisotropy
parameters: (f) full set; (1) long range only; and (8) short range

onlyl. The upper and lower plots are for E*=1 and 100, respec-
tively. :

Figure 10 illustrates the energy dependence of
several of the differential cross sections in the region
of their main maxima. Figure 11 shows the angular
distributions and magnitudes of several of the og*
compared with the null or “elastic” cross section
(which would obtain if g;=b=kh=c=0), calculated
via Eq. (5).

Vi, DISCUSSION
A. Energy Dependence of the Cross Seciions
Inspection of Table I reveals a number of interesting

features. First, it is noted that for low Aj (1 or 2) the
selection rules of II give a reliable indication of the

relative importance of the various transitions: first- .

order perturbation “allowed” transitions show cross
sections at least fivefold greater than “forbidden”
ones, over the whole energy range. For higher transi-
tions (A7==3 or 4), however, this distinction is less pro-
nounced; for these, it appears that the selection rules
are better indicators at the higher energies. Second,

L3
®

Fic. 9. Plots of duge®/dx vs x for full set of anisotropy parai-
eters; E*=1, The upper and lower plots are for x=00 and 10,
respectively, In the upper plot, the two unmarked cutves refer to
the transitions 4000 {lower of the twe) and 44200. -
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be estimated without considering in detail the forbidden
transitions. In II it was pointed out that a good ap-
proximation for 6*inot,e W28 S¥inet,e=[5* (Pinet,a=%) J
Evaluation of S*, however, required computations of
Procra(b*) =1— Poo(b*) by the sudden-approximation
program. A simpler estimate of ¢¥inet,« may be obtained
from first-order perturbation calculations of the
allowed transitions, as follows,

As seen in Fig. 7, in the vicinity of P=4, the sum of
the 0—1, 2, and 3 transitions totals to nearly §; most
of this total arises from the first-order perturbation-
allowed transitions. This suggests the following simple
procedure for estimation of S*. Using the apalytical
first-order perturbation-theory expressions fo# the
transition probability Pg (6%, E*) (in the straight-
line approximation of I), as given in the Appendix,

4210 010,
& \ereno
T B LV
L PARAMETERS:
) 3 FULL SET
w Al N
2 /"'\&
Ot
4300 2050 4.8200 .31

12l ]

. dap t)
Bx /\3' '
: L/ : 3 i
_5*'/.-'\ o /-4\2\‘ /\‘os /\3 ‘
N
; VRN
o-;va tqtal:zu‘l'ué«é 1:}1vu;,_)__¢€_
x (deg)

" Fio. 10. Ene dependence of the principal maxima of various
rg;,/dx for full set of anisotropy parameters,

solve for the value of #*? at which
3 P (b*) =1,
B

The resulting total cross section, designated
S*inel.u:(l)z‘[b* (Pine!.a(l) = %) 32:

is found to agree well with S*jne1,2 and 6¥inet o, as shown
in Table I1. (However, see Appendix for the limits of
validity of this pmcedure )

B. Dependeq,ce on Amsotmpy Pammeters

The dependence of the transition probabilities on
anisotropy parameters is quijte reasonable. Two features
are noted in Fig. 8 for a representative transition which
was selected because it shows the following effects

most clearly., The first is that of an apprommate-

108

4425

0, e X ¥ 3
i E% ay R
by \ PARAMETERS:
\ FULL SET
3 A
16~ '&"
gfgg ! :ELAQT!Q“
dy \
AN

Fic. 11. Plot of several of the daga®(x) fdx (for the full set of
anisotropy parameters) compared with (do®(x)/dx)wun, ie.,
the “null elastic” differential cross section for the case where all

anisotropy parameters have been set equal to zero; E=1,

“additivity’” of the transition probabilities due to
different anisotropies. The peaks in the (1) ciurves and
the (s) curves “‘combine” to give (approximately)
the peaks in the (f) curves. The second is that the
main peak (l.e,, that at largest b*) obtained for the
full set of anisotropies is well approximated in all cases
by the values obtained with the long-range amsotmples
only. Thus for practical purposes, the main peak in
the anguiar distribution can be calculated neglectmg
the short-rafige anisotropies (about whlch less is known
in any case). i

1

€, Angular Distributions

The appeéarance and relative magnitudes of the
angular distributions for E*=1 are seen in Fig. 9. All
show a single, prominent peak (with the exception of
d3300) at fairly low angles. The forbidden transitions
(not showr) are smaller and give broad peaks at
higher angles. '

Several interesting effects are noted in Fig, 10.
First, for a fixed value of E* the angle of the peak
increases as the magnitude of Aj is increased. Clas-

Tasre I, Comparison of exactly computed values with ap-
roximate values of the total inelasiic integral cross sections.

arameters: uli set.
A Cinat, 00" Sines,00® Sinbt 00D
i 5.04 4,98 513
3 4,13 4,06 4,25
10 3.31 3.27 3 46
30 2.73 i 2.68 2.87
100 2.19 2.15

2.33
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sically, this implies greater importance of “head-on”
collisions (with smaller #*) for the excitation of higher
rotational states. Thus for E*=1 and j=0, the peak
positions for j'=1, 2, 3, and 4 are ~5°, 10°, 14°, and
17°, respectively. An analogous trend is found for the

forbidden transitions. Second, concerning the energy-

dependence of the individual cross sections, in all
cases, a strong trend of the peak position toward lower
values of x is noted as the energy increases. Also seen
is a narrowing and heightening of the main peak with
increasing energy.

In an attempt to make a connection with the experi-
ments of Toennies,® it is interesting to consider the
result of a hypothetical experiment consisting of a
monochromatic beam of TIF (v223.0X 10! cm sec™?)
crossed (at 90°) with a beam of Ar (5=24.3X10¢
cm sec™!). For a laboratory acceptance angle x1a,=0.5
deg, the center-of-mass angle® xym.=3.5 deg, and one
would expect to see > 25, of the inelastic cross section
for the Aj=1 transition, but only ~8%, of that for the
Aj=2 transition (cf. Fig. 9). Thus for a set of condi-
tions not too dissimilar from those of Ref. 2(c), the
Aj=1 cross section would be “favored” relative to
Aj=2 by a factor of about 3. For the angular distribu-
tions in Fig. 9, this yields the ratio oAj._.z/aAj=1=O.27.
This effect tends to bias the results of observation in
favor of low Aj transitions and helps to explain the
small observed?® ratio sinel,app®® /¢ inel, app @ < 0.17.
Presumably, in the future it will be possible to measure
the important low-angle portion of the angular dis-
tributions for the separate transitions and, by com-
- parison with computations, to deduce the long-range
". anisotropy of the intermolecular potential.

APPENDIX: FIRST-ORDER-PERTURBATION-
THEORY (STRAIGHT-LINE APPROXIMATION)
TRANSITION PROBABILITIES

Upon expanding the exponential in Eq. (1) of
Paper I, or dropping the cosine term in Eq. (15) of
II (and replacing the sine with the angle}, and follow-

.ing the procedure in I for the straught—lme approxi-
mation, one obtains analytical expressmns whmh lead

R. B. Bernstein, Science 144, 141 (1064)," -
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to the “allowed” transition probabilities as a function

Jof b%, E*, A*, and the anisotropy parameters. The results
‘are

A*(E*)'B(11| G | 00)223.022c(b*) -0 3,790, (),

AF(EMU2(20 | G | 00)221.6550(5%) 0~ 1.6208(5%)~,

AM(E*)12(22 | G | 00)2z—3.379a,(b%)~5
+2.4398,(8),

‘A*(E*)i/z(sz | G | 00)22—0. 3030(1;*)"6
AX(E12(33 | G| 00)220.9126(8%),

(A1)
where G=(1/£)[Vdl with Pg,O=[{8{G|a)]P. For

“sufficiently high #* and E¥, these expressions for Pg,®

are found to reproduce the numerical values of Pp,
obtained by the full sudden computational program.
However, they have been applied to the estimation of,
Pineres In & regmn (at lower 5*) where each of the
individual Pg® is known to be'too high. The results
of Table II, however, indicate that the perturbation

* results are stﬁl useful in thxs region. The specific equa-
‘tion employed is

Pineoo®=2[ (11| G | 00)F+[(20| G| 00) ]
+2[(22] G| 00)P+2[ (31| G| 00)}
+2[(33]G00). (A2)

Upon substituting Eq. (A1) into (A2) and setting
Piner 00V =1, the following implicit equation in $*ipe1 00 -
(the first-order perturbation approximation to the total
inelastic integral cross section) is obtained:

(A*)2E* == 51.140a,%x 5+ 40.225¢2¢5— 76.710a,h,2~8

—91.632b1cx %54 (57.465b229.103b:%) 1,  (A3)

where x denotes S¥inei,®. Equation (A3) was used
to obtain the first-order approximate values of S*;ne1,00™
in Table II. The validity of this approximation has
been tested for several other parameter sets with good

results. For A* in the range 0.1 t0 0.5, S*ume1,00" repro-

duces S™ie1,00 to within 7%; for hlgher A% S*inel o® is

~ found to be significantly smaller than ¢

approximation becomes of little val
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C. Appendix. Perturbation expansion for the Py«

In connection with the problem considered in the appendix to
J. Chem. Phys. 47, 4417 (1967), namely, the computation of approximations

to Pinel"’{ (= 1 - Pk) where © = 00 and 10, it is worthwhile to

consider a perturbation expansion for Pus . For ¢ = ,%.j Vdt ,

Pp& = \<Flevp[°-é-SV(f)dt]]o<>‘ = g<‘5,2§ %ﬁ-ﬁf [o<>'z
KplReleD] + [<alaled] (e

where Re and Im are the real and imaginary parts of the integral.

For ﬁ: oL , consider the first-order limit:

]

PO < <] (1= i) | =[{e ) D] + [Kedl 61T

]

|+[<d|61d>]za 1! -

Thus, the first-order limit yields a transition probability =1 for

all impact. parametexg,.a rather unexpected (and unacceptable) result.
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Now consider the second-order result:
P = <=1t - )1
= Kl (1= + Kl 61<>]" (@)

Another surprising result-the second-order term does nothing to "tone
down" the ill-behavior of the first-order term. The expansion of

Eq. Bl separates into real and imaginary parts, with alternate powers
of G contributing to one or the other of the terms in the mod square
of Eq. Bl.

In particular, since the expansion‘should be accurate in the
region Py, = 1/2, one needs good values for both the real and imaginary
parts (it is found in the exact numerical integrations, for instance,
thaf both parts contribute the same general magnitude to the transition
probability). To get acceptable accuracy from the imaginary part of
the perturbation expansion however, the third order term (at least)
must be included, and this ig very messy for even a simple potential
with few anisotropy terms. It is concludgd therefore, that the direct

perturbation expansion is of little use for this problem.
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VI. COMPARISON OF APPROXIMATIONS IN INELASTIC SCATTERING

A. Introduction

Chapter VI is a comparison of the time-dependent and time-
independent hierarchies for rotational excitation in atom-diatomic
molecule collisions. Equivalence between the Born and first order
perturbation limits is demonstrated. Again, numbering of pages,
equations and references is self-contained within the reprint.

The authors are grateful to Dr. Merle Pattengill for pointing
out that the specialization to the high—~j limit (which was not noted

in the text) need not have been invoked in Eqs. 21 and 28.
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¥

Although a number of approximation methods have been widely used in the field of molecular rotational
excitation and scattering, their interrelationships and ranges of applicability have not always been clearly
established. The present work is a comparison of several of these approximations. Considered are the time-
independent treatments such as the distorted wave approximation (DWA), the restricled distorted wave
(RDW) and the RDW-Born approximations, and the time-dependent ones such as the sudden approxima-
tion (SA) full trajectory and straight-line limit, and the first-order perturbation approximations. Equiva-
lence is demonstrated between the RDW-Born and first-order SA, and convenient analytical forms are

presented for the resulting transition probabilities.

I INTRODUCTION

The theory of rotational excitation and scdttering of

diatomic (rigid-rotor) molecules by siructureless atoms
has been well formulated,? but exact computations
remain a formidable task.??® Thus a large number of

approximation methods have been introduced and many

approximate calculations carried out for model sys-
tems.? The few available direct experimental measure-
ments? of specific rotational transitions (obtained via
the molecular-beam technique) are of insufficient accu-
racy to check even such approximate calculations. In
view of the uncertainty in the intermolecular poten-
tials, such a check would hardly be definitive in any
case. On the other hand a proper test of the various

approximations (i.e., by comparison with complete and -

numerically accurate close-coupled computations of the
differential or integral inelastic cross section for a given
assumed potential) is extremely time consuming even
with present-day computers, except for low energies®
or for hydrogemc systems.®

Thus, it is of interest to compare the various ap-
: prommatlon methods from a theoretical viewpoint and

* Work supported by National Aeronautics and Space Adminis-
tration Grant NGL-50-002-001 and National Science Foundation
Grant GP-7409,

! For a review, see
1, 149 (1965).

2 {a¥ Much of the recent literature is referenced in C. F. Curtiss
and R. B. Bernstein, J. Chem. Phys. 50, 1168 (1969) ; a misprint
occurred in Eq. ( 15) a factor of 23 /A2 on the right was omitted.
Other recent related articles include: (b) R. J. Cross, Jr., ibid.
49, 1753 (1968) ; (¢) W. H. Miller, ibid. 49, 2373, (1968) (d)
R. J Cross, Jr., sbid. 50, 1036 (1969); {(e) J. Reuss and S. Stolte,
Physica 42, 111 (1969).

"R. G. Gordon has recently developed an efficient computa-
tional method for solving the many-channel coupled equations,
J. Chem, Phys. 51, 14 (1969).

t(a) ]J. P. Toenmes, Discussions Faraday Soc. 33, 96 (1962);
Z. Physik 182, 257 (1965); Recent Advan. Aerothermochem
(AGARD) 12, 237 (1967). (b) A. R. Blythe, A, E. Grosser, and
R. B. Bernstem,] Chem. Phys. 41, 1917 (1964).

5 W, Erlewein, M. von Seggern, and J. P. Toennies, Z. Physik
211, 35 (1668).

¢ (a) A, C. Allison and A. Dalgarno, Proc. Phys. Soc. (London)
90, 609 (1967). (b) B. R. Johnson and I, Secreat, J. Chem, Phys,
4682 (1968),

¥
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to determine, by comiputation when necessary, the
range of validity of the more useful ones in the hope -
that reliable working approximation schemes can be
identified and equations expressed in practical form.
One may consider a hierarchy of approximate treat-
ments for the transition probabilities employing either
time-dependent (TD) or time-independent (TI) per-
turbation methods. The TD hierarchy can be listed
(in order of decreasing rigor) as follows: first, the
infinite-order (time-ordered) exact formal expression™
is reduced to the Magnus approxima tion™; next to the -
sudden, i.e., “first Magnus” approximation® (retaining

the term
exp (—- % j th)

,but neglecting the exp(fwm,d) factor); then to the in-
‘plane trajectory SA® (neglecting angular’ momentum -

conservation); then to the straight-line trajectory SA
(the high-energy approximation)®®; finally to the first-
order perturbation result® (keepmg only the first-order -

term
)
(-3/va)
in the expansion of the SA exponential). Similarly, the

TI hierarchy begins with the infinite set of coupled
equations!; is reduced to the iruncated close-coupted

7 (a) See, for example, F. J. Dyson, Phys. Rev. 75 486 (1949).
(b} P. Pechukas and J. C. Light, J. Chem. Phys. 44, '3897 (1966).
7AI6S((JI:; ggc):ent extension by R. D. Levine, Chem. Phys Letters, 2,

8 (a) K. Alder and A. Winther, Kgl. Danske Videnskab., Mat, - .

Fys. Medd. Selskab. 32, 8 (1960); (b) D. W. Robinson, Hely,
Phys. Acta 36, 140 (1963) : :

® (a) K. H. Kramer and R. B. Bernstein, J. Chem. Phys. 40, - 3

200 (1964); (b) R. B. Bernstein and K. i Kramer, ibid. 44,
4473 (1966) {c) R. W. Fenstermaker and R, B. Bernstein, ¢bid.
47, 4417 (1967).

fo See Ref. 9(c) for lxmltmg expressions. !

U See, for example, (a) G. Gloumousis and C. F. Curtiss, J.
Chem, Phys 29,996 (1958) (b) A. M. Arthurs and A, Dalgarno,
Prac. Roy. Sov. (London) A236, 540 (1960); (c) W, D, Davison,
Diseussions Faraday Soc. $3, 71 (1962) ( ) Ref 6(b},
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approximation with both open and closed channels®?;
then open channels only® (the usual S-matrix method);
then to higher-order distorted wave approximations'
including the renormalized DWAY; the “infinite-order”
DWA®; and the statistical (dominant-coupling plus
DW) approximation.’® Next is the ordinary DWAY,
the RDWA?, the DW-Born approximation®®; the modi-
fied wavenumber (MWN) approximation® (which ne-
glects angular wmomentum conservation); and fnally,
the simple Born approximation { BA),? which can also
be further reduced in certain limits, to be considered.

The present paper restricls consideration to the rela-
tions among the lower levels of these hierarchies, below
the level of the DWA and the SA.

In the following section the restricted distorted-wave
approximation® is reduced to the Born limit, and in
the subsequent section the sudden approximation® is
correspondingly reduced to the first-order limit for ex-
plicit comparison. For the examples chosen (atom-
diatomic scattering), the two treatments yield equiva-
lent results under certain conditions; it is important
to establish these limits in order to deal with practical
applications. Although this equivalence has been shown
previously®™ in certain special cases,” the present treat-
ment is somewhat more general in scope and is carried
through to yield identical “working formulas” from
both tredtments.

i, THE DISTORTED-WAVE APPRCOXIMATION

For the present problem of atom~diatomic molecule .

scattering, the anisotropic interaction potential is taken
to be a sum of a short-range repulsion and a long-range
attraction, each of the factorizable form

V(R, ) =Vo(R)[1+4arPr(c0s8) ], (1)

where L=1 or 2, with the asymmetry coefficient gz
independent of R. Two commonly employed forms of

12 Reference 6(b). Also: R. D. Levine, B. R. Joknson, J. T.
Muckerman, and R. B. Bernstein, Chem. Phys. Letters ¥, 517
(1968) ; J. Chem. Phys. 49, 56 (1968).

3 References 6, 11(b)~11(d). Also: W. A. Lester, Jr., and R. B,
Bernstein, Chem. Phys. Letters 1, 207, 347 (1967) ; . Chem. Phys.
48, 4896 (1968). See also R. . Gordon, Ref. 3.

18 References 11{b}-11(d). Also: (a) W. D. Davison, Proc. Roy.
Soc. (London) 4280, 227 (1964); (b) R. Kolodziejski, Acta.
Phys. Polon. 10, 223 (1951); 31, 783 (1967).

¥ R. B. Bernstein, A. Dalgarno, H. S. W. Massey, and 1. C.
Percival, Proc. Roy. Soc. (London) A274, 427 (1963).

18 R. J. Cross, Jr., J. Chem. Phys. 48, 4838 (1968).

¥ See Refs. 11(b); (c). Also: C. S. Roberts, Phys. Rev. 131,
200 (1963). :

' See, for example, (a) W. F. ¥Ford, Phys. Rev. 157, 1226
(1367); (b) Ref. 2(c}.

K. Takayanagi; see Ref, 1 for complete literature on the -

MWNA.,

0 See, for example, (a) Ref, 15; (b) R. J. Crosg, Jr., and R. G,
Gordon, J. Chem. Phys. 45, 3571 (1966); (c) R. J. Cross, Jr.,
Ph.D., thesis, Harvard University, Boston, Mass., 1965; (d) R. J.
Cross, Jr., J. Cher. Phys, 47, 3734 (1967).
(}129!6%& Refa, 9(a), 20(51;), and J. M, Peek, Phys. Rev. 160, 124
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the spherical term, Vo(R) are investigated:
VO(R) = R, (23')
Vo(R) =C ¢ Fle, (2b)

where # is the index of the inverse power potential of

“strength” C, (positive for repulsive or negative for

attractive potentials) and p is the range parameter of
the exponential potential of strength C, (which may

also be positive or negative). The expressions for the -
RDWA transition probabilities, £ j%/) for this prob-

lem are essentially given in Appendix B of Ref. 2(a).
(It is noted that in the present approximation, contri-
butions to the over-all transition probabilities are addi-
tive from the various anisotropic terms in the potential.)

However, it is instructive to present here a brief deri-

vation, designed for the specific potentials [Eqgs. (1),
(2)] of interest, and which defers the “large J” restric-

tion until'the final reduction [identical to Eqgs. (A12)~ .

(A18) of Ref. 2(a)]. :

The starting point is the equation for the Jth partial
cross section, o7 ( 7', 7) for the excitation of the mole-
cule fromj toj’ (irrespective of m; and m; ; the problem

-of the m transitions is discussed in Sec. II1):

S AN
O”Y(J,j)*’g;( +> i i [ ST 77 P,

L1715 vaiFp
3

where the symbols are those of Refs. 11(b) and 15.
Considering first a pure Py(cos®) anisotropy, one ob-
tains ‘

PR I VYR SAY P
o (7,9) = 35 (5 )

B\ by

X 3 LR35 5 DI DT (4)

where the fa coefficients are those of Percival and.

~ Seaton® and the radial quadrature ¢ is similar to that

of Eq. (47) of Ref. 2(a):

. { 2 , .
905857 = 2= [* wy MR) Vo(Rywa? H(R)IR.
'3 dg

)

The total cross section for j—" scattering is thus -

drb'a? &
o P MCAR

X ;Z; LAY il D PLa( ;5 DT, (6)

o(f =2 07§ =
L]

where b= by and K=k,

If the distortion potentiall® (/¥; 71V |jI; J) dif-
fers only slightly from Vs, the w's and the resulting ¢’s

#71, C. Percival snd M,

s Beaton, Proc. Cambridge Phil, Soc.
58, 654 (1957). J: Beaton, s o

< b
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depend negligibly on total J; and the order of summa-
tion in £q. (6) may be inverted, giving
drk'as &

2
o bk i
7= s 3 L))

J
X X @IHDLAG DT, (1)
Ty

where J is the larger of | I—7 | and | //—j' |, and Ja is -

.the smaller of /47 and V5. If one takes advantage
of the orthonormality of the fy coefficients, then Eq.
(7) reduces to

R PN L B
o(f' )= “5—,3%(23’+i)< ) S @y
6 0 0f =0

X 3

el 00 0

This may be written in terms of & transition prqbubﬁity

P 34), |
o7 1) = 3 B P ),

roio2\
(25’+i)< >CQ(J"!'§J7)3" (8)

&)
where .
Yo o2 ¥ (A AT
p,<m=——§‘i—,;<2f+1>< _ >
. 0 0 ¢
. "7 2\
X 2. (241) [g(77; )T (19)
v 0 00

The only nonzero values of Py #, ) occur for § =4,
j42 and

3. K
Pz(jizyj)=§5%”;gw(j)
S R L N
8-+ P T 1e-narn

3 (41) (+2) 2]
- 11
TswEpe ) W
where

() =(+1) (+2)/(G+5 G+,

g-2() =i(i—1)/(i-$ (7+D),

and notation for the ¢’s has been simplified: ¢( §, 14 Al;
Js B—q1.8:=qu, For large I, this reduces to Eqs. (A16)~
(A18) of Ref. 2:

P j£2, ) = P50l (R /E) geol g1+ 101804 30027).
(12)
Similatly, for the case of a Pi(cosO) anisotropy, one

115

2441

obtains :
Py j=1, 5) =3a? (/) gas( §) ,
. g.......g_... 2 Egﬂl ﬁ] .
*mpet o ad], @
where ‘

() =(+1/(+%9),
g1(7) =1/(+%),

which ior large I reduces to Eqs. {(Al12)-(A14) of
Ref. 2(a):

b P, ) =Ret (K /0 gualbar P+ 2] (14)
The essential remaining problem is the evaluation of

the gi,. In the Born limit, the total interaction term

is ignored in the distorted wave equation [Eq. (12) of
Ref. 15]. In ;
simply related to the Bessel function, Le., wpr# is

‘approximated by

L e R) W an (U R),

(15
and g1, is given approximately by '

BNy o S
Q=T (‘7) 7 f Juirs12(R'R) Vo(R)J yyapp(RRYRAR,
0

(16)
Note that
(17)

where 9,2°™is the Born-approximated elastic-scattering
phase shift. Integrals of this form have been considered
elsewhere Xois.2¢ :

The Born' approximation is strictly valid enly when
l, k, and %' are large. It is found that in the limit, when =~
E'=k, and {(0+3)/kc2(I'+3)/F'=2b, one obtains the
following asymptotic (@) result: B

L (o Vo(R)RAR

g1,0= 7890,

Q= o , (R—f)ih’ (18a)
G b [ Vo(R)dR

9:,1“*9:‘-1"=§;}; , (R—p)ih’ (18b)
o o & ["Vo(R)(B—R)IR

7129 =q1, 2@ = %;];ﬁ R(B—p)i (18c)

A, Inverse Power Potential

For an inverse power potential of the form of Eq.
(2a), these integrals may be readily evaluated, and
one finds that

91 =[bVo(b) /v Dny= (Cu/Tivb™?) Dyy,  (19)

o (&) G- T Curtis, J: Math. Phys. 5, 56t (1964) ;' (b) See also
€l C)er @ !

% (a} R. B\ Berustein, Molecular Beoms, J. Ross, Ed. (Inter-
science Publishers, Inc., New Vork, 1966), Chap. 3, p. 75. See
also (b) RSB, Berusteln, J. Chem, Phys, 38, 815 (196§))¢ ,

this limit, the radial wavefunction is -
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Tasie I Numerical values of quantities in Egs. (20) and
(22) for the inverse nth power potenhal Dus, Fay and Fys for
p=Al=0, &1, 2and Af=:1, %

5 »  Duw[Eqs. (20)] Fu[Eq. (228)] Fa[Eq. (22b)]

6 0 0. 58905
21 0.53333 0.18963 0.06072
&2 0.39270

7 0 0.53333 ,
1 0.49087 0. 16064 0.05399
+2 0.3%095

8 0 0.49087
21 0.45714 0.13932 0.04857

| 0.36816 ‘

9 ) 0.45714
1 0.42051 0.12295 0.04412
£2  0.35556

10 i) 9.42951
41 0.40635 0.11008 0.04040
2 0.34361

11 0 0.40635
gkt 0.38656 0.09962° 0.03725
2 0,33247

12 0 0.38656
1 0.36941 0.09098 0.03456
+2 0.32214

where v=fk/u is the initial relative velocity and the .

D, , are numerical constants:

Duy=m'"I[3(n—1) /2T (3n], (202)
Dy=n'PT (3)/2T[3(n+1)], (20b)
Dyg= E(ﬂ-" 2) /n]D,,o. (ZOC)

[Note that Eqs. (19) and (20a) yield, via Eq. (17),
the conventional expression for the Jeffreys~Born
(JB) elastic-scattering phase shift for the inverse
power potential.] With this result one finds that the
transition probabilities P(j£L, j|#) given by Egs.

(12) and (14) are of the form
P(jL, | n)=[arbVo(b)/Fv]Fu
=[Crop/fivb" PP, (21)

where for Py(cosB) anisotropy the selection rule re-

FENSTERMAKER, CURTISS,

AND BERNSTEIN

quires that §'=74:1 and

Fu=3x{TGn)/T3(p+ D (222)
and for P;(cos8) anisotropy 7’ =72 and
31 (n*—3n+3 |

= D -0 Y Gm . (220)

Numerical values of the D,, and F,, are given in
Table 1.

Several computations were performed for the inverse -
sixth power potential and Pp{cosO) anisotropy in order
to determine the range of I for which the quadratures
g [Eq. (16)] are well approximated by Egs. (18).
Parametrization is given in terms of reduced energy
(= ,uv?/Ze), reduced wavenumber A(=ks), and re-
duced impact parameter W[ = (b/e)=2(I+4%) /A, where
o and ¢ are the “range’” and “strength” parameters of
the potential.?>**¢ Note that for an inverse sixth power
potential (Vy=4es®/R%) and &' =£, Eq. (16) reduces to

2 4?

qu= f Frewsn(@ nun(w)ads. (23) .
Thus the quadrature depends only on ? and »; 4 and
E* are merely scaling factors.

The integrations in Eq. (16) were performed numeri-
cally (by Gaussian quadrature, exact to four significant
figures) and also, by Cross’ method,” which is ana-
lytical within the semiclassical approximation. (The
two agrec within the four-figure accuracy of the nu-
merical quadrature.) These results are compared with
the asymptotic [large I; Eqs. (18)] Born approxima-
tion in Table II; they are discussed in Sec. IV. A
related comparison of computations by the full DWA,
the RDWA, and the Born approximation has recently
been pubhshed %

B. Exponential Potential

For the exponential potential [Eq. (2b)], Eq. (1.6) ‘
reduces to

~where v
o o ReBledR ‘
o= ), TR—h’ (25a)
e ®lrdR
D=t [ (25b)
dle [ (33— RY)eRIrdR
% ), T RR-)P (25¢)

. Ci, Refs. 20(b), 20 {¢). The authors are grateful to Professor
Cross for,a private communication which wag of considerable
helg in this matter,

R, E, OISon and R B. Bemstem, L. Chem Phys, 50, 246
(1969)y7
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Tasrr ¥, Comparisen, for the inverse sixth power potential, of values of g, calculated by the exact Born formula and the ssymptotic
(large {) Born approximation. E*=10.0, 4 =28.17 (symbols defined in the text).

coracutcsios

e

Asymptotic Bgmjapprox;

Exact Born results [Eq. (16) ] [Eq. (18)
! b* qro Q-2 iz gro@ 0,45
12 0.444 199.4 202.9 90.0 193.0 128.7
24 0.870 6.729 5.529 3.671 6.673 4,449
48 1.722 0.21%99 0.1628 0.1325 0.2195 0.1463
96 0.007043  0.004946 0.007039 0.004693

3.425

0.004459

The first two integrals may be written in terms of the
modified Bessel functions,

Dyom=exp(,*) Ky(b,9), (26n)
D p=exp(b,*) Ko(b,*), {26b)

where b,*=58/p. The third integral may be written in
the form

Da=exp(b,*) {2 f ” Ico(x)dx—K,(};p*)}. (26c)
b?

Using asymptotic expansions for the Bessel functions
one may obtain a (semiconvergent) series expansion
for these D,,, for large values of b,*:

T 1/2 K
D= (55) [+ 2 Cate1 (21
26 p* k=1

Here K is the value of the index % beyond which the
terms in the series become larger. The first few coeffi-
cients C, are listed in Table I1I. The coefficients of
D, yield [when combined with Eq. (17)] a previously
obtained*® expression for the high-energy approxima-
tion to the elastic-scattering (/th partial wave) phase
shift for the exponential repulsive potential.

Using these results for the D, yields the transition
probabilities P( j4=L,7]|p):

P(jxl, j ! P w[a,,qu(b)/ﬁvsz,,,
=[0bCoe ™ /i PGpr.  (28)

Again, for large values of 5,%, G,1 and G, may be

expressed In the form of power series ss follows:

) 4 .
Gpm oo [l 50 (0,5%],  (298)
sb#' Fsand
3x 3 Y-k Y
Gu= 05 L1+ 2: (b)), (29b)

where the first few Hp; are listed in Table I1I.
Computations were performed for the exponential

potential and P;(cosO) anisotropy in order to compare

Egs. (16) and (18). Parametrization was as follows: - -
Ep=w/1C,  #rstes Aj= ko

bt =(14+3)/4,.
For the purpose of computation, Eq. (16) is rewritten: B

and

.w

o x
qi-= ZE,,*j; v wr1a(2)J yae() exp [" Z:] xdx.

(30) -

In this case, it is noted that these quadratures do de-

pend on the range of the potential and the kinetic

energy [in contrast to the “scaling” situation for the
inverse power potential, Eq. (23)7]. ,
The integrations of Feq. (16) were performed numeri-
cally as before, These results are compared with those -
obtained by the asymptotic approximation of Egs. (18) .~
in Table IV; they are discussed in Sec. IV.

Tasre 11, Expansion coeflicients C. [Eq. (27) Jand Hyi [Eqs. (29) ] for the exponential potential.

k Cox Cu Cor Hy Hy

8 3/8 -1/8 —13/8 ~1/4 ~9/4

2 —15/128 9/128 273/128 5/32 165/32

3 105/1024 —75/1024 ~5415/1024 -21/128 —1677/128

4 —4725/32 768 3675/32 768 606 795/32 768 - 253/1024 90 171/2048

$ 73 768/263 144 50 535/267 144 ~21 866 358/202 144 «d038/8197 w1 332 475/8192

=z

i




2444 FENSTERMAXER, CURTISS, AND BERNSTEIN
‘Tanre IV, Comparison, for the exponential potential, of values of g, calculated by the exact Born formula and the
asymptotic (large !) Born approximation. Parametrization as defined in text. ‘
Ezact Born results Asymptotic Born approx.
[Eq. (16)] [Eq. (18) ¢
! b, A, B ) 0@, Qe 1.0 1,45
6 1.384 4,695 0.3 3.54 0.717 0.895 3.554:0.06 ces
12 2.662 1.26 0.700 0.546 1.26 0.664:£0.205
24 5.2i8 0.130 0.108 0.0754 0.130 $.09043-0.0013
48 16,33 0.00107 0.00109 0.00073 0.00107 £.00088
6 0.4378 14.848 3.0 2.12 =0, 764 we(}, 444 ass st
12 0.8419 1.66 ~0,0445 0.0756 1.0714:0,101 ver
24 1.650 0.916 0.283 0,284 0.916:::0,007 ase
48 3.266 $.236 0. 140 0.127 0.236 8.134:::0.016
6 0.1384 46.95 30.0 0.762 —0.548 -0.481 ose ane
12 0.2662 0.727 ~0.369 ~0.324 X seo
24 0.5218 0.639 —0.142 -0.117 0.632::0.090 oo
48 1.033 0.459 0.044 0.056 0.461:£0.016 v

& The =k entries indicate the uncertainty due o truncation of the semi-
convergent series at the proper term.] Blanks Indicate cases in which the

III. THE SUDDEN APPROXIMATION

In this section, the transition probabilities are com-
puted from the first-order straight-line limit of the
sudden approximation. The interaction potentials con-
sidered here are the same as those in Sec. II. The
notation is essentially that of Ref. 9(b).

The first-order transition probability for transition

from state jm to j'm’ is given by

P(j'wlim) = | (7’m’ | G| jm) ], (31)
where

G(6, ¢) =h" j “ vy (32)

The coordinates involved are illustrated in Fig. 1 of
Ref. 9(a}, where the orientation angles of the mole-
cule, 8 and ¢, are taken to be constant. ¥V (#) is the
potential of interaction between the atom and the
diatomic molecule as a function of time as the atom
moves along & classical trajectory relative to the sta-
tionary molecule. This trajectory is approximated® by
a planar one governed by the central potential (V)
nlone,

Agaln consider o potentinl of the form of ¥a. (1),
Using this form in the last pair of equations, one finds

asymptotic serles doeg not converge at all.

that for inelastic collisions

2
P( j'm’jm) = %’;‘ f _[ Y (0, ¢)*Vo(R) Pr (cosO)

q .
XY ™6, ) sinddddedt] , (33)

where © is a function of 6, ¢, and ¢ determined by the
classical trajectory. Since O is the angle between the axis
of the diatomic molecule and the line from the molecule
to the atom with direction angles ¢, ¢

PL(ci:o.@G) =4/ (2LA-1)] 2 Vo2 (0, ¢/)¥V07(0, $).

{34)

1f this expression is used in the previous equation, then
integration over the angles gives "
(D) @D

ay

(2L+1) ,

P(jmlim) =

PP LN 7 L\
X 3 ’ VZ-.M'—% lgs (35)
- AG O O\ —m pem :

whare
{73

Viypmfint f . VARV IO (), () Mt (36)

o
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The dependence of R, 8, and ¢’ on the time ¢ depends
parametrically on 6, and ¢, the angles describing the
initial direction of approach, the impact parameter b,
and an azimuthal angle, ¢, measured in a plane normal
to the initial direction. The three angles ¢, 6, ¢ form
a set of Eulerian angles and may be used to describe a
rotation of the coordinate system. In the new coordi-
nate system the initial direction of approach is along
the g axis, and the azimuthal angle is zero. Then

Yg,”(e', ¢’) = Z DL(%; 00) E),,,Y#’(ﬂ', 0)! (37)

F

where § is the polar angle of a point along the trajec-
tory in the new coordinate system. Thus

= 2, D¥{o, b0, €) sV esy
F

17“_.:;,;-1 jm

V1. is the integral of the potential evaluated in a co-
ordinate system in which the atom approaches in the
% direction [cf. Ref. 9(a)].

Combining Eqs. (35) and (38), one obtains

P(j'm'jm | Ebduee)

(38)
where

VLR V[0 (), 0Jdt.  (39)

i 7 L\
= - Z DE (¢0: bo, e) pom!—m
wm —m om— rat

XpP ( .7'.7 ‘ Eb) mt’DL (o, B0, €) pr gn—m”™ (40)

P(j+1, m, jm)= mei [(7+ D~

P(j—1, m, jm)=

m¥]
3 (43 (j+D
wa [ f—m¥]

3 (HH G-

wap? (jEmt-1) (jm+2)
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VAT \
ay, VL“VL,, s (42)
¢ 0 9

The transition probability given by Eq. (40) depends

where
P ( .7 '.7 I Eb) oy’

4w (1) (274 1)
o (2L+1)

on both the impact parameter b and the azimuthal

angle e. Averaging over ¢ eliminates the dependence en
¢o and yields

. 7
p( ' {7 °Yy
§'mljm | Fboo) =
m —m ' —m,

X 3| DO, B0, 0)ymicm [PP( 57 | Eb) e (42)
8 !

The degencracy averaged cross section is the sum

over ' and the average over m of the detailed cross = -

section, The corresponding transition probabilities are
P75 Eb) = (2+ 1)1 Z; P(j'mjm | Ebbo). (43)
i

- From the last result if follows that B
P71 EB) =LOLAY) G+ T X P77 ] ).
" ‘

(44)

This result is clearly independent of the direction of
the incoming atom. :
For the case L=1[Py(cos®) anisotropy], the follow-
ing detailed transition probabﬂmes are obtained from -
Eqgs. (41) and (42): '

[cos®, | Vmglz—ksin% | Vu 23, - (45a)

[cos’ﬂg l 17"19 P+Sin200 l ?11 ’23, ) (‘i-Sb)

P(j+1, mEl, jm) =

P(j—1, m£1, jm) =

2GRN G
wa? (jFm—1) (§Fm)

[siny | Vio M4 (1+coso) | Vuff], © (450)

and for L=2 [Py(cos8) anisotropy|:

2 (G+H G-

Orast [(j+2) = I[(j+1)1—m*]

P(j+2, m, jm) =

320 (DD G+D)

9wagk [ P m?IL( j—1)2—m?]
320 (j+5)(7-H*(j—H

P(j=2, m, jm) =

[sin%l vm l2+(1+605200) I f/n ls], (45&)

[(3 cos?o—1)2] Vo |2

+ 12 éin%o cos% ! 1731 I2+3 Sill‘ﬂo l sz !gl (463.)

[(3 cosp—1)? | Vzo 2

v

+12 sin®y cos?y | Vs [*-+3 sin'fs | Ve |7,  (46b)
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3ras® [(j+1)2— ][ jm~+3][ jLm--2]

FENSTERMAKER, CURTISS, AND BERNSTEIN

P(j+2, mek1, jm) = -

80 (749 (G+2(5+D)

3wa [ p—m¥][ jFm—1][ jFm—2]

[3 sin®y cosy | Veg |2

P(j=2, mk1, jm) = =0 (743 G-5*G-9)

P(§42, mL2, jus) =

3wag? [ feem UL jemt- 200 jem~+3][ jm-+-41]

1280

3wos? [ jFm—3 ][ jFm—~ 2] jFm— i][f}:mj

P(j—2, mk2, jm)= 780

The problem is thus reduced to the evaluation of the
integrals of the potential, V;,, defined by Eq. (39).
These integrals may be readily evaluated only in the
straight-line apptoximation, i.e., assuming & linear tra-

(743 (-9~

+ (4 cosy—3 cos¥y+1) | Vs [24-sin(d--cosy) | Ve |2, (46c)
[3 sinfy cos®y | Vo |2
+ (4 cos'y—3 coso+1) | Vau [P4-sin®e(1-4cosy) | Vae |21, (46d)
GED D) L3 sinte| Van
+4 si11?00(1+00320o) | Vas P4 (14-6 coste+-cosito) | Ve |F], (46e)
(3 sin®y | Vo I?
+4 sinza@(ﬂ-kcos?@a)‘ | Vas [P4- (146 cosPo-t-costte) | Ve [2].  (465) -
and thus x _
2| V1@ P=3 (1) (u@)?, (5ta)
EZ:, | Vol I”zs(w“‘)E%(qm‘“’)?-%%(qw‘f")”l (51b)

jectory with a constant relative velocity v. In this
approximation? [which corresponds to the asymptotic
(e) approximation of Sec. IT],

R=(8--%2)13, (47)
cosf’ =i/ R. (48)
Using these relations one obtains
Vi@ =0, (49a)
- 3V2 b f‘” Vo(R)dR
0y oo | — — o ——— 4 b
Vu (Zw)v vty (Ro—p2)12’ (495)

w [1— (35%/2R?) JRVo(R) dR

sy
V@ = (_) (fiv)~1
. b

(R Ry T
(49¢)
Vul=0, (49d)
- 1/7i5\2 2 fo Vo(R)dR ‘
@ of o) e )
. Va 2(2w) fivy R( sz-bz)”z (49¢)

- On comparmg these expressmns with the TI Born ap-
- proximation expressions given by Eq (18), one finds
" the equwalences

P L5 (™) Jqn®, (50a)
Vaol® =4[5 (1) J2(gn—3gu®),  (50b)
Vm‘“""‘%ﬁ'ﬁﬁ( 1) 109 (g @+ g®),  (50c)

When these expressions along with Eq. (41) are used
in the expression for the degeneracy-averaged transi-
tion probabilities [Eq. (44)] obtained by the TD
methods, one obtains expressions which are identical
with those given by Egs. (12) and (14), obtained
from the RDW approximation to the TI expressions
in the large 7 limit. The above TD formulation has
also been obtained by a different method of summa-
tion, giving identical results (see Appendix).

Eqgs. (46a) and (46e) [in connection with Egs. (49)]
agree with the results of Ref. 9(a) for the special cases
treated there. Egs. (45) and (46) also reproduce the
m and j selection rules of Ref. 9(b) for the “parallel”
configuration. However, the present results disagree in
the “perpendicular” case; “Rule 2” of Ref. 9(b) ap- -
pears to be incorrect. For the “perpendicular” configu-
ration there are no m selection rules.

I¥. CONCLUDING REMARXKS

In general, these first-order methods can be expected
to give accurate transition prebabilities only when the
probabilities are small. Since the § matrix in the DWA
is not unitary, its Born limit cannot be better, Similarly,
for the TD case, although the sum of the transition
probabilities from a given state cannot exceed unity
in the SA, this restriction is lost in the first-order
straight-line approximation,

For the Born treatment, the accuracy of the asymp-
totic approximation compared to the exact Born re-
sults depencls on the form of the radial potential Vy(R).
For the inverse power potential (results shown in Table

-
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IT) the quadratures [Eq. (23)] are independent of the
energy. Thus, the goodness of the asymptotic approxi-
_mation depends only on /, », and the power of the
potential. For the example chosen, provided IS 24, gi®@
agrees with gy within 19;. However, similar agreement
for ¢ and ¢y,-9 would require % 100.

The situation is quite different however, for the ex-
ponential potential {Table 1V). Here, the exact Born
qmdmture [Eq. (30)] does depend on the energy,
and ij appears that §,* rather than [ is the best index
of the accuracy of the asymptohc appxo\xmatlon For
8,*5 1.0, the approximation is within 1% for gsu; how-
ever qt‘iz‘“’ still has not converged for 5,%> 10,

It is also noted that the accuracy of the asymptotic re-
sults improves as the incident energy decreases. Thus
the best agreement between exact Born and asymptotic
results is expected in & region where the high-energy
approximation itself is inapptopriate. This appears to
be a serious qualification of the usefulness of the asymp-
totic formulas for the case of the exponential potential.

The equivalence of the Born approximation and the
first-order limit of the sudden approzimation for the
collision of a diatomic molecule and an atom has been
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demonstrated explicitly. Formulas have been derived
for the detailed inelastic transition probabilities for
rotational transitions jm~y'm’ [Eqs. (45) and (46)].
The degeneracy-averaged transitions probabilities
( j"“')]" )} for an inverse power potential VG(R) C,,R“ﬂ
are given by

) P(jded, 7| n) = o (Cay/fivd™1)%, (52)

where the factor F,y, is a known, slowly varying func.
tion of n (Table I), ay, is the coefficient of the Lth-order -
Legendre anisotropy, v=7%k/u is the magnitude of the
relative velocity, and & is the impact parameter. For
an exponential potential Vo(R) =C e ®/r, the transi-
tion probabilities are

P(j£L, i1 0) = Gyu(Carbe /)’

where G,i is a known factor which, for’ la,rge b/p is
proporticnal te 1/6. Note that Egs. (52) and (53)
show the same quadratic dependence on 4z, 1/7, and
the strength parameter of the potential (L, or Co);
also, they both exhibit a strong inverse dependence
1ipon the impact parameter.

(53)

APPENDIX

This appendix presents an alternate method of reducing the TD-SA formulation to the Born results for the
j——>j transition probability. The formulation and notation follow Ref. 9(b), and the case illustrated is for the
inverse power potential, Egs. (1) and (2a), with n=06 and L=2.

In a situation similar to Ref. 9(b), the molecule is at rest in a weak electric field B and has eigenfunctions

V;=(8, ¢). The atom (whose coordinates are (¢'(t), ¢'(f)) approaches from an arbitrary direction, v. Then, anale« e :

gous to Eq. (32), one can deﬁne G in terms of a new set of angles (¢”, ¢’} with respect to o!

G(G" u) =F1 f Vdt= _%05 { Sm(s)+ %( S0 — 612 5'22(6)) Co® (gn II) g Sm(a)[c__zm (ﬂ" n) +C2(2) (9" d’") 3}

= 2D{ Su®-+ B (0", ") +F[C-a(6",

where D, E, and F are obvious abbreviations, and

In the first-order limit, the § integrals are given by

(Al)_

”) +C2(2) (6"9 ‘i‘"):! )
Ca (07, ¢") =[ 4w/ (20--1) JRT (8", ¢"). (A2)
Seo®223 (wa®) b7, (A3a)
SOy (§) 205, (A3b)

[For a more complete account, see Ref. 9(b), which treats the “parallel” case v || E;]

Next ¥;=(8, ¢) is redefined in terms of the (67, ¢''):
Yim(ey ¢) =

A

22 Vir(8", ) Di(bo, Oy €) ymy

Ay

where (g, 6o, ¢) are the Euler angles that relate the (6, ) referénce frame to that of (¢”, ¢'").¥ This yieidéan '

7 () A.
p. 61, See also {(by D. M

Edmonds, Anguler Momentum in sznmm Mechanics (Prmcewn University Press,
Brmk and G. R. Satchler, Angular Momenium (Clarendon Press, Oxzford, England, 196(5)

Princeton, N.J., 196D),
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equation for the inelastic transition probability which is equivalent to Eq. (43):

P75 | Ebide) =[AD/2j+1)] 23| (2, DO (o) e V(0" 87) | LEC (", 67)
+F[C (8", ¢")+C:® (0", ") 1} | E (0", ¢")D’(¢ogo€)pm) I (AS)
For j/=j:2, the following result is obtained; o
P(j2, 7| Ebdofoe) =[4D%(2j+1)] 2 | 25 B2, 1| Co® | fudD 94D, 0
i » .
+ 20 F(j2, u—2| Coo® | ju)Dpa B Dy 35 F(jk2, 2| G | i) Dm0 Dym! |2, (AG)
B )
Integration over ¢y, 0o, ¢ is required to remove the dependence on the direction of approach:
3 2 w- p2r ; .
P21 8)= o [ [ [ Pli2 5| Ebitee) sinduitede (A7)
8x2dy Jo Jo

Consider the reduction of a typical term in the mod square of Eq. (A6). Define Ty, a part of Eq. (A7), as follows:"
Tp= @+ 1) 2 25 (a2, whf | € | jud (G2, vhh | G | o) | |

mm/  py

D '3 21
xf j f DU (G0806) 1 DO* (SB08) yu D (biBe) smDHE2(SeB0E) wi o SinBodipodbode, (A8)
1] [ -

L]

where f and % may be 0, 42, or —2,

The integral over (dro, 0, €) of the product of the four rotation matrices can be evaluated utlhzmg Eqgs. 4.3.2
jf/ Dy BO¥D 0 *Dun’ Dy .22 sinboderodfode
j2 j K\ [fj+2 ; K
=822 3, (2K+1) '
Kl v+h ou /\m m oz

and 4.6.1 of Ref, 27(a)
2 § K\ [fix2 j K\
: . (A9)
ptf v &/\m" m )
Substituting this result and Eq. 4.6.3 of Ref. 27(a) into Eq. (A8) gives

2 7 2\ Jx£2 § /[ j£2 j 2
Tyn=(8#%) (2j+1£4){ 2o (—1)sHth (K1)
0 0 Q) wka: \—+f) u f/\=0+h) » &

2 § K\ [/i+2 j K 2 § K\/fi+2 j- K o
X > ' .. (A10)
vk op X\ v FS N\ m o x)\wW m o=z S
The result of these summations is
2§ 2 5
Tfh=%7r2(2j+1=!:4) 6;:—;-[.r+h5pv- (All) .
¢ ¢ 9

[Note that the off-diagonal terms in Eq. (A6) vanish.] When Eq. (A11) for the various 7' terms is substituted
into Eq. (A7), the result is found to be identical with that previously derived in Secs. IT and II1,



