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CHAPTER 1

INTRODUCTION

1. ASTROPHYSICAL BACKGROUND OF THE EXPERIMENT

Microwave transitions across various inversion doublets of ammonia (NH3) have
been detected in a large number of galactic objectsl’z. These transitions are
seen in absorption or in emission against the isotropic 3 K background
radiation, depending on the nature of the doublet and the interstellar
source. The observed relative intensities do generally not correspond to
thermal equilibrium conditions. Moreover, most of the observed transitions
originate from highly excited rotational states. Shortly after the discovery
of interstellar NH3 by Townes and co-worker51 it was suggested by them3 that
collisional excitation and de-excitation may provide an explanation of the
observed features. This suggestion is generally accepted at present.

The observed emissions from interstellar NH3 do not possess the
characteristic properties of maser-type emissions (high intensity, strong
polarization, etc.). Consequently the intensities are proportional to the

population differences between the doublet levels. Moreover, NH, has many

3
inversion transitions lying in a small frequency interval that can be detected
with the same telescope and receiver. For these reasons ammonia is regarded as
an ideal probe of the physical conditions in interstellar clouds4.

Several population transfer models have been considered to explain the

nonthermal intensities of the observed transitions of interstellar ammonias’s’

6 L
. The outcome of all these model calculations depends c¢ritically on the rates
for population transfer between the inversion-rotation levels, induced by

collisions mainly with molecular hydrogen. Thus it is of great astrophysical

interest to have accurate values for these rates, or the related collisional



cross sections. Schwartz7 has proposed to evaluate the population transfer
rates from hydrogen-broadened linewidth measurements and extrapolate the
obtained rates to interstellar temperatures.

Quantitative information about the rates for collision-induced population
transfer, or equivalent collisional state-to-state cross sections, can be
obtained from experiments and from theoretical calculations. Until now ab
initio potential calculations combined with the computation of collisjional
cross sections have been performed only for the system ammonia—heliumg. The
interstellar abundance of molecular hydrogen is regarded to be an order of
magnitude larger than that of helium in the relevant cloudss. Unfortunately
the NH3—H2 system seems too complex for the (currently present) computational
techniques. The experiments performed so far (see Sect. 2) failed to produce
reliable quantitative information on the relevant rates. Nevertheless, as of

now, laboratory work on collisional cross sections for the ammonia-hydrogen

system remains the main source of information.

2. EXPERIMENTAL METHODS

Experimental methods used and the results obtained for NH_, are reviewed by

3
Dymanusg. All the measurements performed in the past fall into one of the
following categories: line broadening and relaxation, steady-state double-
resonance, and molecular beam scattering. Line-broadening and (transient)
relaxation studies provide mainly information about the rates for collision-
induced transitions across the inversion doublets of ammonia. Steady-state
double-resonance experimentslo yield information about both inversion and

rotational collision rates, but the latter ones are difficult to extract from

only a single measured quantity, the relative intensity change AI/I. The
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difficulties stem mainly from the fact that the experiments are done in bulk
and radiative and collision zones are not separated. These difficulties can
be avoided in a beam experiment, where the primary ammonia beam passes through
a scattering chamber or crosses a secondary beam.

To measure state-to-state cross sections in a beam experiment initial and
final states of the primary beam molecule have to be well-defined in the
scattering process. With the electric beam resonance (EBR) technique, applied
for the first time by Toennieslz to measure state-to-state cross sections,
electrostatic multipoles are used to focus the initial rotational substate
into the scattering region and the final state onto the detector. Until now
this method has only been applied to molecules with a large dipole moment
(about 3x10”2° cm).

A molecular beam maserl2 makes use of a microwave cavity as state-
selective detector. Equipped with a scattering chamber or secondary beam, a
beam maser can be used for scattering experiments. This method was developed
independently at M.I.T. by Kukolich and co—worker513 and at Nijmegen by
Reijndersl4. Kukolich et al. used a scattering chamber and an ingenious one-
and two-cavity (Ramsey) scheme to separate the inelastic effects. The
apparatus of Reijnders was a conventional single-cavity beam maser but with
a secondary beam. Both experiments yielded only information about the cross
sections for collision-induced transitions across the inversion doublets of
ammonia. Details of the experiment and results obtained at Nijmegen are
reported in the thesis of Reijndersz4 and in a paperls, hereafter referred to
as I, which is based on that thesis. In the present investigation the set-up
of Reijnders is converted into a double-resonance beam maser (DR-BM), which
permits measurements of collision-induced rotational transitions in NH3. These
measurements and their interpretation form the main body of this thesis.

Paper I is reproduced as Chapter 2 for the sake of completeness and also

because it contains information and references essential for understanding
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Figure 1: Schematic diagram (a) and simplified working principle (b) of the
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the present contribution.
Development of powerful, stable and tunable lasers opens new, promising
perspectives to determine state-to-state cross sections. Shimizu and co-

€,17

workersl used N,0O-lasers combined with Stark tuning to pump and probe

2
different rotational levels of ammonia in a double-resonance beam experiment.
But as no secondary beam or scattering chamber is used, the relation between
the measurements and the reported cross section17 is far from clear. Other
techniques involve optical lasers for sensitive state-selective detection via
laser-induced fluorescencelg, sometimes combined with labelling of the
initial quantum state by laser excitationlg. These methods are not feasible

for ammonia because tunable lasers are not available in the wavelength region

of the electronic transitions of NH3 (170-217 nm).

3. THE DOUBLE-RESONANCE BEAM MASER SCATTERING EXPERIMENT

A schematic diagram of the DR-BM set-up is given in Fig. la. A supersonic NH3
beam produced by a nozzle-skimmer assembly is detected by the signal cavity
tuned to the frequency of an inversion transition. The observed signal from
this cavity is proportional to the difference between the populations of the
upper and lower level of the specific inversion doublet. An electrostatic
octopole is used as a state selector to focus the molecules in the upper levels
(solid trajectories in Fig. la) and remove the molecules in the lower levels
(dashed trajectories) of all inversion doublets from the beam. In this way the
population difference of the beam molecules entering the cavity and hence the
observed maser signal can be increased by several orders of magnitude. In
order to perform scattering experiments with the beam maser a secondary beam

is inserted between the state selector and the microwave cavity. Between the

state selector and the secondary beam a second (pump) cavity is placed, tuned

13



to an other (pump) inversion transition than the signal cavity. To explain

the principle of the DR-BM experiment it is assumed that in normal operation
of the beam maser the lower states of all inversion doublets, including the
pump doublet, are completely depopulated. Moreover the assumption is made

that by feeding power to the pump cavity (pumping), the total population of
the upper level (u) can be transferred to the lower level (7) of the pump
doublet. If only parity changing collision-induced transitions are allowed
(wavy arrows in Fig. 1b), without pumping collisions will transfer molecules
from the pump doublet to the lower signal level (solid wavy arrow). With
pumping, however, molecules will be transferred from the pump doublet to the
upper signal level (dashed wavy arrow). In the latter situation the population
difference between upper and lower signal level and hence the signal intensity
will be larger than in the situation without pumping.

The change in attenuated signal intensity caused by the pumping can be
interpreted in terms of apparatus cross sections, i.e. differential cross
sections for rotational transitions integrated over the acceptance angle of
the microwave detector. By measuring the relative intensity changes as function
of the secondary beam flow accurate values for the apparatus cross sections
can be determined. Theoretical values for these cross sections are obtained
by integration of the differential cross sections, after multiplication with
a function called the apparatus function, that takes into account the angular
resolution. Measurements, theoretical calculation of differential cross
sections and the computation of the apparatus function are described in the

next chapters.

4. OUTLINE OF THE PRESENT INVESTIGATION

Chapter 3 (paper II) contains a description of the experimental set-up and of

14



the apparatus function and a derivation of the relation between relative inten-
sity differences and rotational cross sections. For the polar scattering gases

NH CH_F and CF_H measurements are reported for collision-induced rotational

3' 773 3
transitions between a number of inversion doublets of ammonia. Transition
probabilities are calculated in the low-order permanent-multipole interaction
scheme using Anderson's theory combined with a proper treatment of the
transition probabilities at small impact parameters. These transition
probabilities are combined with the apparatus function via a deflection
function. The resulting theoretical values for the apparatus cross sections
are 1n good agreement with the experimental results. With integral cross
sections, calculated with the same scattering theory, also a satisfying
agreement with the experimental results of the steady-state double-resonance
10
experiments of Oka 1s obtained.

Experimental results for the scattering of ammonia with the nonpolar

molecules CO,, N, and H

5 2 , are reported 1n Chapter 4 (paper III). The

experimental results obtained for CO2 and N2 are compared with theoretical
values, calculated with the same theory as used for the polar scattering
gases. With molecular hydrogen as secondary beam gas, transition probabilities
are evaluated using "bent"” trajectories instead of the straight-path
approximation. The short-range anisotropic repulsive potential for the system
NH3-H2, which 1s found to be important for the explanation of the
experimentally observed rotational cross sections, 1s not known to date. Two
model functions for the anisotropic potential are introduced with parameters
adapted to the experimental results. Integral rotational cross sections are
calculated with these empirical potentials, which besides dipole-quadrupole
and quadrupole-quadrupole interaction also contain induction and dispersion
terms with a long-range R_7 dependence (R 1s the intermolecular distance).
These 1ntegral cross sections give also a reasonable agreement with the

results of Okazo and line broadening (Chapter 2) of NH, by H

3 2°
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The present investigation shows that with the DR-BM set-up rotational
cross sections in forward direction can be measured. For ammonia the first
measurements of cross sections for a large number of collision-induced
rotational transitions and scattering gases are reported. All the experimental
results obtained with polar scattering gases are reproduced by theory, which
demonstrates that the experiment is well-described by the present inter-

pretation. The obtained NH potential can be used for calculations of cross

378y
sections at (lower) astrophysically relevant velocities and also for other
transitions. For the system ammonia-hydrogen the first state-to-state

rotational cross sections are presented.
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Beam maser investigation of inelastic scattering of NH, I.
Cross sections for inversion transitions induced by polar

D B. M. Klaassen, J. M. H. Reinders, J. J. ter Meulen, and A. Dymanus

Fysisch Laboratorium, Katholeke U, T

The Netherlands

(Recerved 23 July 1981, accepted 7 October 1981)

Id, 6525 ED Ny

Crass sections for transitions across the inversion doublets (7, K) = (1, 1}, (2, 2), (3.3), and (6, 6), of NH, n
collisions with NH,, CF;H, and CH,F have been measured in a molecular beam maser The results are in

good agreement with values calculated both 1n Anderson’s theory and in first-ord

Born appr A

companison 1s made with results of hine broadening and transient expeniments

I. INTRODUCTION

Exiensive observations, [ollowing the discovery by
Townes and collaborators, ! have well established that
relative intensities of inversion emissions of interstellar
ammonia (NH,) generally deviate from values expected
for thermal equilibrium Several mechanisms have been
proposed to explain these deviations »*? Nowadays 1t is
generally accepted that collisional excitation by H,, fol-
lowed by radiative and collisional de-excilation 18 the
most likely one The results of model calculations on
this mechanism depend critically on the values of the
collisional cross sections between nversion and rota-
tion levels, which are unknown al the astrophysically
relevant very low (10 K) temperatures Some wnforma-
tion about collisional cross sections of NH, at higher
temperatures (200~300 K) 1s available from line broaden-
g at low and high (saturation) power densities, [rom
transient nutation and double resonance experiments and
from inelastic molecular beam scattering,

Extensive measurements on self and foreign-gas
broadening of 1nversion transitions of ammonia have
been performed by Bleaney and Penrose, *~¢ by Howard
and Smith, " and more recently by Legan et al ® From
the lme broadening constant I', obtained from such mea-
surements, the cross section gy, for collisions between
an absorbing molecule (1) and a perturbing molecule (3)
18 obtained using the relation

i 1y, 1)

0, =2nx10° —L
nUy

with I, in MHz/Torr, b, (average relative velocity) in
ms™', and », (molecular density at 1 Torr) n m%, In
Table I are collected some representative values of the
eross sections for a number of low (J, K) states and
secondary molecules relevant for the present series

of experiments. The experimental resuits on line
broadening are usually confronted with some version of
Anderson's theory of pressure broadening.® Murphy and
Boggs!” have shown that their version of the theory!!
with the two-level resonance concept provides a good
over-all agreement with the experimental data both on
self and foreign-gas broadening.

Linewidth measurements on pure rotational transitions
are not known to date Measurements on self broadening
of inversion-doubled vibrational-rotation bands have
been performed by various groups '*~' The resulting

J Chem Phys 76(6), 15 Mar 1982
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cross sections are essentially i1dentical to the micro-
wave cross sections and follow the same J and XK depen-
dence Margolis and Sarang1'! have found, that if the
temperature dependence of the cross sections 1S written
as

0 {T) = 0 (T /T) =12, @)

(Ty = 300 K) then for self broadening « varies from 0. 45
to 2.0 (depending on the J and K of the lower level) and
for hydrogen broadening from 0.20 to 0.87 with an
average of 0.5 for T between 200 and 300 K. Schwartz!?
has proposed to use the relation (2) to extrapolate the
cross section of Margolis and Sarang! to interstellar
temperatures.

Broadening by hydrogen was found to be independent
of J and K and the infrared value 15 (within the experi-
mental errors) the same as the microwave value, 588
Recently, Oka has measured broademing by para (/=0)
and normal (J#0) hydrogen of the (3, 3) and (4, 4)
transitions in the microwave region and of the va(ii, 3)
and v2Q(2, 2) wirared transitions. !¢ Assuming that
the cross sections are independent of J and K, and the
type of transition, he obtained for para hydrogen a
value of 0. 21 and 0. 22 nm? at T =294 and 207 K, re-
spectively, and for normal hydrogen 0.31 and 0. 37
nmz, respectively. The larger cross sections for nor-
mal hydrogen are ascribed to anisotropic forces.

It 1s well established that T,, the relaxation time for
the radiation 1nduced macroscopic polarization of the
gas, and Ty, the relaxation time for the return to equi-
librium of the difference 1n population of the two levels
nvolved 1n the transition, are not necessarily equal.
Recent theories'®!? of these relaxation processes pre-
dict for the inversion transition of ammonia 0 € T,/T
< 2 depending on the relative magnitude of the inversion
rate k;,, the adiabatic rate k, (reorientation and dephas-
ing), and the rate k' to other doublets (AJ #0 transi-
tions) Since 1n first-order approximation parity con-
serving collisions are forbidden k, will be small Due
to the much larger energy deiect for aJ+# 0 transitions
compared with inversion transitions ky, » k', Conse-
quently, T,/T; should approach the value of two for the
nversion transitions

Amano and Schwendeman performed extensive mea-
surements and refined analysis of power-broadened line
shapes 1n mixtures of '"NH;—!*NH,* and ""NH,-H,.

© 1982 American Institute of Physics 3019
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TABLE L. Collislon cross sectlons (in 10 m?) obtalned from microwave (M) and infrared (IR) llne br
the cross section derived from relaxation time T, and T,, respectively; o,,, ls the cross section for inversiou transitions J, M=J—/J,

In translent experiments. B

(LB) end tr

lent (TR) experiments at 300 K; o' and 6@ is
*=J as derived [rom ¢! and ¢'*) obtalned

NH, H, Ar N, co, CHF,
LB-M LB-IR LB-g TR0 TR0 TR—01gy LB-M LB-IR LB-o’  LB-M LB-M LB-M LB-M
a,n 486(11)" 496(55 720(50)° 505(11) ¢ 215(52) ag* 360 as(a; 123° 180°
440(22)®
2,2 502(5)* 518(10)* 790140)° 560(11)° 230(42)° 42(2)* 98? 170°
500f 470! 3o 180(9)°
453! 39(2)*
2,1) 360f 365(21)" 393(44¢ 395(35)° 350(11)0:4 45(37)° B¢ a7 TP
230(7* 340 240(4)" 38(3)*
3,3 540(5)° 536(20)" 775(86) 1000(70)° 565(11)4 435(71)° 3a(1mert 40(1)% 424" 4" 93 172(8)° 845(42)*
550(11)* 490! 562(17)2 ar(2yr 39(1)¢ 450 95(3)% 175(131°  570(17)F
600° 480" 520(70/™ 3g! 3 83(5)° 184(7)*
27(1)* 99(11)° 1547
(3,2) 396(10)° 400(55 473(52 680(36)° 430(11)>4 250(38)° 37(1* 38(1e 39(a 95* 1447
3930142 age? 7s(1™ 30!
430* a7 430(30)®
3,0 31sf 3r0(z! az(2P
290(8)° 280/ 320
(6,6) 540(6)° 590" 510(15/™ apr 3qhe 15 [ 174(8)° 910(46)°
630f 510/ 30(2)* 30!
490'

*Reference 20.
*Reference 27.
“Reference 23.
“Reference 24,
*Reference 8.

fReference 4.

"Reference 14,
'Reference 15,

‘Reference 12,
*Reference 7,

'Reference 6,

™Reference 26,
"Reference 21.
°Reference 46.
*Reference 47.
‘Reference 13.
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Klaassen et &/ : |nelastic scattering of NH,

Their results for T, and a quantity called (7T/T;), which

should be very close (within 10%) to the real value of
(2

Ty/Ty, converted to the cross sections ¢*?’ and o'!’ ac-
cording to
2 -1
0:1)= (IIU” Tz) , @)

(1)

0y = (Tl/Tz)Elos) N

are reproduced in Table I. The ¢'¥ values of Amano
and Schwendeman for self- and hydrogen-broadening

are 1n good agreement with the cross sections avallable
from low power hinewidth measurements. %% The values
of o' are up to 60% higher than the ¢'*' values and show
a rather complicated J and K dependence.

Transient spectroscopy methods have been applied to
study NH;—-NH; relaxation by various groups. -2 Some
of the results for T, and Ty, converted to ¢'*’ and o'
are reproduced 1n TableI The measurements by Fly-
gare’s group?®-?” were all performed on the M=J com-
ponent. Hoke ef al 2 performed extensive measure-
ments on T, and 7, for M components of the (2, 2) and
(3, 3) states. The measurements showed that T; 18 in-
dependent of M, but T, 18 strongly dependent. The de-
pendence could quite well be explained by Anderson’s
theory® modified for 7T,, T, calculation, assuming only
dipole—dipole 1nteraction. The saturation experiments
of Amano and Schwendeman® probed simultaneoualy all
IM| transitions 1n a (J, K) doublet and their analysis
resulted 1n an M averaged quantity ( 7,/ Ty),.

Both Anderson's®? and more recent theories of ro-
tational relaxation!®!? predict that

(1)

d (2

-d @)

)
=Otar »

with o,,, the cross section for inversion transitions.
The principal assumption underlying (4) 18 neglect of
dephasing effects. The values of g,,, for M=M'=J ob-
tained by Flygare’s group are reproduced in Table I.

Hoke et al * have also determined T, and T, at two
temperatures, 204 and 196 K (dry 1ce), for the (2, 2),
3, 2), (3, 3), and (4, 3) transitions. They found that for
a given transition T,/T, and the ratio of the values of
T, at the two temperatures was about 1 5. Also these
results could be explained with the modified Anderson’s
theory with only dipole-dipole 1nteraction

Extensive colllslon-transfer studies on a large
number of inversion doublets of NH; have been per-
formed by Oka and his collaborators using steady-state
microwave-microwave double-resonance (MM-DR) 829
The results of these studies show, that for NH;~NH, and
NH;-polar gases (1) the preferred selection rules are of
the dipole-dipale type (aJ =0, x1, AK=0, parity +— =),
(2) probability of the AJ =0 transitions (=g) 1s much
larger than ol the AJ =11 (= a) transitions for J =K but
these become of the same order of magnitude for J >KX,
(3) probability of the AJ =11 parity changing (= a) and
parity conserving (¢~ £, =y) collisions 18 of the same
order of magnitude; for NH;—H, (4) most of the observed
collision 1nduced transitions also obey dipole-selection
rules, (5) probability of AJ=2 collisions 1s about 0, 2
relative to those wath AJ=1, (6) Ak=x3 collisions occur
quite strongly for some doublets. It1s very difficult to

3021

extract reliable mformation about 1ndividual transition
rates from these measurements even when using in-
formation from line broadening. Anderson’s theory ap-
plied to DR yielded a definitely poor agreement be-
tween the observed and calculated relative intensity
changes Al/I

Infrared-infrared and infrared~microwave double-
resonance experiments have been performed on NH, by
a number of groups. ¥+ In all these measurements the
(8,7), v=0 level was pumped with an N,O laser and the
effects of this pumping were observed at other v=0
mversion transitions. Kreliner et al. * conclude from
extensive (also triple-resonance) measurements on 28
nversion doublets that only the effects on the (9, 7) and
(7, 7) are collision induced, these on all other doublets
are caused by heating effects.

Transient-nutation IM=DR experiments have been
performed on NH; by Levy ef al., 2 Dobbs et al.,® and
by Amano® using N,O lasers pumping the (8, 7) doublet,
The results for T of the pumped level oblained 1n these
measurements show rather large (factor ~ 4) differences.

Toennles® was the first to apply the electric beam
resonance (EBR) technique to measure state-to-state
collisional cross sections between rotational levels.

The technique was applied to TIF and recently to CsF %
scattered by various aloms and molecules. Unfortunate-
ly, the EBRtechmque 1s not easily applicable o NH;
because of considerable loss 1n detection sensitivity for
molecules which do not contain alkalis (or hahdes).

Development of stable and tunable optical lasers
opened a new era 1n state-to-state collisional studies.
Detection via laser-induced fluorescence® in combina-
tion with electrostatic state selection®’ or laser excita-
tion labeling®® is a very powerful method to study both
total and differential cross sections. The technique
cannot {yet) be applied to NH, because 1ts lowest elec-
tronic transitions ({ ~ X) are 1n the UV region (217-170
nm),

Kukolich and ms co-workers have used a beam-maser
spectrometer to measure T,- and T,-like cross sections
(0y; and o;, respectively, in the notation of Kukolich et
al).® In these experiments transitions of NH;ina
selected quantum state to other states, induced by col-
lisions with secondary molecules, are measured by ob-
serving the change 1n the maser emission from the
selected state. A single-cavity arrangement was used
to obtain ¢;, and a two-cavity arrangement with the
Ramsey separated {leld method*® to obtain 0;;. Mea-
surements have been performed on the (3, 2) and (7, 6)
inversion transitions of NH, scattered by polar and non-
polar molecules. ¥+4!=4% The experimental results were
analyzed using the Feynman-Vernon—Hellwarth vector
representation®! and related via the coelficients of the

relaxation matrix to those of the scattering § matrix, 4.4
The relations for the cross sections are
01 =0, +20,,,, )

o =O’,+O'|“ .

Heren g, is the cross section for combined elastic and
1nelastic scattering over an angle larger than G, the
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FIG. 1, Schematic diagram of a
beam maser spectrometer. The grey
area gives the beam reaching the de-
tector in the absence of state selec-
tion. The solid and dashed curves
represent the limiting trajectories of
a molecule in the upper and the lower
state, respectively, reaching the de-
tector in the presence of state selec-
tion.

cavity
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diffusion pump

angular resolution; o,,, is the cross section for inelastic
scattering across the inversion doublet over angles
smaller than 6 . For large values of Oy the value

of 0,,, should approach the value of ‘'’ obtained in
power broadening experiments if adiabatic collisions
are neglected.

In the investigation reported in this paper a set-up
similar to the one cavity arrangement of Kukolich is
used to obtain o,,, for NH;-polar gases collisions. In-
stead of a scattering chamber a secondary beam was
used to simplify the analysis of the results. Correc-
tions are made for finite angular resolution via cal-
culated differential cross sections. The results are
compared with predictions from both Anderson’s theory
and the first-order Born approximation. In subsequent
papers results will be reported on g, for NHz-nonpolar
(including H,) collisions and on rotational cross sec-
tions obtained with a double-resonance beam-maser
technique.

1l. THE BEAM MASER SCATTERING MACHINE

The principle of operation of a beam maser spectro-
meter is well known and documented. *® Only a brief
summary is given below for the sake of nonspecialists,

A molecular beam {Fig. 1) passes through a state
selector, for polar molecules usually an electrostatic n
pole, and a resonant region, at microwave frequencies
normally a resonant cavity, The cavity field induces
transitions between molecular levels whose energy dif-
ference (divided by k) equals the resonance frequency of
the cavity. These transitions result in a change in the
power reflected (or transmitted) by the cavity, that is
proportional to the difference in the population of the
levels involved, Normally the population distribution of
the molecular levels is thermal and the relative popula-
tion difference between two neighboring levels can be
10"2-10"*, This results in poor sensitivity in beam ab-
sorption experiments at microwave frequencies, The
function of a state selector is to transmit to the cavity

molecules, for example, in the upper state and reject
those in the lower state of the transition. In an ideal
situation the beam entering the cavity consists only of
molecules in the upper state and all these molecules may
contribute to the (emission) transition signal. The gain
in sensitivity due to state selection can easily be a few
orders of magnitude.

In the present investigation an ammonia beam maser
is converted into a scattering machine by inserting a
secondary beam, which crosses the primary ammonia
beam perpendicularly after the state selector. In the
following some features of the machine, schematically
depicted in Fig, 2 are described.

The ammonia beam is formed by a nozzle-skimmer
assembly. The nozzle itself is just a small hole drilled
in a thinbrassfoil (0. 025 mm). With nozzle orifices in
the range of 30-80 u it is possible to obtain a stable
beam at stagnation pressures up to 2000 Torr and back-
ground pressures of 2. 10" Torr. The skimmers are
truncated cones, machined from brass with a full cone
angle of 90° and diameters of about 1 mm. The skimmer
is fixed in the wall separating the nozzle exhaust cham-
ber and the (first) buffer chamber, The molecular beam
is modulated at 120 Hz by a mechanical chopper mounted
directly behind the skimmer,

Velocity distribution measurements performed on the
NO scattering machine in our laboratory*? yield already
at moderate pressures a most probable velocity in the
ammonia beam of 1080 ms™}, in agreement with the as-
sumption of complete isentropic expansion. A uni-
velocity beam at 1080 ms™! in the maser is assumed in
theoretical considerations. This assumption is con-
firmed by a matching dependence of the microwave
line intensities on the Stark voltage applied to the state
selector (Fig. 3) and the fact that attenuation measure-
ments are in agreement with Beer’s law. Inthisassump-
tion thermalizing collisions among the primary ammonia
molecules can be neglected. The measured relative in-
tensities on different inversion levels correspond with
a rotational temperature of about 95 K.
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FIG. 2. Artist’s view of the beam maser scattering set-up.

In the first buffer chamber the state selector, con-
sisting of two octopoles, is placed 5.5 cm from the
source. The electrodes, polished stainless steel rods
2.5 mm in diameter, 26.5 (octopole 1), and 26.9 cm
(octopole 2) long, are arranged symmetrically on a
cylinder with a diameter of 10 mm. The distance be-
tween neighboring rods is 2 mm. The selector is sur-
rounded by a liquid nitrogen trap, yielding a background
pressure in the order of 10"’ Torr. Breakdown typical-
ly occurred at 40 kV. As the static electric field in-
creases in a direction perpendicular to the beam axis,
ammonia molecules in upper inversion states are forced
towards the selector axis, while those in the lower states
are deflected out of the beam (Fig. 1). The resulting
microwave line intensity is determined by the effi-
ciency of these two actions. As both the sensitivity and
the angular resolution of the microwave detector de-
pend on the cperation of the state selector calculations
on the trajectories of the molecules through the state
selector are carried out. These are described in the
next section.

The secondary beam, formed by a multichannel array,
crosses the primary beam in the second buffer chamber.
The fused glass capillary array (Mosaic Inc.) consists
of about 8. 10° channels with a mean diameter (2a) of 5.5
u at a transparency of 50%. The length of the capil-
laries is 3.2 mm, yielding a length to radius ratio of
1164, The array is 46 mm long in the direction of the
primary beam and 8 mm wide. The distance from the
primary beam axis is 20 mm and the angle of incidence
of the secondary beam is 90°. The distance between the
exit opening of the state selector and the middle of the
secondary beam is 70 mm. The multi-channel array is
used because the primary beam in a maser is fairly
broad. The total flow rates through the multi-ch

1

varies between 0.013 and 0.21 mm. The capillaries

are therefore driven in the opaque mode, The intensity
distribution in this mode is taken from Zugenmaier. 5
The numerical results®! are found to be in good agree-
ment with measurements done by Beijerinck®? except

for small angles. The calculations show that the angular

microwave intensity
in arbitrary units

i L ¢ 1 I L

array are monitored with an absolute flow meter
(Brooks). Forthe secondary beam gases NH,, CH,F, and
CF3H the applied flow, corresponding with an attenua-
tion of the primary beam over roughly one decade,
ranges from 2.5x10'" to 3. 5x10'® mols™!. The mean
free path X of the molecules at the inlet of the effuser

20 25 30 35 ]

Stark voltage in kY

FIG. 3. Measured (solid curves) and calculated (points) micro-
wave line intensity as a function of Stark voltage for the (J, K)
=(1,1) level {solid circles) and (2, 2) level (triangles) with the
cavity in frontside position.
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distribution at angles larger than 2°1s independent of Lhe
flow intensities and gases used. As the attenuation
measurements have been performed with fairly broad
primary beams, these measurements are not sensilive
to changes of the angular distribution at smaller angles.
For the same reason 1n our calculations the velocity dis-
tribution of the secondary beam 18 assumed to be Max-
wellian at room temperature for all angles.

The secondary beam molecules are pumped by a cryo-
pump attached to the bottom of a Leybold 500 £/s Klipping
Verdampferkryastat (VMK 500). ¢ The cryopump con-
818t6 of a number of thin walled copper pipes directed to
the effuser in order to form an optically closed structure
in two directions. The length of the cryopump pipes
Increases from the top to the bottom ensuring a stable
operation, without pressure bursts due to detachment
of “ice” or “frost” of secondary beam molecules. A
pumping speed of 10° £/s™ anda background pressure
of 5x10°7 Torr with secondary beam on have been
achleved., Influx of radiation heat is prevented by a
closely fitting cylindrical shield and gold plating of
the cryo-assembly, The shield carries the secondary
beam source and contains two diaphragms, 10 cm
apart and with a diameter of 8§ mm, through which the
primary beam enters and leaves the scattering region.
In this way, the scattering reglon 1s well defined and
separated from the radiative zone in the microwave
cavity.

In the detector chamber two microwave cavities and
an 10n gauge (10 momitor the total beam) are placed All
cavities used 1n the present experiment were cylindrical
reflection type cavitles oscillating in the TM,,o mode.
The length of the cavities 18 16 cm  The beam en-
trance and exit holes have diameters of 4 mm. Cawi-
ties are placed at distances of 48 cm (front side posi-
tion) and 85.5 cm (backside position) from the exit open-
ing of the state selector. This set-up allows simultane-
ous measurements with two different angular resolutions
of 0.28° and 0.20° inthe laboratory system. Theangu-

]

i J=J=5+82Z,x,

J, z2—2+2Z;y,

J+1, J+1=J,
J+1, J—~J=-4-3Z;¢,
J+1, z—2z,

J+1, 0—0, 1,

0= +5Z,4,

with z=1,2,...,J-1and Z,,=[3k?-JU + 1)/
(13k% =g +1)11.

The results of a computer program solving the dif-
ferential equations that describe the motion of theam-
monia molecules 1n the state selector show that within
the acceptance angle of the cavity the population of the
lower 1nversion state 15 unaffected. So there 18 no need
for the correlation 1n the lower inversion levels. In the
(assumed) f1eld free region between the state selector
and the cavity, all degenerale My, substates are mixed
up and each (Fy, Mg, ~— M,) correlation gets the same
weight

Klaassen st gl.: Inelastic scattering of NH,

lar resolution of the 1on gauge 1s 0.15°. A superhetero-
dyne system requiring only a single klystron 1s used 1n
the present 1nvestigation, This klystron is stabilized
using a combined Schomandl, Rohde, and Schwarz fre-
quency synthesizing system SRS.* This system 1s
locked to a Rhode and Schwarz XSRM Rubidium frequen-
cy standard. By comparing the measured signal to
nolge ratios for the various inversion transitions with a
theoretical expression, the rotational temperature 1n
the primary ammoma beam 15 determined to be 95(10)K.

1. STATE SELECTION

Calculations on the trajectories of the ammonia mole-
cules through the state selector are required for two
reasons: (1) to predict the number of molecules 1n a
specific state passing through the microwave cavity per
second 1n order to evaluate the theoretical expression
for the signal to no1Se ratios and (2) to describe the
scattering process Inside the state selector the in-
version doublet levels of the ammonia molecules are
characterized by the rotational quantum numbers J, K,
M,, according to the strong field case. The transi-
tions detected 1n a beam maser, however, are those
between the hyperfine sublevels |F, Mp). The used
coupling scheme of angular momenta 1s J +Iy=F; and
Fy+1,=F, where Iy 1s the spin of the nitrogen nucleus
and Iy 15 the total nuclear hydrogen spin. So, the rele-
vant hyperfine states must be correlated with the rota-
tional substates determining the molecular trajectories
through the state selector. It 15 assumed that the popu-
lation of the closely spaced hyperfine levels due to hy-
drogen spins 18 randomized by transitions induced by
Fourier components of the state selector field as seen
by the molecule, Therefore, only the quadrupole |Fy,
M, ) substates are relevant in the correlation. From
the field-free quadrupole splitting, weak field Stark
effect calculations and the noncrossing rule the follow-
ing correlation between the quadrupole |Fy, My ) and
rotational |J, K, M,) substates can be derived for the
upper lnversion level (notation Fy, |Mg,|— M, |):

J=-1, z2—=2-2,4,

J-1, 0~%"§le ’

pFL, Mpy = M;)= 57 - ©
The weighted correlation between the quadrupole |Fy,
1M, |) and rotational |J, K, M, |) substate is obtained
by taking the summation E,,lp(ﬁ,, IMgy | — M),
Multiplying with | pp e, |2 and summing over F, gives
finally the relative contribution W/, 1M, 1) of a J, M, -
trajectory to the microwave signal. Herein u, stands
for the electric dipole moment matrix element for a
AF,=0 tranaition.

As the measured linewidth of the monitored AF, = AF
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=0 component was nearly equal to the expected line-
width of a single line under the present experimental
conditions and as the stimulating power was kept far be-
low saturation, the gain in microwave ntensity (V) of
the AF = AF =0 component because of the state selector
operating at a voltage V, can be written as

IWV) T [NegwlV) = Negg (V) vy gl prgry |2 o

10) — 13, N;l.(o)-N'lx(o)]hl'axll-‘plrll [
Herein the summation 1s over all the unresolved quadru-
pole hyperfine components of the studied main line,
Ny .1 (V) and Ng,, ;(0) represent the flow of ammonia
molecules in the particular quadrupole hyperfine upper
(u) or lower (1) state through the microwave cavity with
and without state selection, respectively; v,y 1S the
transition {requency. As Ny (V)= Np ,(0) and v, 418 in
the microwave region, the following expression 18 ob-
tained for the normally well satisfied condition [I(V)/

KOV ET/ v g)™" > 1
kT
)

1) Zwgwa WU, 1My 1) Niwg1a (V)

1(0) Zr, | Brey IPNp 1 0)
where T 1s the temperature determining the relative
population duference of the inversion states at thermal
equilibrium; N,,,”,,(V) represents the number of NH,
molecules 1n the relevant rotational substates leaving
the state selector within the acceptance angle of the
cavity.

®)

In Fig. 3 the measured microwave line intensities
as function of the Stark voltage for the (1, 1) and (2, 2)
nversion hines dare compared with the values obtained
with Eq. (8) using the computer program for trajectory
calculations to evaluate N, (V). The calculations
were performed with 200 imtial trajectories for each
rotational |/, K, |M; |) substate assuming a monochroma-
tic beam and neglecting the fringing fields, The number
of trajectories contributing to the calculated microwave
line ntensities was about 100. The good agreement
between the calculations and the measurements demon-
strated 1n Fig. 3 proves that the trajectory calculations
are rehiable. From the calculated trajectories the radial
distribution of the ammonla molecules 1n the upper in-
version state in front of the secondary beam 1s calculated
(Fig. 4). This information 15 used to describe the scat-
tering process.

IV. THE RELATION BETWEEN MEASURED
ATTENUATION AND CROSS SECTIONS

The interpretation of the microwave line and total
beam attenuations in terms of total (in)elastic collision
cross sections 1s complicated for three reasons, (1)a
broad primary beam and a rather low angular resolulion
of the microwave detector compared with standard scat-
tering experiments, (2) a wide effusive secondary beam,
resulting 1n 2 larger scattering region, and (3) inter-
woven elastlc and inelastic effects, The following 1l-
lustrates the extent of problems associated with (3). A
collision 1nduced transition from the upper to the lower
level of an nversion doublet within the opening angle of
the detectors, will not change the tolal beam 1intensity,
but diminishes the microwave line intensity (propor-
tional o the difference 1n the population of the upper and
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FIG. 4. Radlal distribution of ammonla molecules in the up~
per states of the (1,1), {(2,2), (3,3), and (6,6) inversion dou~
blets In front of the secondary beam, contributingtothe micro-
wave signal The solld and dashed curves represent the dis-
tribution for the cavity in frontalde, and backside poaition, re-
apectlvely

lower level} twice | The same collision but with an
angular deflection outside the opening angle does change
the total beam intensity and reduces the microwave

Line intensity by only one unit, Total cross sections ob-
tained from so called “apparatua cross sections” via
angular resolution corrections are rather unrehi-

able. %:41443 In the present inveshigation the scattering
data 1n the maser are related to theoretlcal differential
cross sections by an apparatus function Glv,,, S..),
which, for each relative velocity v, , represents the
averaged probability that a molecule which 18 scattered
over an angle O, In the center-of-mass system will,
enter the detector.

It 18 assumed that the inversion transitions are domi-
nant over the rotational transitions and that the elastic
differential cross section does not depend on the speci-
fic 1inversion level upper or lower. The microreversi-
bility propertys‘ for scattering 1mplies that the inelas-
tic differential cross sections from the upper to the
lower level and vice versa are nearly the same. To
simplify the constructionof the apparatus function the
assumption 1S made that the lower state molecules have
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detector

0y 0z

FIG. 5 Transformation of the laboratory to the center-of-mass
frame. The ratlo Ny, /N, glves the numerical value of
[fu(dw,./Zﬂ)]hu.,z (sec the text). D, and D, 1s the entrance

and exit dlaphragm, respectively, of the scattering region.

the same trajectories through the scattering region as
the upper state molecules. Trajectories of molecules 1n
the lower state are 1n fact quite different from those 1n
the upper state. Because of the large population dif -
ferences the uncertainty 1ntroduced by this approxi-
mation 15 well below the experimental errors. Fig. 4
shows that the primary beam 1s fairly broad 1n front of
the secondary beam source. Therefore, in the con-
struction of the apparatus function the primary beam

is represented by eight line beams, passing through the
secondary beam at a radial distance corresponding to
the maximum in the radial distribution., The beams form
edges of a regular octagonal pyramid with the base at
the exit of the state selector and the top near the detec-
tor, For each line beam a different apparatus func-
tion 18 constructed. These eight apparatus functions are
afterwards averaged, resulting in one function for the
total primary beam, Each line beam 1s divided 1nto
equal sections along the length of the scattering region.
The effuser surface 1s also divided into equal areas each
represented by one channel 1n 1ts center (Fig. §5). The
flow pattern of this channel is given by the flow per
channel in the opaque mode. *°

The density of secondary beam molecules, coming
with velocity vy, within Av, from a specific effuser
channel ; at a specific section : on a line beam 1s given
by

ey 1) =1y, )P 0) 7?%; , ©

where I(D,;,) 18 the secondary beam intensity 1n the di-
rection dy,,, P(v,) 18 the Maxwelhan velocity distribu-
tion, and r,, 18 the distance between channel ; and point
1 on the line beam. The probability per traveled sec-
tion A}, for a primary beam molecule with velocity v,

to colhde with a secondary beam molecule with velocity
V2, and to be deflected into dQ 1n the direction (3., Pem)
1n the center-of-mass system 1s

Inelastic scattering of NH,

a0 Av; aly

orals 7§Vt

1(By,) P(v;) vy [:—3 (L %m]
(10)

where v, =V, — v, and [d0/dRO, p, Pop) ¥y 17 18 the
relevant differential cross section. If we neglect double
colhisions (attenuation measurements 1n agreement with
Beer’s law), summation over all chosen subareas on the
effuser and intervals av,, yields for the change aN,,

of primary molecules in the upper inversion level per
section al, %

AN, = Z I{Dyy,) Plvy) vy, _TZA_I"

7 vty

+2n fds s 9, { [%

1
e
oln
+Ny, [d_dn

' (se.,)]v,,, K f,, d_g#“) “w”'z)

an
Herein ¢'°* 1s the sum of the integral elastic (el) and
nelastic (inel) cross section. The subscript 1d (inside
detector) under the integration sign indicates that the
integral is confined to those angles, which correspond
to trajectories through the detector after the collision.
The assumption 18 made that the differential cross sec-
tions do not depend on ¢. A similar expression 18 ob-
tained for AN, by replacing all indices u by ! and vice
versa. The resulting differential equations d/dl (N,
1 N,) can be solved for each lLine beam,

(_N“ 0'“(v",)

(N, £ N;)= (N, £ N;)o exp [— ‘Z 10,4)) Pley) v, rA::ﬂ:l;]
23

)
x {uw'(v,.,) ~2n f d3 n8in 9, [%— (90m) vent

da‘ ® ,)u,,,] ( . ié“l;m),m”.,z ﬂ
a2)

For each choice of ¢, 5, v, and a fixed angle 9, the
Newton diagram relating the laboratory and center of
mass velocities 18 completely determined. The inte-
gral | [ 4(d¢.n/27)] 9.q27v, can be calculated by stepping
on a cone with top angle 9, around v, - v, and checking
if the resulting v{ (after the collision) will give a tra-
jectory through the detector (Fig. 5). Each choice of
1, 3, and v, 1n the sum of Eq. (12) gives a certain value
of v,,. To ayoid caleculation of dilferential cross sec-
tion for every v, the calculations are done only for dis-
crete values v, ,. Now the linear interpolation

[ Ui mef — Ve 40
d—— (son' Veot)= AUy ) (sem' ”ul.m)
Vgt = Y, do
et  Bem Vreant) s

(3)

WIth AV = Vg met = Uretym 3N Upgy 0 € VUpg) S Upg et 1S
used to rearrange the sum over :, 7, and v, 1n a sum
over only the relative velocity. For a line beam the
resulting function (.,(u,,,,_, S,m). m the following called
apparatus function, 18
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|V =¥
AV

GV, mr em) = E [1 -

119,

by Av Al (
' rlivn a

l]l(b,“)P(v,)

) cm“',z) , (14)

where negative terms are dropped. In terms of this ap-
paratus function Eq. (12) for the difference between (sum
of) the numbers of molecules in the upper and lower
state, that are entering the detector per second on a

Iine beam, 1s given by

W2 N) = N, 2 N,) exp(_ Z G(Um,- » 0) {o‘“(vm',)

Vrel,m

Gly, )]
- T\ relamt Vag/
21 f 49,810 9, G(v"l e

)

(15)
Herein G(v, ., 0) results from the fact that n for-
ward direction (9.,=0) the integral f,4(d¢../2n) is equal
1o unity.

[ 4 e v, S

For each rotation state |J, X) and each beam p of the
eight line beams, representlng the primary beam, the
apparatus function G} g(vy,, 9.m) 18 different. The at-
tenuated microwave intensily I, 4 is proportional to

8
Lt 20 We=Nie, 1)
~l
where the summation involves the eight llne beams.
For (N, =N,)5y Eq. (15) has to be substituted with the
apparatus function Giy(vy,, O, for the specific line
beam p. This procedure is called post-averaging. The
unattenuated intensities of the line beams are equal be-
cause of the cylindrical symmetry of the primary beam.
The corresponding expression for the attenuated total
beam intensity [,y i8

]
J ?; Z; W, +N) e,

where the first summation 19 over the population distri-
bution of inversion-rotational states in the primary
beam, determined by the rotational temperature 1n the
beam and the state selector efficiencies. Numerical
calculations wherein an apparatus function averaged over
the different line beams

amn

Grxlpes sgn)=% gi:cf't(vnn Sca) » 18)
was used for each line beam 1nstead of the correspond-
ing apparatus function Gig{(vm, 9n), ylelded within 2%
the same attenuations as in the case of post-averaging.
Using this preaveraged apparatus function the summa-
tion over p 1n Eqs (16) and (17) gives a factor 8 and the
integrations of differential cross sections have to be
done only once instead of eight times In order to reduce
computation time preaveraged apparatus fuactions (Fig
8) are used 1n the calculations. As stated in Sec. 10, the
angular and velocity distribution of the secondary beam
are independent of the flow, So the apparatus function
depends linearly on the flow and 1t 18 sufficient to per-
form the calculations for only one flow value,
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FIG. 8, Apparatus function (In m*%) for the (1,1) cavity In front-
side poaitlon and a secondary beam of ammonia molecules.

From Eqs, (15)-(17) the expressions for the attenuated
microwave and total beam intensities are

Z ("zl).nr,nm'“[".";' Weer,m)

Lg=1}y E"P{-

-aik...(vm,..)+a‘u‘r'.‘..(v...,.)1}. (18)

and

S i DI LR (e

Veel ™

= (%o U ) = (R, (u,.,,.»]} . (20)

where

mllsr,o_, = Grx(Venr,ms 0) ~ seCONdAry beam flow,

and«

a8 (00 ) = 21 fdsmsms“_ﬂ&muz_sﬂ dd("m

Il »p ("J"(vﬂl - 0)

(21)
The brackets ( ) stand for a pre-~averaging over the
rotational states J and K It has o be emphasized that
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for the cavaty in froni, respectively backside position
and total beam detector different apparatus functions
have to be used. The exlraction of cross sections, o,y
for the microwave signal and o4y for the total beam
signal, directly from the attenuation measurements 1s
performed using the relations

Iy =I3gexp[- On)yc, ats ) @2)
and
Ip =13 eXpl— ())1p o1 078 @3)

where the index eff(ective) stands for a summation over
Ve and o,y and o;p are regarded as taken at the mean
relative velocaty:

(24)
(28)

1 \
ox=03 - Ok, en cr,;"'“, ’
Orp = (ol - (C’;lx,nu) - (d;’,‘nn) .

V. THEORY

Most of the experimental investigations of colhision
induced population transfer in ammonia were, until
now, line broadening experiments. Results were usually
compared with calculations following Anderson’s the-
ory.* 115 For that reason the same theory 1s also used
mn this paper, although 1t has two disadvantages: (1)
the result 15 a transilion probability as a function of the
1mpact parameter, nstead of a differential cross sec-
tion and (2) an elastic differential cross section cannot
be obtained. Toaccount for these drawbacks 1nelastic
and elastic differcntial cross sections are derived 1n the
first Born approximation for dipole=dipole scattering

In Anderson’s theory® the total transition probability
at impact parameter b and relative velocity v, for a
collision 1nvolving two (1, 2) symmetric top molecules,
regarding only low order multipole moments, 1s%7
2

P?2(p)=2c? L, i@
2

LSTELE
2 2
J 4 1 1
Wl 1 Jy 2 , N2 filwr)
-K, 0 K| -K, 0 K} 26
]

37k FU, K)@J +1)exp{=[BJU +1) + (C - B)K*]h/kT}
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where C, 1s a dimensionless constanl given by

Q@ Qi 2"V -1

= 27
Ameg v, 8V 2L+ 1)1 2L+ 1)1

and f,(wT) 15 the so-called resonance function, as tabu-
lated by Tsao and Curnutte®®:

+1

sen=5 2 |

__2
PUTESVY

@1 ! :
Tom T=m) 1 (wT) K,..(w‘r)] . {28)
In these formulas J; and K, are the quantum numbers
of the symmetric tops involved, primes indicate the
situation after the collision; @ 18 a molecular multi-
pole, K, 15 a modified Bessel function, Aw 1s the gain in
kinetic energy, and 7=5/v,,,. In the case of rigid non-
overlapping charge distributions (long-range 1nterac-
tions) only the maximum value of I=1,+1, occurs. The
polar symmetric top molecules, used as secondary beam
gases, havenonzero multipole-moment matrix elements
for aJ,=0. This type of transitions will be dominant 1n
the secondary beam molecule as follows [rom the reso-
nance function f,(w7). The beam maser 1s only sensitive
for changes 1n a particular internal state of the ammonma
molecule (suffix 1). The target molecules (suffix 2) are
assumed lo form a Boltzmann distribution over the rota-
tion (inversion) states. In that case Eq. (26) can be
approximated by

2
L AN
P;"z(b):ZCf; (M+l)<-K1 Ol K|>
1
PN A A\
(enen( o o ) Jawn, e

where the brackets ( ) denote Boltzmann averages. For
molecules with a symmetry axis the Boltzmann averages
are given by

(FU, K))

From Eq. (26) 1t follows that in the permanent multi-
pole interaction scheme the dipole and quadrupole mo-
ments of ammonia will lead to the selection rules

|ad | = oy =J1] < by

Ji+dyz 1,

AK; =0,
In addition to these quantum number selection rules,
there 1s the parity selection rule

- for odd ¢, , = for even I, .

J Chem Phys, Vol

L7u0 Lhees &S + N exp{-[BJU+1) - (C -

BKTh/K T (30)

Transitions with AK =13 can be d by the per t
octopole and the distortion dipole moment of ammonia.
The leading terms to cause these transitions, however,
will be provided by induction and dispersion forces.

So the AK =13 collision 1nduced transitions are only
feasible 1n fairly hard collisions.

The transition probability 18 related to the nelastic
cross sections measured in the maser by Eq. (21):

(wrar 9By ve)]
Gyx(Wpes 0)

G

Al =20 [ P0) vab ,

(31)
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where P)i/?(b) represents the term with {4, K}) = U, K,)
= {J, K} i the summation 1n Eq. (29), depending also on
the relative velocity, and Guulv.y, Scn(b, Ve )] 18 the ap-
paratus function mtroduced 1n Sec. IV. To evaluate Eq
(31) a relation between the deflection angle 9, and the
impact parameter b 1s needed. Averaged over all pos-
s1ble orientations the classical deflection function for
two nonrotating dipoles u; and k, 1nthe 1mpulse approxi-
mation can be written as®®

_LZ_Z_

Jeald, L"")_ 4ney (s uol,

8 (32)
where p 1S the reduced mass. Since no better deflection
function 1s available for collisions 1nvolving symmetric
top molecules this 3.,(b, t,) 15 used for the calculation
of 0)} (¥ ) according to Eq  (31). Because 1t cannot
be greater than umity, P}y2(b) 1s set equal to umty for
1mpact parameters smaller than b,, where b, 15 solved
by 1terative solution of Pji'%(b,)=1 These approxima-
tions have been successfully applied to pressure broaden-
1ng of ammonia, ®+!° and should even better describe the
results obtained 1n the beam maser, because 1n the in-
terpretation using Anderson’s theory only inelastic ef-
fects in small angle (large impact parameter) scatter-
g are taken 1nto account.

In order to obtain directly the angular distribution of
the (n)elastic scattering it 15 necessary to include the
relative translational motion 1n the quantum mechanical
calculations This 18 done using the Born approxima-
tion, which gives for the differential cross section for
the collision 1nduced transition n— »'

)— = |f.f..(9)|2

dn ®3)
where k, and k|, are the wave vectors of the relative mo-
tion of the two molecules before and after the collision,
respectively, and fy,(9) 15 the scatlering amplitude In
evaluating this scattering amplilude the following restric-
tions have to be made: (1) the scattering takes place for
large impact parameters or large angular momentum ()
values resulting 1n small deflection angles and (2) the
transfer of collisional angular momentum and transla-

|

[ltt J, (]ng)

o] 3 ZI & [
x{( '2+1)<_J:(2 )2 6[ ]z

where J, denotes a Bessel function and a =14x/k,; Ip
and so x; are defined 1n terms of the 1nteraction strength
of the involved dipole moments u,; and the relative ve-
locity v

1y

0 K

(13/8,)13
Z+ B9

H (39)

the brackets denote again Boltzmann averages over the

Inelastic scattering of NH,

mya-2
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tional energy 18 small. Three intervals of angular
momentum values are considered:

(1) 1>1*, where !/* 1s determined by the following
relation for the T matrix elements

|T(Bon

LATL o| =1.
"m0

(34)

(2) 1+* <l =1I*, the angular momentum [** s deter-
maned by the condition

[T ar oxtmo | For cvun™ [Tttt smrmo [ Fuv cham 35)

(3) 1< »*,

In the interval 1>l * (sofit collisions) the T matrix
elements are calculated using the first Born approxi-
mation. For [<I* (hard collisions) the Born approxi-
mation breaks down. In theregion [**<!<!=* 3]l In-
version channels are equally probable and the random
phase approximation 1s used, with

eXpi@y oz 1myo)

V' Ny, e

Tt nt* 1mio= _Opfnﬁx‘lbm'ﬂﬁ
wherein @, oy ymjo 15 a function which varies rapidly wath
1 and Lhe energy, and Ny, 1s the number of open 1nversion
channels. Both inversion and rotation channels are open
1n the wnterval [ > [**, but the probability of a rotation
excitation 1s at least onc order of magnitude below the
inversion lransition probability Therefore only 1inver-
sion channels are effectively open, and contribute to the
summation 1n Eq (34) In the region I<I** inversion
and rotational transitions become equally important,
Because the number of open channels becomes very large
the T matrix can be approximated by

Tt np 1my0= =0 by B0 - (37)
This implies thatl for large scattering angles the elastic
differential cross section exceeds 1ts 1nelastic counter-
part With lhese approximations straightforward cal-
culations®”+* yield the [ollowing result for the differential
cross section 1n {irst order Born approximation for the
case of dipole—dipole 1nteraction.

1 gy
l)

Ji
2
1%d1 + @QJ7+1) K 0 K

i (129K 5 (x™) g = 1) (I*9) + €% K = 1) (x*) 2 (1*9)

-mp) 2+l (38)

secondary beam molecules [Eq.

(30)]

As Lhe value of the collision angular momentum !** s
about an order of magnitude smaller than 1*, the second
term 1n Eq. (38), representing an extra contribution to
the 1nelastic differential cross section due to inversion
transilions, 1s prumarily determined by !*., The first
term 1n Eq. (38) stands for the contribution to the dif-
ferential cross section of the elastic diffracuon secat-
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FIG. 7. Attenuation of the total beam intensity (squares and

solld line) and of the Inverslon line intensities of the (/, X)
=(1, 1) level (circles and dotted line) and the (6,6) level (trl-
angles and dashed line), as a functlon of the NH, {low through
the effuser {(cavity In backside position), Vertlcal bars repre-
sent three standard deviations

tering. This scattering 13 strongly peaked 1n the for-
ward direction, because the de Broghie wavelength X

= h/ uv,, of the system 1s small compared to the char-
acteristic elastic collision diameter d*=1%*/k,. The
last term 1 Eq. (38) 1s the contribution of inelastic
scattering at large impact parameters. Since the di-
pole—dipole i1nteraction 1s of extremely long range and
only 1nelastic collisions are allowed for a pure dipole—
dipole intermolecular potential, the peaking of the inelas-
tic differential cross section 1n forward direction 1s even
stronger than 1n the case of elastic collisions.

VI. EXPERIMENTAL RESULTS AND
INTERPRETATION

For accurate measurements of the attenuation of the
microwave and total beam 1ntensity a digital measuring
procedure with the aid of a minicomputer (PDP/11E10)
has been developed. In order to mimimize the influence

Direction coefficients In Torr™ I'' 5 of the “besl”
Errors are based on

TABLE II
straight lines as discussed 1n the text.
three standard deviations.

Secondary beam molecule

W, K CH,F CEyH NH,
Frontside a,n 34.6(7N 55.5(11) 20, 5(4)
positlon @.2) 28.4(13) 52,701 21 2(6)
(3,3 29.3(7) 56.2(15)  22,5(3)
(6,6) 33.0012)  64.346)  23.4(20)
Backside a,n 34.7(8) 56,8011 21.5(4)
position @,2 29 5(7 55 0011) 22 6(9)
3,9 31, 7(8) 60.0(14)  23.3(6)
(6,6 33,4013 63.918)  24.0(25)
Ion gauge 19. 4(4) 29.3(9) 12, 5(3)

Klaassen et al.: Inelastic scattering of NH;

TABLE III. Acceptance angles In the center-of-
mass system (In degrees).

Secondary beam molecule

CH;F CF;H NH,
Frontside position 0 42 0 35 0.56
Backslde position 0.29 0 24 0,39
Ton gauge 023 019 0.31

of 1nevitable drift effects such as thermal instabihities
of the resonant cavities, primary and secondary beam
fluctuations, this procedure consists of a repetition of
a certain number of steps in reflection symmetric se-
quence. Each step 1s defined by the setting of a number
ol experimental conditions, such as: secondary beam
on/off; beam stop 1n front of the 10n-gauge in/out. The
base-line 1ntensity of the microwave signal 15 measured
by shifting the frequency of the source klystron by 48 to
300 kHz. This 1s done by coupling a low frequency sig-
nal (16~100 kHz) to the 10 MHz reference signal used
for the klystron stabilization. The signals of the micro-
wave power detector and the 10on-gauge are fed 1nto
phase sensitive detectors, whose output 1s sampled by
A/D converters with a gate of 10 s. Alter each step
the digital results are transferred to the disk unit of the
computer Delay times between the steps are chosen
long enough to account for RC effects caused by the
phase sensitive detectors (RC times are 1 s) and for
stablization of the secondary beam flow,

Altenuation measurements up to one decade were per-
formed on metastable 1nversion levels of both the spin
modificauons, the (1, 1) and (2, 2) para (f, =3) and the
(3, 3) and (6, 6) ortho (I, =3) levels, The maimn hine
resulting from transitions AF,=AF =0 1s taken as a
representative for each version level |J, K), 1.e., 1t
1S assumed that the collision-1nduced 1inversion transi-
tion probabilities do not depend on the hyperfine levels
mvolved This assumption 1s Justified by the fact that
the quadrupole hyperfine splitting of the inversion levels®®
15 small compared to the Stark elfect in the electric field
of the perturbing molecule Secondary beam gases used
were CHyF, CF;H and NH;. Figure 7 shows a typical
plot of the microwave line and total beam 1ntensities for
NH;-NH; scattering.

The measured microwave and total beam signal at-
tenuations, plotted on a logarithmic scale versus the
secondary beam flow, are fitted by a straight line ac-
cording to Eqs. (22) and (23). The results obtained 1n
terms of direction coefficients of the “best” straight
lines are summarized 1n Table II. The apparatus cross
sections gyy and orp depend on the angular resolution
and 1nvolve both elastic and 1nelastic effects, From
Table II 1t 15 clear that the variations in microwave line
attenuation for the dufferent inversion doublets {/, X)
are sigmficant. The results obtained for the two posi-
tions of the microwave cavity differ at most 6%. The
weak dependence of the microwave cross section on the
angular resolution (Table III) can be understood from Eg.
(24). This equation shows that the microwave cross sec-
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TABLE IV. Per
beam molecules.

t multipole ts of the dary

Secondary Dipole moment Quadrupole moment
beam molecule mD n 10°% esu

NH, 1.476(2)® -2.92(8)¢

CHyF 1,8584(5)9 -1.4*

CF;H 1.8512(5)9 36

"Reference 60.
PReference 61

°Relerence 62,
9Reference 63.

tion ls sensitive to the acceptance angle via the difference
between elastic and 1nelastic eifects, which compensate
each other. The direction coefficients for the microwave
line attenuations are roughly twice those obtained for the
total beam attenuation This difference ariginates from
the last two terms In Eq. (25). The fact that the lo-
garithm of the attenuation 15 proportional to the second-
ary beam flow confirms that the apparatus function de-
pends linearly on the secondary beam flow. Further-
more, itindicates that the secondary beam molecules

are properly trapped by the cryopump and double col-
lisions do not occur.

In the following the results are confronted with the
predictions of Anderson’s theory and Born approxima-
tion. Anderson’s theory does not supply elastic cross
sections. To extract information from the measure~
ments about the 1nelastic cross section alone, the fol-
lowing assumptions have W be made: (1) the collision
cross sections depend only weakly on the rotational
quantum aumbers and (2) the microwave cavity and the
10n gauge have the same angular resolution Although
m practice the acceptance angles of the microwave
cavities and 10n gauge are different (Table III) the latter
assumption 15 quite reasonable because of the weak de-
pendence of the microwave attenuation on the angular
resolution (Table II). With these assumptions the ex-
pression for the ratio of attenuated microwave line and
total beam signal 1s [Eqs. (19), (20), and (31)]

3031
Iy _ L _
T -l-o:: exp{ 47 ",.E._,. f dbbGx (Vg ms 3B, V)]
>'(PJA'("’ "nl,n)} - (40)

Herewn P,y (5, Uret,m) 1S the inversion transition prob-
ability summed over the dipole-dipole and dipole=~
quadrupole term of the multipale expansion (Table IV).
The deflection function 9_,(b, v,,) 15 g1ven by Eq. (32)
where the dipole moment of the primary ammonia and
the secondary beam molecule 1s replaced by the matrix
element for the studied inversion and rotational levels,
respectively. The latter matrix element 1s also aver-
aged over a Boltzmann distribution at room tempera-
ture [see Eq (30)]. In analogy with Eqs, (22) and (23)
an melastic apparatus cross section 18 defined by the
relation

Lig _ 13
Ip 17 un
In Table V the theoretical predictions for I;z/ly result-
ing from Eq. (40) are compared with the experimental
results for the cavity in the backside position, where
the dufference 1n angular resolution between the cavity
and the 10n gauge 1s smaller (see Table lII) Except for
the (1, 1)transitionin collisions with CH;F (to be dis-
cussed in the next seclion) the comparison shows an ex~
cellent agreement between theoretical and experimental
values,

exp{- 2("2”JA',.|| C’H'.,lgp] .

For the comparison with the Born approximation the
experimental attenuations are interpreted in terms of
(in)elastic cross sections for the studied inversion level
of ammonia assuming that the collision induced 1inversion
transitions are dominant over rotational transitions.
Differential {in)elastic cross sections for small angle
dipole—dipole scattering [Eq. (38)] are substituted into
the expressions for the signal attenuations [Eqs. (19)
and (20)]. Values of the relevant multipole moments
used 1 the calculations are given in Table IV, while the
Boltzmann averages of the multipole moment matrix
elements are taken according to Eq. (30). The resulting

TABLE V. Comparison between experiment and Anderson’s theory All cross sectlons are Iln

10 m®  Errors are based on three standard deviations
Secondary beam Inversion Iix/lrn [ . ol
molecule and llne Measured Caleulated measured
flow in Torr1s™ W, K) kq. (40) Eq. (41) 2nf3 P ,x(8) bdb
NH, a,n 0.728(12) 0719 111(6) 446
0.0335 2,2) 0 701(22) 0 718 134(12) 516
3,3 0 685(15) 0.651 140(8) 548
(6,6} 0 670(56) 0 634 141(29) 586
CFyH a,1n 0 704(13) 0.758 192(10) 566
0.01225 2,2 0 720013 0.755 191(10) 655
3,3 0 678(14) 0,698 213(11) 696
{6,6) 0 645(16) 0 677 241014) 745
CH,F 1,1 0, 715(13) 0 823 156(8) 352
0.020 2,2 0 804(16) 0 822 108(10) 408
3,3 0.769(14) 0.777 122(8) 433
(6,6) 0 745(21) 0,765 138(13) 465
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TABLE VI.
position, All cross sectlons in 107 m?,

Klaassen et a/.: Inelastic scattering of NH,

Comparison between theory and experiment In the framework of the Born approximatlon for the cavity in backside
Errors are based on three standard devlations

0
Lix/Esx

. Theoretical wintegral
Ivs/I1n

Secondary beam Inversion O Oyp cross sectiuns
molecule and level Mecasured  Calculated Measured Calculated kq (22) Fg (23} (Born approximatlon)
flow in Torrls™ K) Ty (ms™ kg (19} kg (20 o ol otk
NHy a,1n 1288 0 487(M 0 233 0 058(5) 0 020 300(9) 300(0) 418 299 119
0 0335 22 0 469(14) a 480 3702 aly Juu 149
3,3 0 458(9) 0 444 578(1a) 20d 399 104
(6,6) 0 443(J7) 0 391 265(a9) 622 439 182
CFyH a,n 1134 0 499(M 0 500 0 698(8) 0 024 763013) 395013 712 493 219
0 01225 2,2 0 310(M 0 493 87013) 782 241 241
3,9 0 480(8) 0 407 805(19) 808 239 249
(6,6) 0 457(10) 0 443 600(24) 83v 78 237
CHyF a1, 1189 0 493(8) 0 062 0 678(5) 0 v98 647(13) 362(7) 308 2u0 108
0 020 2,2) 0 554 8) 0 619 286(14) 458 322 130
a3, 0 530(8) 0 571 391(12) 499 450 149
{v,6) 0 513013) 0 329 b22Q24) 520 J¥a 103

theoretical attenuations are compared with the experi-
mental values in Table VI. As 1n the comparison with
Anderson’s theory only the (1, 1) transition 1n the
NHy-CH,F system shows a significant deviation. For
the other transitions and scattering gases the theoretical
and experimental values are 1n good agreement. The
comparison 18 given only for the cavity in backside posi-
tion. Theory and experimental results for the cavity in
frontside position agree equally well, All comparative
calculations are only necessary at one setting of the flow,
because the apparatus function 18 proportional to the flow
and the measured signal attenuations depend exponential-
ly on the secondary beam flow.

VII. DISCUSSION

In view of the assumptions made, the agreement be-
tween the experimental results and Anderson’s theory 18
remarkably good (Table V). This agreement 18 partly
due to the fact that for the interpretation only 1nelastic
collisions 1n forward direction are taken 1nto account
[Eqs. (40) and (41)]. These collisions with large 1mpact
parameters and small transition probabilities are well
described by Anderson’s theory combined with the clas-
s1cal deflection function. Calculations performed with
this theory applied to rotational transitions yield cross
sections which are at least an order of magnitude smaller
than the cross sections for inversion transitions. Only
for the system NH,-CH,F the cross sections for rota-
tional transitions between the ¢/, K)=(1, 1) and (2, 1)
levels, seem to be larger. This 1s confirmed by pre-
liminary results of experiments on collision induced
rotational transitions, to be reported in a following com-
munication. Calculations and preliminary results con-
firm the validity of the assumption of an 1solated inver-
sion doublet made to derive the formula for the attenuated
intensities in the maser [Eqs. (18) and (20)] The dis-
crepancy between experlmental results and predictions
of Anderson’s theory found for CHyF on the (1, 1) level
(Table V) is most probably caused by resonant rotational
transitions, which are not taken into account 1n the in-
terpretation.

In comparing the experimental results with the Born
approximation, the full dependence of the cross sections

on the rotational quantum numbers J, K 1s regarded and
the angular resolution 1s properly taken into account.
For NHy~NH, and NHy—-CF,H the agreement of the theory
with the experimental results 1s quite satisfactory (Table
VI). Apparently NH;-NH, and NH;-CF;H scattering 13
well-described by a dipole-dipole intermolecular poten-
tial. For NH,-CH,4F the explanation for the discrepancy
between theory and experimental results on the ¢/, K)

= (1, 1) level 1s the same as with Anderson’s theory.

For the other levels there are small systematic devia-
tions towards too small theoretical cross sections. This
may be due lo the fact that at room temperature only
states with low values of K are populated in the prolate
symmetric top CHyF, yielding a small effective dipole
moment. So for CHyF higher-order multipole interac-
tions should be included in future calculations. This
explanation 15 confirmed by the fact that with Anderson’s
theory, with dipole—dipole and dipole~quadrupole inter-
action, no deviations are found.

The rotational dependence of the microwave line at-
tenuations measured at different inversion levels 1s In
agreement with the theoretical predictions, For the
total beam attenuation the agreement of theory with ex-
perimental results 1s almost as satisfactory as for the
microwave line attenuation (Table VI) Inspection of
Eqs, (24) and (25) shows that the total beam attenuation
18 more sensitive to the angular resolution, Moreover,
the total beam attenuation must be averaged 1n the theo-
retical calculations over the population distribution 1n the
primary beam. In the actual calculations only the meta-
stable levels J=K =1, 2, 3 and 6 are involved n this
(post-)averaging procedure.

In Tables V and VI the calculated integral (in)elastic
and total eross sections are given as well, Comparison
of the results for o}}" obtained with Born’s, respectively
Anderson’s theory, shows that the latter predicts too
large inelastic cross sections. The dipole—=quadrupole
interaction, which 1s only taken Into account 1n Ander-
son’s theory, contributes at most 10% to the cross sec-
tion, However, at small impact parameters the transi-
tion probabilities calculated 1n a straight path approxi-
mation become too large, leading to unreliable integral
cross sections, Independently of the angular resolution

J Chem Phys, Vol 76, No 6, 16 March 1882

33



Kisassen ot a/.: Inelastic scattering of NH,

TABLE VII, Integral cross sections (In
10°2¢ m?) calculated In Born approxlma-
tlon and converted to the relative velocl-
tles In a gas cell at 300 K.

U, K) otk o
NH, 39 1] 177 446
(2,2) 222 545
3,3) 244 595
(6,6) 273 654
CF;H (3,3) 413 928
(6,6) 427 961

(frontside, respectively backside), the apparatus cross
sections oy, for scattering with NHy and CF;H are close
to the sums (g)}') of the calculated integral elastic and
melastic cross sections. According to Eq. (24) this
1mplies that ¢}}", and 0¥k ., are approximately equal
over the range of applied acceptance angles. The cal-
culated integral cross sections o)} and ¢k duffer,
however, by an amount of about 200x10°% m? which1s
approximately equal to half the value of 0}3". This leads
to the conclusion that [or dipole-dipole scattering at
least half of the inelastic collisions result in deflectlon
angles larger than 0.2° (1n the laboratory system).
This conclusion Is confirmed by the fact that o}§’y,
(Table V) 15 much smaller (about 50%) than ¢}%'! (Table
VI). Hence incomplete 1nelastic cross sections are
measured in the maser, making 1t difficult to compare
the experimental results directly with the outcome of

other experiments.

The results for g;x and o5 should be compared with
oy and a,,, 0f Wang ef al.*! and Williams ef al.** Com-
parison with the results of Wang ef al. 1s complicated
by the uncertainty in their angular resolution (about 0, 5°
1n the laboratory system) and the use of an effusive pri-
mary beam, which results in a large spread of relative
velocities and a lower mean relative velocity. There-
fore 1t 1s not surprising that the results they obtained on
the (J, K)=(3, 2) and (7, 6) inversion transitions differ
30% (their uncertainty) with the results given 1n Table
VI. Nevertheless the dependence on the scattering gases
and rotational quantum numbers (larger cross sections
for higher mversion levels) 1s the same. Williams et al.
used a primary nozzle beam and their results for the
W, K)= (3, 2) level are quite close lo the results of this
mvestigation for NH;-NH;. Their observation, that ¢,
{or o,x) 15 1nsensitive to the angular resolution (6,) over
a range [rom 0.2° to 1. 5° 1nthe laboratory system, 1s
confirmed [or a small part of the range (0.20°-0.28°)by
the experimental results and theoretical calculations re-
ported 1n this paper. This insensitivity implies thal the
difference between o}¥y,; and oJy o, should be constant
within the experimental error over the applied range of
©g . It was shown above that for (NH;-NH,) scattering
with 6 = 0. 2° g}§''y, — 0¥k, Was roughly 200x10°% m?
smaller than o}}"' - g3} for all investigated inversion
levels, there 15 no reason to expect a different behavior
for the (3, 2) state. From this result combined with
the 1mplication of Lhe observation of Williams et al. fol-

lows that even at 8 = 1. 5° o}}*',,, - 0k, oy 1S S1gnificantly
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smaller than o}3* —ojy. This would lead to the con-
clusion that quite a large part of the collisions result
1n deflection angles even larger than 1. 5° for NH;-NH,,
which 18 in contradiction with the assumptions made by
Williams et al. to explain the coincidence of o; (or oyy)
and the line broadening data.

As the integral cross sections calculated in Born ap-
proximation can be regarded as experimentally con-
firmed, they can be confronted with the results of line
broadening and transient experiments. In Table VI the
values for ojy and ¢} from Table VI are given, con-
verted to the relative velocity inagascell (¢~v™1). The
values of 2055"! should be equal to the results of transient
T, experiments (fourth column of Table I). The M de-
pendence of the latter complicates the comparison.
Nevertheless the calculated 20%F! values are about 20%
too large, butthe (/, K) dependence 18 correct. The re-
sults of line broadening and transient T, experiments
(columns one and two, respectively five of Table I) should
be compared with the sum of ¢}°f' and the cross section
for “adiabatic” collistons, '*1®%* Comparison of Table
I with Table VII shows that o' 15 withun 10% of the re-
sults of line broadening and transient experiments,
while the sum of o%' and 0%y differs roughly 30% from
these results. This leads to the conclusion that the
“achabatic” cross section 15 not 1dentical with the quite
large elastic cross section 1nvolved 1n the maser ex-
periments.

The experiment reported 1n this paper shows the
feasihility of measuring inelastic cross sections 1n for-
ward direction in a beam maser, Although comparison
with theoretical predictions 1s quite complicated, both
Anderson’s and Born’s theory fit with the experimental
results. The outcome of the latter theory agrees with
the results of line broadening and transient experiments
as well, which are, however, somewhat ambiguously
related to the collision cross sections as measured in the
maser.
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CHAPTER 3

BEAM MASER INVESTIGATION OF INELASTIC SCATTERING OF NH3

IT. CROSS SECTIONS FOR ROTATIONAL TRANSITIONS INDUCED BY POLAR GASES

D.B.M. Klaassen, J.J. ter Meulen and A. Dymanus
Fysisch Laboratorium, Katholieke Universiteit

Toernooiveld, 6525 ED Nijmegen, The Netherlands

ABSTRACT

A molecular beam maser 1s used 1n a double-resonance scheme to measure cross
sections for rotational transitions between levels of different inversion
doublets of NH3 induced by collisions with NH3, CH3F and CF3H. Theoretical
values, calculated with a modification of Anderson's theory, are in good

agreement with present experimental results and steady-state double-resonance

experiments of Oka (J.Chem.Phys. 48, 4919 (1968)).
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1. INTRODUCTION

In a previous paperl, hereafter referred to as I, we reported measurements on
cross sectlons for inversion transitions of ammonia (NH3) induced by
collisions with polar gases in a beam-maser scattering set-up. The experimen-
tal results were interpreted using Born approximation and Anderson's theory.
Also a brief summary was given of other experiments (and theories) yielding
collision-induced population transfer rates between inversion and rotation
levels relevant for the astrophysical NH3 problem. Special attention was

paid to the steady-state double-resonance experiments of Okaz, practically
the only experiments capable of yielding collisional rates between rotational
levels of NH3. It was polnted out that it is very difficult to extract
information about the state-to-state collision cross sections from those
experiments, because they are sensitive to the ratio of rotational transition
rates to the sum of a number of transition rates, including (twice) that for
inversion transitions (Eg. (23)). This is caused by the fact that those
experiments are done in steady-state and radiative and collision zones are
not separated. Recently Shimizu et al.'3 reported a laser double-resonance
experiment on the (J,K)=(3,2)>(2,2) transition induced by NH3 collisions.

In this paper a double-resonance (DR) experiment is described, employing
the beam-maser (BM) scattering set-up reported in I. A schematic diagram of
the DR-BM experiment is shown in Fig. la. The ammonia beam passes through a
state selector, which focusses the molecules in the upper states and removes
the molecules in the lower states of all inversion doublets from the beam. In
an additional cavity, inserted between the state selector and the secondary
beam (Fig. ta), the molecules of a specific inversion doublet (JP,KP) can be

transferred (pumped) to the lower level. To explain the principle of

operation of the DR-BM experiment it is assumed that all molecules can be
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Figure 1: Schematic diagram (a) and simplified working principle (b,c) of the
DR~BM experiment (see text). Plus and minus sign indicate the parity
of the levels. The dashed intensity corresponds to the situation
where collision-induced rotational transitions are neglected. The

shaded arrow indicates the change in attenuated signal intensity

due to pumping.

38



pumped from the upper to the lower level (Jp,Kp). Furthermore only collision-
induced transitions from the pump (JP,KP) to the signal (JS,KS) doublet
levels are regarded. Taking into account for the moment only collision-induced
transitions involving the dipole moment of ammonia, ccllisions with the
secondary beam can transfer molecules from the upper level (JP,KP) to the
lower level of another doublet (JS,KS)=(Jp i.lle) or from the lower level
(JP,KP) to the upper level (JS,KS). The microwave line intensity, detected
with the signal cavity, tuned to the inversion transition (JS,KS), is
proportional to the difference between the numbers of molecules in upper and
lower states (Js'Ks) (Ref. I). Collision-induced transitions between the
doublet levels (JP,KP) and (JS,KS) therefore decrease the signal (JS,KS) when
only the upper level (JP,KP) is populated (Fig. 1b). However, when the
inversion transition (Jp,Kp) is pumped, the lower level (Jp,Kp) is populated
and these collision-induced transitions are increasing the signal (JS,KS)
(Fig. 1c). The difference between the attenuated signal in the presence and
absence of microwave pumping 1s proportional to the small-angle cross
section for transitions between the doublet levels (JP,KP) and (JS,KS). In
practice not all molecules can be pumped from the upper state to the lower
state of inversion doublet (JP,KP). Therefore the pumping efficiency is
measured with the probe cavity, tuned to the same inversion transition
(JP,KP). Furthermore also collision-induced transitions involving the
quadrupole moment of ammonia and transitions between the (JP,KP) or (JS,KS)
doublet and all other doublet levels are regarded in the interpretation of
the measurements (Sect. 3).

Results are reported for a number of rotational transitions and the
polar scattering gases NH3, CH3F and CFBH. The measurements are interpreted
in terms of the difference between the differential collision cross sections

for parity changing and conserving rotational transitions. A modification of
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Anderson's theory is presented, which gives a more realistic behaviour of
the transition probability at small impact parameters. Predictions from this
theory are compared with the experimental results. Integral cross sections
for parity changing and conserving transitions are calculated. A theoretical
prediction, using these cross sections, for the outcome of DR steady-state

: 4 . .
experiments” is also given.
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2. THE EXPERIMENTAL SET-UP

The molecular beam apparatus is basically the same as that described in I. In
the following only the relevant modifications are described. The main
modification is the replacement of the second state selector by a microwave
pump cavity (Fig. 1a). This cavity is used to change the population
distribution over the levels of a specific inversion doublet (Jp,Kp) of the
ammonia molecules entering the scattering region. Molecules in the selected
upper state are pumped to the nearly empty lower state by the microwave
power, which is switched periodically on and off by a shutter placed in the
waveguide. The klystron system, used to generate the power, is similar to the
superheterodyne detection system. The pump, signal and probe cavities (length

0.16 m, diameter about 9 mm, TM mode) are identical to the microwave

010
cavities used in I. However, the end caps are removed from the pump cavity to
avoid attenuation of the primary beam. The efficiency of pumping is monitored
with a probe cavity tuned to the same inversion transition (JP,KP). The probe
cavity is shielded against possible leaks of radiation from the pump cavity
by a metal mesh with a transparency of about 90%, placed across the entrance
hole. By feeding power to the pump cavity the signal from the probe cavity
could be reduced by a factor of about 10 indicating an almost equal
population of upper and lower state of the (JP,KP) inversion doublet.

In all measurements reported in this paper commercial platinum-iridium
diaphragms (Siemens), with a diameter of 30 um, are used as nozzles producing

the primary NH. beam. With a stagnation pressure of 1.6%10° Pa the most

3
probable velocity of the beam was 950 m/sS. The secondary beam is produced by
a circular metal multi-channel array (Brunswick Corporation) with a diameter

of 14 mm. With this source the scattering region is better defined than in I.

The array consists of about 335000 channels with a length of 0.433 mm and a
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mean diameter of 8.9 um, yielding a length to radius ratio of 50. The
secondary beam source is mounted 22 mm from the primary beam axis., The flow
through this effuser is regulated by a calibrated mass flow controller (Tylan

Corporation). The control head is calibrated for 0-10 sccm NH, (1 scem =

3

4.55x1017 molecules per second) and conversion factors are used for CH3F and

CF3H. The linearity is 0.5% and the reproducibility 0.2%, both of full scale.
In front of the scattering region, 295 mm from the exit opening of the state
selector, a diaphragm with a diameter of 3.4 mm is placed to ensure that all
molecules entering the scattering zone will reach the signal cavity in
absence of the secondary beam.

In order to measure apparatus cross sections which are close to the
integral cross sections the acceptance angle of the signal cavity is enlarged
as much as possible, To this end the cavity is mounted at a distance of
0.473 m from the exit opening of the state selector. Moreover the end caps
have beam transition holes with a diameter of 6 mm. The acceptance angle of
the signal cavity is increased to 1.58° in the laboratory system (0.28o in

I). With this set-up the radiative zones of pump and signal cavity are well

separated from the collision region.
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3. THE RELATION BETWEEN ATTENUATION DIFFERENCES AND ROTATIONAL CROSS SECTIONS

The effect of collision-induced rotational transitions from one inversion
doublet (JP,KP) to another (JS,KS) is studied by measuring the difference in

attenuated intensity from the signal cavity (tuned to inversion transition

(igxs)) with and without power fed into the pump cavity (tuned to inversion
transition (Jp,Kp)). Previous investigations (I) showed that the main line in
the inversion spectrum (AF1=AF=0) can be taken as a representative for each
inversion doublet, to which all rotational substates IJ,K,MJ> equally
contribute. Consequently the scattering process can be described in terms of
these substates and degeneracy averaged cross sections. For an evaluation of
the measured effects a relation has to be set up between them and the
rotational cross sections. In I such a relation was constructed using
calculations of the molecular trajectories through the state selector. These
calculations were considered as quite reliable in view of the good agreement
between the calculated and measured dependence of the microwave line
intensity on the state selector voltage. For the present investigation the
acceptance angle of the signal cavity was increased with a factor of five
compared to I, In this geometry the contribution of molecules with
trajectories close to the rods of the state selector, which cannot be taken
into account in the trajectory calculations, has become too large. This was
evidenced by the failure of trajectory calculations to reproduce the
experimental line intensities as function of the state selector voltage. Thus
there is no reliable prediction for the radial and angular distribution of
molecules leaving the state selector. As a way out the primary beam is treated
as a line beam with only one (the most probable) velocity.

In a many-level scheme the number N of molecules entering the micro-

JKMu

wave cavity per second in the upper level (u) of state |J,K,MJ> can be written
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Figure 2: Level scheme for parity changing (a).and conserving (y) transitions.

Plus and minus sign indicate the parity of the levels (Kp and Ks odd) .
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as (see Appendix A)

N =[ NO + I ? n ZE oeff dz'
JKMu JKMu JTK'M 0 ! J'K'i+JKu
i=u,l 1)
z v
- _r Jtot ..
i . g n v o g 9z
+0?) { N ey 1 € ;

a similar expression holds for NJKMZ’ the number of molecules in the lower
level. Herein vy is the primary beam velocity, vr is the relative velocity,

n is the density of secondary beam molecules, z is the length of the

. . t . . .
scattering region, ont is the integral total cross section for state
!J,K> averaged over MJ and
eff - d

J'K'i+JKu i& aw 3k isgku & 2)

is the differential cross section for the transition |J',K',i>~+»|J,K,u>,
averaged over M& and MJ and integrated over those angles in the centre
of mass system that correspond to trajectories through the detector after

the collision; furthermore NgKMu is the number of molecules entering the

scattering region per second in the upper inversion level of state |J,K,MJ>

t 2
and O(nz) stands for terms proporticnal to nZX(GJ?;, - czzt). Following Oka

(Fig. 2) we write for the cross sections for parity changing (a) and

conserving (y) transitions (for |KP-KS| even)
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%9 ku-+3x?l ~%xkl1+I3ku- °ps
P s s P P s's

(3)

%Grxu-Jku %ri1+>3x1l" "ps
PP S S PP 8 S

where p and s stand for JPKp and JSKS, respectively, If IKP—KS| is odd, o and
Y have to be interchanged in Eg. (3).

With Egs. (1) and (3) the change A in the population difference

(N _NZ)J K M between the situation with and without pumping the inversion
s s's

transition (JP,KP), can be written (for |KP—KS| even) as (see App. A)

2
_ _r . Y,eff a,eff .
A(Nu NZ)J KM z In v (°p+s p*s ) dz
s s S Mp 0 (4)
Z Yy tot
o —f n ;E 9 dz'
x A(Nu—NZ)J XM € o 1
PPP

In the present interpretation the term 0(n2) is disregarded. Assuming that all
degenerate sublevels contribute equally to the microwave signal IS, the

following expression is obtained for the relative intensity change due to

pumping, AIS/Ig,

£ AN -N)O
u o

AT M I KM v
S P ppp z r Y,eff a,eff
& 0T (N -N.,) 0 z I n v, (o s -0 >S ) dz!
10 u I KM M 0 1 P p
s Ms s s s [ (5)
2 VYr tot
—f n-= ¢ dz'
Xeo Vl s

This relative intensity change depends on the pumping efficiency through
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A(Nu—NZ)g KM ° In order to obtain a quantity CO that 1s independent of this
PPP
efficiency, a multiplier FP is introduced that can be determined experimentally

F = — ) (6)

where Ig stands for the signal from the probe cavity; the asterisk indicates
the situation with power fed to the pump cavity. This multiplier equals unity
when upper and lower levels of the pumped inversion doublet (JP,KP) are equally

populated. With Egs. (5) and (6) t% can be defined as (see Appendix A)

AI z v
20z —2 =805 ) [n X (o= Ve g
P ;0 s v, p’s
I M to 1
s s
(7)
z v
-/n L gt g,
v, s
xeol

where Rg, the ratio of population differences, is given by

- 0
ﬁ (Nu NZ)JPKPMP
R = 12 (8)
- 0
r (Nu NZ)J XM
Ms s s s

The exponential factor in Eg. (7) can be written as Is/Ig (App. A). Herewith

CO is transformed into a new quantity C defined by
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v
_r (ca,eff _ 0Y,eff

\'4 ps pos ) dzf )

Z
tz=F —2=8 Iz | [n
0

The main advantage of [ over Co 1s its linearity in the secondary beam density

a,eff_ 0Y,eff

n, which facilitates the determination of (crp_)s prs

) .

The computation of the rotational cross sections is rather complicated.
In order to simplify these calculations a normalized apparatus function
Hp*s (ch) , averaged over the relative velocity, is introduced (see Appendix

B). It can be expressed in the apparatus function G (

v ,0 ) used in I
p?>s r,m cm

G
p7s (vr,m'ecm)

H (0 ) = (10)
G (v .0
pP  r,m cm

The cross sections are now calculated only at the mean relative velocity <vr>,

given by

v G (v_ _,0)
r,m pp r,m

W = T G~ 0 “b

PP r,m

r,m

With Egs. (10) and (11) the expression for ¢ is transformed into (see Appendix

B)

- P ®,app _ _Y.app
L =R (nl)eff (°p+s °p—>s ) (12)
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where (nZ)e =X G (v ,0) v secondary beam flow (13)

ff v PP r,m
and r.m

app . d
= H 0 I —— o(b <v_ >
UP»S 2m Idecm sin ecm s ( cm) . 30 ( em’ Ve )p_>S (14)
s
The subscript p>s of the apparatus functions indicates that the change in
kinetic energy of the molecules, or energy defect, has to be taken into

account in the calculation of the relative velocity after the collisiona. This

change SE can be written as
SE=E_+E__~E =-E (15)

where 2 stands for J2K2 and the prime indicates that EZ' is the internal
energy of the secondary beam molecule after the collision. Because it is not
feasible to consider the dependence of SE on the initial and final states of
the secondary beam molecule, two types of apparatus functions are used: (A)
with 6E=ES-Ep , and (B) with 8E=0. The latter type corresponds to exactly

resonant transitions of both molecules, whereas the first type implies

completely non-resonant collisions.

49



4, THEORY

As shown in I the collision cross sections, measured in the maser, can be
expressed in terms of transition probabilities. For rotational transitions the
relevant relation can be written as

-]

PP = on [ w (6 _(6))(2 3 +1) P__ (b) bdb (16)
0 prs cm s p’s

wnere Pp*s(b) is the degeneracy averaged transition probability evaluated at
<vr>. The transition probability is calculated in the permanent multipole

7,8,9

interaction scheme, following Anderson's theory . To obtain the total

transition probability the individual transition probabilities have to be
multiplied with the appropriate Boltzmann factor of the initial state (J2,K2)
of the secondary beam molecule and summed over the final states (Jé,Ké) of

that molecule

_EZ/kT 259"
(235 +1) (2 J2+1) gJ2K2 e Pp—>—s (b) (17)

where gJ K is the statistical weight factor and the superscripts 2 and 2'
272 252"
stand for (J,,K,) and (Jé,Ké), respectively. The expression for Pp+s(b) is

2

J 1,4J Iy 1,5 34
' 2 2 “2 V2
P22 (p) =% 2c p 1's
p3s

{Z (wT) (18)
A
172

|
A —KPO Ks K, 0 K,

where hw=|6 E|. All symbols are defined in I. Because a rotational transition

of the primary beam molecule gives a quite large energy defect, which may be
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partly compensated by a rotational transition of the secondary beam molecule,
the full dependence of w on initial and final states of both molecules is
taken into account.

Due to the large acceptance angle in the maser quite small impact para-
meters are probed. But in that region the transition probability, according
to Eq. (18), can become larger than unity. Although several solutions to the
problem have been suggested7, none of them seems to be adequate for the
problem of calculating the probability for a rotational transition, if the
probability for an inversion transition is predicted to be larger than unity.
Therefore a procedure suggested by Rabitz and Gordon10 for the Born

approximation, is combined with Anderson's theory:

2>2!

p+1'(b) is truncated to unity if

- each individual transition probability P
the theoretical prediction is larger;
- if the total transition probability, P;(b), for one set of initial states of

primary and secondary beam molecules

2 - ' ' 2>2!
Pp(b) =1 (2 J1+1) (2 J2+1) Ppﬂ, (b) (19)

is larger than unity, each contributing term P;:f:(b) is divided by P;(b).
Without this modification Anderson's theory yielded about 45% larger integral
cross sections than the Born theory if applied to the (J,K)=(1,1) and (2,2)
inversion transitions and NH3—NH3 scattering (Ref. I). With the modification
both theories yielded within 3% the same values.

To evaluate 0;55 (Eg. (14)) a relation between the impact parameter b and
deflection angle ecm is needed. For the interpretation of the previous

experiments (I) the classical deflection function for two nonrotating dipoles

“1 and u2 was used

51



2 H, U -3
o (b) = =— L2
cm 8 4 meqls uv 2)
r

(20)

where U is the reduced mass. The dipole moments Yy and u2 were replaced by
the matrix elements. This was justified by the fact that the probed impact
parameters were relatively large, resulting in long collision times ‘r=b/vr
compared to the rotation time of the individual molecules. As the present
experiments are sensitive to smaller impact parameters, this substitution
cannot be made. In fact the relative rotation of the molecules during the
collision should be regarded in the deflection function. This approach was
followed by Gislason and Herschbachll for diatomic molecules. They found that
if the colliding molecules make resonant transitions (huw =| 6E|=0) the
deflection function is practically identical with that for nonrotating
molecules. An approximation (estimated accuracy of about 20%) was used in
order to get an analytical expression for the deflection function in the case
of non-resonant collisions. This expression yields decreasing deflection
angles for increasing w. In the approximation of Gislason and Herschbachlz
this w=|6E|/M equals the difference in angular velocities of the two
molecules. For two symmetric top molecules the problem is more difficult. Each
rotating dipole has a nonrotating component proportional to K and directed
along the angular momentum vector 3 and also a rotating component perpendicular
to 3. For two symmetric top molecules, each in a quantum state with K=J, one
can expect a deflection angle as function of the impact parameter as given in
Eg. (20). It is, however, not likely that a reasonably accurate analytical
expression can be obtained, describing the deflection angle for two symmetric
top molecules in arbitrary quantum states. Therefore instead of nye in Eq. (20)
an adjustable parameter Kg is introduced for each scattering gas and fitted to

the experimental results. The same parameter is used for all investigated
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transitions. Moreover it should be mentioned that the influence of the quadru-

pole moments on the deflection is neglected,
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5. EXPERIMENTAL RESULTS AND INTERPRETATION

For the data acquisition the digital measuring procedure of I was adapted to
the new experimental condition: pump power on/off. The base-line intensities
are now measured by making use of the possibilities for remote control of the
frequency synthesizing system SRSZZ. In order to correct for possible influence
of the pump cavity on the signal cavity the centre-line and base-line inten-
sities of both attenuated and unattenuated microwave signals were measured with
and without pumping power. For the same reasons base-line intensities are
determined separately for Ig* and Ig when measuring the ratio Ig*/Ig (Eq.(6)).
This measurement was performed before and after each experimental run in order
to determine the factor Fp (cf. Egs. (6), (7) and (9)). As the calculations on
the trajectories of the molecules through the state selector are not reliable
(Sect. 3), no theoretical values for the ratios of population differences Rz
(Eq. (8)) are available. Consequently these ratios have to be determined from
the experiment. To this end the stagnation pressure of the primary beam and
the voltage of the state selector were always set to the same values (1.6x10°
Pa and 30 kV, respectively) in all measurements.

Rotational cross sections were determined for a number of inversion

doublets and transitions (Table 1). The scattering gases were NH_, CH_F and

3 3

CF3H. The following relations were used to extract information out of the

measurements:

%K
AIs Is IS
o -\ "\ (21)
I I I
S S S
and
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(22)

n o

where the asterisk indicates the situation with pump power. In Fig. 3 Co and

r are shown as function of the secondary beam flow for the p=(2,2) > s=(3,2)
transition and NH3—NH3 scattering. From this figure it is clear that [ is
linear in the secondary beam flow. This justifies the assumptions made in the
derivation of Eg. (9). To investigate the influence of the pumping efficiency
AIS/Is was measured for different pump powers for the tramnsition p=(1,1) =+

s=(2,1) and a secondary beam flow of 0.65 sccm CH_F. In Fig. 4 the result is

3
shown as function of Ig*/lg. All points are lying clearly on the theoretically
expected straight line (cf. Egs. (6) and (9)), which crosses the horizontal
axis at the point Ig*/Ig=1. This confirms that ¢ and co are independent of
the pumping efficiency.

In the expression for co (Eq. (7)) the ratio of population differences Rg
depends on the state selector voltage V. The difference between the effective

. a,eff Y,eff
cross sections o -a
p>s ps

in Eq. (7) is determined by the acceptance angle
of the signal cavity, as seen by the molecules in the centre of mass (Eq. (2)).
This acceptance angle depends therefore on the trajectories of the molecules
through the scattering region and consequently on the operation of the state
selector. In order to investigate a possible influence of this operation upon
the experimental cross sections, Co was measured as a function of V for the
transition p=(1,1) > s=(2,1) and a secondary beam flow of 0.65 sccm CHBF (Fig.
5). Also the microwave line intensities on the (1,1) and (2,1) inversion
transitions were measured as function of V in order to correct for the V-

dependence of Rg. From Fig. 5 it is seen that the intensity on the (2,1)

0
transition changes with a factor 10 between V=18 kV and 30 kV. However, [
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corrected for the V-dependence of Ri by multiplying with R;i (30kV)/R;i V), is

a,eff__UY,eff
prs oS
the state selector voltage for the applied range, which in turn justifies the

nearly independent of V. This proves that ¢ is almost independent of
treatment of the primary beam as a line beam in the apparatus functions.

For each set of pump and signal inversion doublet levels measurements were
performed as function of the secondary beam flow. A straight line was fitted
through the [ values, plotted against the secondary beam flow, yielding not
only the slope but also an intercept of the vertical axis. A non-zero inter-
cept could be caused by background scattering; within three standard
deviations all intercepts were equal to zero. The errors found in slopes and
intercepts originate mainly from the experimental error in L. Using the method as
described in Sect. 4, for all transitions the probabilities were evaluated
for the interaction between dipole and quadrupole moments of both primary and
secondary beam molecules (Table 4 of I). With the computed probabilities and
apparatus functions (see Appendix B) theoretical apparatus cross sections were
calculated from Eq. (16). For each scattering gas the adjustable parameter Kg
was Introduced in Eg. (20). From the calculation of the apparatus functions

also (nZ)e as function of the secondary beam flow was obtained (Eg. (13)).

ff
With the aid of Eq. (12), finally, theoretical values for the slope of r as

function of the secondary beam flow were obtained, with the ratios of
population differences R§=(R:))_1 as adjustable parameters. The fit of the
theoretical slopes to the experimental values yielded values forl% and Rg

{rable 2). With the values for Rz and (nl) again the experimental cross

eff

were obtained from the experimental slopes. For

sections o/2PP _ 5Y.,aPP
p?s

p*s

the calculation of the uncertainties in the experimental cross sections the
errors in the experimental slopes and in Rg were regarded as not correlated.
A summary of these results is given in Table 1 for both types of apparatus
functions (see Sect. 3). The uncertainties in the theoretical apparatus cross

sections originate from the errors in K_ and were calculated by the fit program.

g
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OSLZPP - ULLZPP
type A type B
p*s theory experiment theory experiment
(1,1)>(2,1) 17.8(15) 15.1(13) 15.9(17) 14.6(12)
NH3 (2,1)>(1,1) 13.1(12) 16.9(26) 11.7(13) 17.5(27)
1192 m/s (2,2)>(3,2) 13.9(12) 14.6(13) 16.1(16) 16.7(13)
0.332x101 72 (3,2)>(2,2) 14.0(10) 16.8(23) 15.2(14)  14.7(19)
(2,1)>(3,1) 24.0(22) 21.1(35) 27.6(29) 23.6(35)
(3,1)>(2,1) 24.5(20) 26.2(27)
(1,1)>(3,1) -1.13(15) =-2.08(50) -1.63(31) -2.25(51)
(1,1)>(2,1) 120.1(56) 130.2(94) 116.9(94) 125.9(84)
CH3F (2,1)>(1,1) 99.1(69) 95.7(80) 94.4(67) 98.9(78)
1078 m/s (2,2)>(3,2) 13.2(11) 11.0(12) l14.8(16) 12.5(12)
0.434x101 72 (3,2)+(2,2) 14.0(13)  14.9(24) 14.3(17)  13.1(20)
(2,1)>(3,1) 18.3(16) 19.4(29) 19.9(16) 21.7(29)
(3,1)>(2,1) 25.5(35) 24.2(32)
(1,1)+(3,1) =-0.10(4) -0.04(2)
(1,1)>(2,1) 21.5(46) 21.1(19) 20.8(37) 20.4(16)
CF3H (2,1)>(1,1) 15.7(34) 22.5(42) 15.1(29) 23.3(43)
1014 m/s (2,2)+(3,2) 0.63(18) 0.59(48) 0.62(15) 0.68(54)
0.590><10”rn-2 (3,2)+(2,2) 0.62(18) 0.60(16)
(2,1)~>(3,1) 1.23(38) 2.3(44) 1.15(32) 2.5(49)
(3,1)>(2,1) 1.13(39) 1.06(31)
(1,1)+(3,1) -0.004(1) -0.001(1)
TABLE 1 : Summary of theoretical and experimental apparatus cross sections (in

10°

1 sccm are given.
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type A type B

i 0.78(12) 1.10(11)
3
Kemp 0.66(13) 0.86(10)
3
Cer 2.15(30) 2.29(27)
3
11
R)) 3.96(26) 4.09(25)
22
R22 4.07(35) 3.57(28)
Rii 17.2(24) 15.5(19)

TABLE 2 : Values of Kg and the population ratios Rg, obtained in the fits.
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All computations for the apparatus functions and theoretical predictions of
cross sections were performed with a numerical error smaller than 1%, which is
well below the experimental error.

In addition to the measurements, yielding the values given in Table 1,
also combinations of those doublets with AK#0 were tried. But no effects were
observed larger than three experimental standard deviations. Also for some
combinations with AK=0 no value for the rotational cross section could be
obtained. In some cases (e.g. CF3H) cross sections are simply too small; in
other cases (cf. (3,1) > (2,1)) the ratio of population differences is too
small. But for all transitions the ratio between parity conserving and changing
apparatus cross sections is roughly the same (Table 3). All transitions in
Table 1 are of the AJ=%*1, AK=0 type, except for the (1,1) > (3,1) transition
of NHB—NH3 scattering. Although the experimental error is quite large for the
last transition, it clearly indicates that for a rotational transition with
AJ= t2, AK=0 the parity conserving collision-induced transitions are dominant
over those changing the parity. This is just the opposite situation as with
theAJ=*1, AK=0 rotational transitions, where the parity changing collision-

induced transitions are dominant.
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6. DISCUSSION

The agreement between theory and experiment is satisfactory in view of the
assumptions and simplifications made for the interpretation. In the present
investigation the experimental cross sections can be obtained from the
experimental data via the ratios of population differences Rz. These ratios
are determined by fitting a theoretical model to the experimental results. This
model includes not only the calculation of transition probabilities, deflection
functions and apparatus functions, but also their relation to the measured
effects (Eq. (12)). The number of experimental data used in the fits is twice
the number of fit parameters. Consequently the fits test, besides the models
used, also the deduced experimental cross sections and their consistency for
different transitions and scattering gases. The fact that both fits, with
different types of apparatus functions, yield almost the same values for the
ratios of population differences and nearly the same experimental cross
sections, is regarded as a strong support for the present interpretation. Both
types of apparatus functions treat the primary beam as a line beam and
differences between them are apparently compensated by the deflection function.
Differences between these (line-beam) apparatus functions and (real-beam)
apparatus functions that take into account the radial and angular distribution
of the primary beam, are expected to be small, because the acceptance angle
and consequently the latter functions are nearly independent of the state
selector voltage (Sect. 5). Therefore nearly the same experimental cross
sections would be obtained also with the real-beam apparatus functions. The
values for x2, found in the fits with apparatus functions of type A and B,

are 48.4 and 38.6, respectively. These quite large values indicate that the
used models could be improved. The energy defect SE (Eq. (15)) is not treated

properly either in the apparatus function or in the deflection function.
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From Table 2 it is seen that the fit with the "nonresonant" apparatus
function (type A) yields smaller values for Kg than the fit with the "resonant"
apparatus function (type B). It appears that when the collision dynamics in the
apparatus function are treated as if the molecules are making "resonant"
transitions, the factor Kg in the deflection function is closer to the "non-

rotating" value of‘ﬂ?B (Eq. (20) and further). The scattering gas CF_H yields

3
a value for Kg well above this "nonrotating" factor. It is however determined
mainly by transitions between the (1,1) and (2,1) inversion levels of ammonia.
For the other two scattering gases Kg is determined also by transitions between
the (2,2) and (3,2) and between the (2,1) and (3,1) inversion levels. The

3 3

constants of these molecules. The molecule CF3H is an oblate symmetric top

difference in Kg for CH.F and CF.H can be understood from the rotational

with relatively high population of levels (J,K) with large K values (at a
temperature of 300 K). This means that the molecule is preferentially rotating
around an axis almost parallel to the symmetry axis and behaves as an almost
"nonrotating” dipole. The molecule CH3F, however, is a prolate symmetric top
with well-populated levels (J,K) for low K values, resulting in a "rotating”
dipole (Sect. 4) and a smaller factor Kg. As with diatomic molecules, for
symmetric tops rotation of the dipole moment decreases the deflection angle.
The ammonia molecule as scattering partner is a special case, because almost
the complete cross section comes from "resonant" collisions. The agreement
between theory and experiment could be improved by introducing a separate
factor Kg in the deflection function for each rotational transition, which
would make the deflection function dependent on (J,K). But both the limited
amount of experimental data and the fact, that the energy defect cannot be
treated exactly in the computation of the apparatus function, render such
refined treatment highly questionable. Even with the present interpretation
the uncertainties in theoretical and experimental values are overlapping for

practically all measured cross sections.
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In Table 3 the parity changing (o) and conserving (Y) contributions to
the rotational apparatus cross sections are given for both types of apparatus
functions used. The table contains also the integral cross sections (a- and y-
type) for each transition. For all transitions measured,the o-type transition
connects upper and lower levels and the y-type transition connects upper with

upper and lower with lower inversion doublet levels (Eq. (3) and Fig. 2).

Y app +app

Comparison of © with Ou in Table 3 shows that the first one is only
about 10% of the second one. So only the latter 1s really probed in the maser.
This is due to the fact that the dipole-dipole interaction, which is the main
interaction for large impact parameters and small deflection angles, con-

Yo

o
3PP 2nd not to o

tributes only to O app- The parity conserving transitions
originate from interactions involving the quadrupole moment of ammonia, which
have rather a short-range character. Therefore the integral cross sections for
these transitions depend more critically on the normalization procedure
(Sect. 4) for the transition probabilities than those for parity changing
transitions. In the small impact parameter region there is a coupling due to
this procedure between the probabilities for parity changing (@) and conserving
(Y) transitions. This may produce too large cross sections of type Y on
transitions with small cross sections of type a. Nevertheless for NH3-NH3
scattering the ratio between the cross sections for excitation and de-
excitation is for all parity changing and conserving transitions within a
few percent equal to the ratio following from the principle of detailed
balance.

The angles in the centre of mass system for which the apparatus function
of type B has the value 0.5 are 2.80, 2.2o and 1.9° for NH3, CH3F and CFBH,
respectively. From Table 3 it is seen that with this angular resolution for

NH3 about 35% of the cross sections for parity changing and about 8% of the

cross sections for parity conserving transitions are probed. For CH3F these
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integral type A type B
s U;+s 0;+S cg;zpp Gg;ZPP 0:;2PP Gg;:PP
(1,1)>(2,1) 59.4 21.3 19.6 1.9 17.3 1.3
(2,1)~>(1,1) 43.6 14.7 14.6 1.5 12.8 1.1
(2,2)>(3,2) 47.4 19.2 15.4 1.5 17.5 1.4
NH3 (3,2)>(2,2) 39.4 14.7 15.3 1. 16.5 1.
(2,1)+(3,1) 72.3 9.7 24.7 28.2
(3,1)>(2,1) 66.3 8.0 25.1 . 26.8 .
(1,1)+(3,1) 0 18.4 0 1. 0 1.
(1,1)>(2,1) 211.6 99.7 132.6 12.5 125.6 8.7
(2,1)>(1,1) 176.1 73.9 107.5 8.4 100.4 6.0
(2,2)+(3,2) 55.6 55.5 17.2 4.0 17.4 2.6
CH3F (3,2)>(2,2) 52.8 71.8 17.5 3.5 16.6 2.3
(2,1)>(3,1) 62.8 29.5 20.0 1.7 21,0 1.1
(3,1)>(2,1) 93.1 29.2 26.9 1.4 25.2 0.9
(1,1)>(3,1) 0 12.8 0 0.1 0 0.04
(1,1)>(2,1) 110.5 103.5 22.5 1.0 21.6 0.8
(2,1)>(1,1) 108.4 78.0 16.3 0.6 15.7 0.6
(2,2)+(3,2) 23.2 50.4 0.7 0.1 0.7 0.1
CF3H (3,2)»(2,2) 22.4 71.4 0.7 0.1 0.7 0.1
(2,1)>(3,1) 38.9 27.1 1.3 0.05 1.2 0.03
(3,1)+(2,1) 57.2 27.2 1.2 0.04 1.1 0.03
(1,1)+(3,1) 0 13.3 0 0.004 0 0.001
TABLE 3 : The theoretical integral cross sections and the parity changing and

conserving parts of the apparatus cross section (in 10

both types of apparatus functions.
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wK)=(1,1) and (2,1) levels, where they are twice as large. This is due to
gher transition probabilities at large impact parameters. Consequently the
wrmalization procedure becomes effective at quite a large impact parameter
id decreases the probability for smaller impact parameters. With the

‘attering gas CF_H only parity changing transitions between the (J,K)=(1,1)

3
d (2,1) doublet levels are probed for about 18%., The cross sections for the
her transitions are too small to be measured in the maser.

The dependence of the integral cross section for parity changing
‘ansitions on the rotational quantum numbers is also different for the three
‘attering gases. For NH3 the cross section shows no clear behaviour,whereas

ba CH3F and CF3H the cross sections connecting the (1,1) and (2,1) levels are
4 times as large as those connecting the (2,2) and (3,2) levels. The cross
ctions for transitions between the (2,1) and (3,1) levels are again only
mewhat larger than the latter. For parity conserving transitions the integral
oss section shows a more complicated dependence on the rotational quantum
mbers. This might be due to the more short-range character of the interactior
at are responsible for these transitions.Comparison of the Q-type cross
ctions for the three scattering gases shows, that for the (J,K)=(1,1) to (2,1
ansition the ratios NHB:CH3F:CF3H are roughly 1:4:2, Besides the differences
. permanent multipoles (Table 4 of I) and the influence of the rotational
antum numbers via the 3-j symbols in Eg. (18), also the population
stribution over the initial states of the secondary beam molecules plays an
portant role in the explanation of these facts (Eg. (17)). For ammonia as a
attering gas, all collision-induced transitions are almost completely
sonant and only one initial state of the secondary molecule is contributing

the cross section. This results in nearly constant cross sections as

nction of the rotational quantum numbers and an almost constant fraction of
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the integral cross section that 1s probed in the maser. For the other two
scattering gases there are many 1initial states of the secondary beam molecule,
from which the molecule can make almost resonant transitions, due to the
smaller rotational constants. However only the states fraomwhich transitions

can be i1nduced with energy differences matching the (1,1)-(2,1) transition of
NH3 are well-populated 1in these molecules. This results in larger cross sections
for transitions between these inversion doublets, compared to other

transitions.

Because 1ncomplete i1ntegral cross sections are measured in the maser, a
direct confrontation of the experimental results with the outcome of other
experiments 1S not possible. Nevertheless guite a large fraction of the integral
cross sections i1s probed and can be explained using the modification of
Anderson's theory (Eg. (19)). Therefore 1t 1s interesting to use this theory
for a prediction of the outcome of other experiments. 0ka2 performed many

experiments on collision-induced population transfer in NH, using a steady-

3
state double-resonance method. The interpretation of the measurements with a
simplified form of Anderson's theory yielded a poor agreement between observed
and calculated relative intensity changes AI/I4. Peterson13 has used the sudden
approximation formalism to predict the AI/I values, measured by Oka for the
system NH3-NH3, but did not find any improvement compared with Oka's attempt.
For a relative velocity of 865 m/s, being the mean relative velocity in a cell
at 300 K, all cross sections, which are needed 1n the interpretation, including
1nversion cross sections, are calculated using the modification of Anderson's
theory presented in this paper. It should be noted that, whereas in the maser
cross sections summed over the final rotational substates M& of the ammonia
molecule are measured (Eq. (16)), the relative intensity changes measured in

Oka's experiments are expressed in MJ—averaged rate constants (Eq. (9) of Ref.

4)
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where vp and vs are the frequencies of pump and signal inversion transitions,
respectively; the arrows indicate that transitions s2p have to be taken; the
subscript B stands for inversion transitions of the signal doublet and £
indicates the sum over all other transitions out of the signal doublet. The
rate constants can be expressed in cross sections by k='<vr(J>. In Fig. 6 a
comparison is made between the experimental and theoretical values of AI/I.

The agreement is good, especially if compared to that obtained by Oka4, whose
calculated values are on the average a factor five too large. The maximum in
the deviation between theory and experiment for K=3 is also found by Oka. There
is no easy explanation for this maximum in the deviation; the fact that it

appears for ortho—NH3 (K=3; IH=3/2) may be purely accidental. Shimizu et al.3

calculated a cross section of 25)(10—20 m2 from their laser double-resonance
experiment on the (3,2)+(2,2) transition. But both experiment and its inter-
pretation are subject to serious doubts.

The present investigation shows that it is possible to measure cross
sections for rotational (de-)excitation of ammonia in a beam maser. Only for
collision-induced transitions with AK=0, effects could be observed. Inter-
pretation, using a modified form of Anderson's theory and permanent multipole
interaction, yielded good agreement between theory and experiment. Moreover

this modification gives a satisfying agreement with the steady-state double-

4
resonance experiments of Oka’.
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Figure 6: Comparison between double-resonance experiments of Oka on NH3 and
calculations with the theory presented in this paper (unfilled
circles for 0.3 m cell; filled circles for 3 m cell; crosses for

theoretical results); pumping J=K+1, signal J=K.
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APPENDIX A : TRANSFORMATION OF MEASURED EFFECTS INTO ROTATIONAL CROSS SECTIONS

The primary beam is regarded as a line beam with only one velocity. Per

travelled path length dz through the scattering region the change of the

flux NJKMu of molecules in a particular rotational substate is
dNJKMu _ )X n ZE Ueff N
- TR IKIM'1
dz JUR'M! vy J'K'i>JKu J'K'M
i=u,l
(a1)
v

The corresponding relation for N

sxmz 18 obtained by interchanging u and 7 in

Eqg. (Al). Herein vy is the primary beam velocity, v, is the relative velocity,
n is the density of the secondary beam, c;:t is the integral total cross

section for state [J,K> averaged over MJ and

93K $+TKu an aa (A2)

eff =f o
. J'K'i+JKu

id

is the differential cross section for the transition |J',K’',i >+¢J,K,u> ’
averaged over M& and MJ and integrated over those angles in the centre of
mass that correspond to angles in the laboratory system within the acceptance
angle of the detector.

The dependence of the density and the cross section in Eq. (A1) on the
different internal states of the secondary beam molecule is not indicated
for brevity's sake. The cross sections for rotational transitions are smaller
than those for inversion transitions and also smaller than the elastic cross
sections. So only a very small part of the molecules that collide twice will

make a rotational transition. With the assumption that only molecules that

make a single collision contribute to the first term of Eq. (Al) the
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following expression

z v
0 - I n ;r— U;;t dz’
Noemi = Nowmi e o 1 (a3)
is substituted in this term. Herewith Eg. (Al) can be written in the form
z v
I n v—r- O‘;;t dz'
a eO 1 N _
dz JKMu
z v
-fn £ ct?t, - ctOt dz' (A4)
v v J'K JK
5 n-% Ueff (0] e 0 1
Tt 1 J'K'i»JKu J'K'M'L
i=u,l
0 . . . .
where NJKMi is the flux of molecules entering the scattering region in a
, tot tot
particular substate. If UJK and GJ'K' are almost equal, Eg. (A4) has the
approximate solution
z v
0 r eff 2
N =|n + X [ n% o0, dz' + o(n")
-
JKMu JKMu JTR'M 0 v, J'K'i*JKu
i=u,l (A5)
z v
- fn X0t gz
x No e o Vi JIK
J'R'M'1
2 2 tot tot
Herein O(n") stands for terms proportional to n x(OJ,K, - %k ) .

If the pump and signal inversion doublets are denoted by (JP,KP) and
(JS,KS), respectively, the following expression is obtained for the difference

A between the situation with and without pumping
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Z Ve eff 0
P X )
AN xMuw™Z% J"‘v 97 k i+3 Kk u 92 ANy koMt
s s s MP 0 1 s's PPP
i=u,? (26)
Z v
- fngEofy a
x 8 0 1 s's

The term O(nz) in Eq. (AS5) can be omitted for small densities of the secondary
beam. From the dependence of the experimental results on the secondary beam
density it can be checked whether the used densities are not too large. With

the definition
A(N -N
u

Z) JKM JKMu — JKML (A7)

substitution of Eq. (A6) yields
1

z vr eff eff
- = —_— - L)
AN N xm T 2L ;I“v (GJKu~>JKu °JKu+JKZ)dZE
s's's M 0 pp s's PP s s

2 v
0 r [ eff eff ,
XANJKMU+3Inv (GJKZ-hJ'Ku UJKZNKZ)dzg
0 PP s s PP s's

z v
tot
0 -[nZX o dz' (a8)
XANJ xkmi|€ o Vi IsKs
PPP
2 .
Following Oka we write
o =0 - Y
Jpru+JSKSu JPKPZ—USKSZ = Up—*s (A9a)
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a
= O =

9 K uT K 1 J K I+J K u °p+s (A9b)

PP 5 s PP 5 s

if |K -K | is even and
P s

a

(o] = =

JKurd Ku - %5k I70.k.1 - %pus (A9¢)
PP ss pp S'S

- Y
g =0 =0
JPKPu—nsts A JPKP Z»Jsxsu s (29d)

if IKP—KSI is odd. In this notation o stands for parity changing, Yy for parity
conserving transitions, p for JPKP and s for JsKs' Using these definitions Eq.

(A8) yields for IKP—KS| is even

z v
I n L OY,eff _ Ua,eff dz’
0 v p?s p*s

AN Ny gy =T [i
s's's 1

c dz!' (A10)

The intensity IJK of a detected inversion transition is proporticnal to

the population difference of the levels involved, i.e.

I (:) L (N -N (a11)
u

)
JK M 17 JxM

With Egs. (A10) and (A11) the following expression is obtained, after summing

0
over MS, for the relative intensity change AIS/Is
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LOANNI G kM
AT Mp PPP 2 Yy Y,eff a,eff .
—_—= o fn-v—- GP_»S Up*s dz
I z (Nu—NZ)J KM s (0 1
M -]
s
(a12)
z v
- f n = o™t gz
xe o Vi1 °

The efficiency of the microwave pumping on doublet (JP,KP) enters Eq. (Al2) via

0
LOAMNND g g
Mp PPP

*
the signals from the probe cavity with (Ig ) and without (Ig) pumping. Now a

. This efficiency can be determined experimentally by comparing

multiplier Fp is introduced

0
LONNAD S e m
1 Mp PPP
Fp = IO* = > by )0 (a13)
1- u JA JPKPM
10 P
P

which is unity if in the pump cavity upper and lower levels of the (JP,KP)
doublet are equally populated., A quantity ;0 independent of the pumping

efficiency is obtained by multiplying Eqg. (A12) by Fp

AT z v
0 _ S _ P r a,eff _ y,eff \
g EF —5 =R ﬁ g g n _v1 (cp+s g dz

(A14)
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where Rg, the ratio of population differences, is given by

0
LN NG
p “2, PPP
Rs = 0 (a15)
T (Nu-NZ)J K M
MS S s s

For small acceptance angles the elastic and inversion effects cancel for the
microwave line intensity (see I). In the assumption that with the present

angular resclution the same cancellation occurs one can write (Eg. (192) of I)

g
o]
o
o)

(al16)

-
th O|n

The validity of this assumption is confirmed by the linear dependence of the
experimental results on the secondary beam density. Substitution of Eq. (Al6)

into Eg. (Al4) yields

O—nN
<]
H<IH<

grCEE _ YRR ) g (a17)
s s

From Eg. (Al7) it is seen that f is linear in the secondary beam density n,
while AIS/I: (Eq. (Al12)) and also :0 are not. This simplifies considerably

the determination of cross sections from the observed signal intensity changes.
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APPENDIX B : THE APPARATUS FUNCTION

In texrms of the apparatus function G used in I, Eq. (9) can be written as

g = Rz z 2n [ decm sin® )

G (V ,6
cm p*s r,m’ cm
(B1)

a o .4 Y
x ; [ an CI(ecm'vr,m)p-fs ae U(ecm'vr,m)p+s]

The subscript p*s of the apparatus function indicates that the change in
kinetic energy of the molecules has to be taken into account in the
calculation of the relative velocity after the collisione. In order to
simplify the computation of the differential cross sections for rotational

transitions a uniform mean relative velocity is assumed:

5 rom Gp*p (Vr,m'o)
< v > = r,m
r z G (V IO)
v PP  r,m
r,m (B2)
Av, Az
_ 1 2 i
wh ;' I(Ozij) P(VZ)Vr 3
eff ijv r,. v, v
ij "1 2
where the expression for (nZ)eff is (see I)
Av, Az
_ _ " 2 i (B3)
(nZ)eff =2z GP*P(Vrrm'O) = F. I(v2ij) P(VZ)Vr 5
v ijv L. v
r,m 2 ij 1 "2
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Herein 1 gives the position on the line beam (divided in sections Az), J gives
the channel on the effuser, I(Gzlj) 1s the secondary beam intensity in the

&
direction 0213 ' P(v2) 1s the Maxwellian velocity distribution of the secondary

beam molecules and rlj 1s the distance between channel j and point 1 on the

line beam. At the velocity <vr> a (new) normalized apparatus function is defined

as
3 Gp*s Vr,m' cm
r,m
H = (ecm) =
P r 6. (v. ,0
v PP r,m
xr,m (B4)
A
1 T 1o, ) Plvy) v 2 " 2 en
(nl) 213 2 2 2T 6 13v
eff 1jv v, Vv ad cm 2
2 13 1 72

the subscript 1d (inside detector) under the integration sign indicates that
the integral 1s confined to those angles that correspond to trajectories
through the detector after the collision. Introducing a step size Aecm'

Eq. (B4) can be written as

1 Av2 Az-_L
H (6 ) = —— % I(? ) P(v,)v
p’s cm,k (nZ)eff 19v 213 2 'r r2 vV
2 1] 1°2
(B5)
x 1 I dQc Tk(ec )
AB 27 sin 6
cm 1d C
with T, (8 )=1 for O - % A8 <6 <9 + % A®
k cm cm,k cm = cm = cm,k cm
(Bo)

T (6 )=0 otherwise.
k cm
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To simplify the computation of the integral in Eq. (B5) two transformations

are performed*:

(1) from the centre of mass system to the laboratory system (lab)

v\ 2

em ' cos o dp'lab (B7)

(2) from the laboratory system to the plane of the detector opening

1
ap = 2 dxy dq
R cos E

(B8)

Herein vi is the primary velocity in the laboratory system after the collision,

ui is the same velocity in the centre of mass system, a is the angle between

those two velocities, (xd,yd) is taken in the detector opening, R is the
distance between the point where the collision takes place and (xd,yd), £ is

>
the angle between vi and the machine axis.

With these transformations the computation of H (6 ) is done
p>s cm,k

following the Monte Carlo method, where each "event" is determined by the

choice of (i'j’vz’xd'yd)'

In terms of the apparatus function H (Ocm), the expression for %

(Eq. (B1)) is

* M.A.D.Fluendy and K.P.Lawley, "Chemical Applications of Molecular Beam

Scattering", page 40, Chapman and Hall, London 1973
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P ,
= 8
z RS(nZ)eff 2w Idecm sin cm H p—>s(ecm)
(B9)
a a a_ Y
X f{ [dQ c (ecm' <Vr>)p—)‘s T an c(ch, <Vr>)p—>s:|
s
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CHAPTER 4

BEAM MASER INVESTIGATION OF INELASTIC SCATTERING OF NH3

III. CROSS SECTIONS FOR ROTATIONAL TRANSITIONS INDUCED BY CO2, N2 and H2

D.B.M. Klaassen, J.J. ter Meulen and A. Dymanus
Fysisch Laboratorium, Katholieke Universiteit

Toernooiveld, 6525 ED Nijmegen, The Netherlands

ABSTRACT

Cross sections for rotational transitions between various low-lying inversion
doublets of NH3 in collisions with C02, N2 and H2 are measured in a double-
resonance beam maser set—upz. A modification of Anderson's theory presented
in Ref. 2 yields values for the cross sections that are in good agreement
with the experimental results for CO2 and N2. For the system NH3—H2 transition
probabilities are evaluated in Anderson's theory using "bent"” trajectories.
Induction and dispersion terms up to R_7 are considered in the long-range
intermolecular potential. For the short-range repulsive part two emplirical
potentials are proposed with parameters that are fitted to the experimental

results. Integral cross sections for rotational transitions calculated with

these potentials are also presented.
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1. INTRODUCTION

In the first paper1 (hereafter referred to as I) of a series on collision-
1nduced population transfer in ammonia, the special importance of NHB—H2
collisions for the interstellar ammonia problem was indicated. A brief summary
of known techniques used to obtain state-to-state collision cross sections
showed that they either cannot be applied to ammonia or give only indirect
information about the cross sections. In a consecutive paper2 (hereafter
referred to as II) a double-resonance beam maser experiment was described.
Measurements for ammonia-polar gas systems demonstrated that direct
information on the rotational cross sections could be obtained. The
dirfferential equations governing the population transfer in ammonia induced
by collisions were solved and a method for comparison of experiment with
theory was presented.

In this investigation the same experimental method 1s applied to ammonia-
nonpolar gas systems. Before the ammonia beam collides with the secondary beam
a sharp change in the population of the upper and lower levels of a specific
inversion doublet 1s produced by strong radiation of a microwave cavity tuned
to that inversion transition. Transitions induced by collisions with the
secondary beam can transfer this change in population to a different doublet,
to which a cavaity behind the scattering region 1s tuned. For the system
NH3—CO2 collision-induced rotational transitions are measured between a number
of inversion doublets at a secondary beam temperature of 300 K. For nitrogen
as scattering partner one rotational transition 1s investigated at three
secondary beam temperatures: 77 K, 300 K and 350 K. With molecular hydrogen
as scattering gas, cross sections are determined for collision-induced
transitions between the (J,K)=(1,1) and (2,1) inversion levels and between

the (2,2) and (3,2) levels.
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In IT a modification of Anderson's theory was described that yields a
proper descraiption of transition probabilities at small i1mpact parameters.
This modification i1s used for CO2 and N2 taking only dipole-quadrupole and

quadrupole-quadrupole interactions into account. For the system NH3—H2 these
1nteractions are not sufficient to explain the observed cross sections.
Induction and dispersion potential terms, containing the quadrupole
polarizability, are found to be competitive with the low-order permanent-
multipole interaction. Moreover, the main contraibution to the rotational cross
sections turns out to originate from the small impact parameter region.
Therefore, instead of the straight-line approximation, "bent" paths are used
1n Anderson's theory. As the short-range repulsive potential for the system
NH3—H2 1s not known from ab initio calculations, a model function 1s introduced
for this short-range part of the potential with parameters adapted to the
experimental results. With this empirical potential antegral state-to-state
cross sections are calculated and used for the interpretation of line
broadening experlmentsd and the steady-state double-resonance experiments of
Oka4. Also for these 1nvestigations a reasonable agreement between theoretical
and experimental results 1s found, which supports the potential and cross

sections obtained.
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2. EXPERIMENT

The experimental set-up and method are described in I and II. In the present
investigation the secondary beam is not always at room temperature. When
molecular hydrogen is used as scattering gas, the cryopump is kept at a
temperature of about 3.5 K. At this temperature the vapour pressure of the
hydrogen frozen on the cryopump is well below the background pressure of
6><10-5 Pa in the molecular beam apparatuss. In order to keep the cryopump at
such a low temperature, the shield by which it is surrounded is cooled with
liquid nitrogen. The multi-channel array, mounted on this shield, and the
secondary beam are then also at liquid nitrogen temperature.

With nitrogen as scattering gas, measurements were performed for three
temperatures of the secondary beam. In addition to room and liquid nitrogen
temperature, a temperature of 350 K was achieved by circulation of warm water
through the reservoir to which the shield is attached, which carries the
secondary beam source. The water is kept at constant temperature by a

thermostat (Tamson).
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3. THEORY

In 11 a modified form of Anderson's theory was presented to explain the
observed rotational cross sections., The modifications were required for the
calculation of the transition probabilities in the small impact parameter
region and for the proper treatment of so-called "off-resonance" transitions.
In this investigation essentially the same theory is used for NH3-C02 and

NH3—N2 scattering. For the system NHB—H2 the resonance function6 is cal-
culated using "bent"” trajectories instead of straight paths.

When both primary and secondary beam molecules have large dipole or
quadrupole moments, the transition probabilities derived in the permanent-
multipole interaction scheme (Eq. (18) of II) are sufficient to describe the
scattering process. For molecules with small permanent multipoles other terms
in the intermolecular potential may become important. The long-range part of
the intermolecular potential can be split into an electro static, an induction
and a dispersion part7. Within the framework of Anderson's theory the
contribution of a large number of individual terms in the potential to the

8,9,10

transition probability is well-known . For the systems NH_-CO, and NH_-N

3 2 372
calculations of pressure broadened line widths show, that the contribution of
induction and dispersion terms in the intermolecular potential is negligible
relative to the dipole-quadrupole interactionlz. Similar (pressure broadening)
calculations, however, indicate that for the ammonia-hydrogen system besides
the electrostatic terms also the induction and dispersion terms up to R_7
play an important role in the intermolecular potentiallz. These conclusions
are confirmed by our computations of rotational transition probabilities,
which included all these potential terms. Moreover, these computations show
that for the NH3—H2 system besides the dipole-quadrupole and quadrupole-

quadrupole interaction only the induction and dispersion terms proportional

-7 R . s e
to R ' are important. The contributionsof these terms to the transition
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probability are summarized in Appendix A. Two (parity changing) contributions
(Egs. (A1) and (A2)) originate from the quadrupole-induced dipole interaction
and the dispersion interaction caused by the anisotropy 1n the quadrupole
polarizability of the ammonia molecule. A third (parity conserving)
contribution (Eq. (A3)) comes from the dispersion interaction proportional to
the 1sotropic quadrupole polarizability of the ammonia molecule. This last
contribution, given by Egq. (A3), 1s non-zero only for AK=%3 transitions,
whereas the contributions given by Egs. (A1-A2) are non-zero for AK=0
transitions.

The probabilities for rotational transitions for the systems NH3-CO and

2

NH3—N2 are so large, that for small impact parameters the normalization
procedure (Egq. (19) of II) 1s working properly. This means that small impact
parameters do not contribute significantly to the integral cross section for
an i1ndividual rotational transition. For the system NH3-H2 the transition
probabilities are much smaller. Consequently the normalization procedure
becomes effective only for very small impact parameters. For the (1,1)-(2,1)
transition thas results in a contribution of about 75% to the integral cross
section from impact parameters smaller than the zero-crossing of the isotropic
Lennard-Jones (12,6) potential, o=0,345 nm12. Since i1n the straight-path
approximation, used to evaluate the resonance functions, the distance of
nearest approach i1is equal to the impact parameter b, a different method has

to be followed for the system NH3—H2. A simple, but also rather artificial,
approach 1s aintroducing, in the ordinary straight-path approximation, a some-
what arbatrary parameter d and setting the transition probability P(b)=P(4d)
for b;glg. Physically more satisfactory is the "bent"-trajectory

approximation adapted for the present calculations. In this approximation each
trajectory 1s replaced by two straight-line segments; the angle between these

segments 1s equal to the deflection angle of the i1sotropic L-J (12,6)

potent1a114 (see Appendix B).
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The anisotropic potential for the NH_-H_ system is not well-known to date.

372
For similar systems ab initio calculations have been performed for HZCO—He by
1 7,18
Green et al.15 and Garrison et a1.16 and for NH3—He by Greenz >*7. The

19 L
calculations of Bonamy and Robert were limited to the long-range part of the
NH3—He potential. Therefore some model has to be used for the anisotropic

NH3-H2 potential. Most potential mode1520 commonly used in the interpretation
of molecular beam scattering data, contain several adjustable parameters. Fox
the system NH3—H2 reascnable estimates for the long-range anisotropic
potentials are availablell. However, the present experiments yield only a
limited number of data that can be used for the determination of the
adjustable parameters (see Sect. 4). Instead of using an anisotropic potential
model with a few adjustable parameters we have chosen two different models
each with only one adjustable parameter that does not affect the long-range
behaviour. In the first model (e-type) each long-range potential term
proportional to R" is multiplied by

-c(R/o-1)

h _(R)=1-e (H
c

and in the second model (LJ-type) by

n

h, (R)=1-a(o/R) %~ (2)
Both models have a minimum in the potential. With the e-type model the zero-
crossing is fixed at R=o. The second potential model has the form of an iso-
tropic L-J (12,n) potential. The factors c and d in Egs. (1) and (2) are
determined from the experiment. For the two types of potentials the expression
for the resonance functions with bent trajectories is given in Appendix B.
Resonance functions for straight and bent trajectories are compared in

Fig. 1, where w=|6E|/ﬁ (Eq. (15) of II) and v, is the relative velocity.
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Figure 1: Comparison between resonance functions for dipole-quadrupole
interaction with bent (solid line) and straight (dashed line)

trajectories.

90



For large values of mb/vr the functions are identical. The resonance function
calculated with bent trajectories shows a sharp maximum at the impact parameter
that corresponds to the rainbow angle. This is caused by the fact that with
bent trajectories negative deflection angles (attraction) result in longer and
positive deflection angles (repulsion) result in shorter interaction times than
with the corresponding straight paths. For small values of wb/vr the

resonance function for bent trajectories is several orders of magnitude
smaller than the one for straight paths. This can be explained by the fact
that with bent trajectories the distance of closest approach has a non-zero
lower limit (see Fig. 6), whereas for straight paths this distance becomes
equal to zero. Consequently the transition probabilities for backward
scattering, obtained from the resonance functions by dividing by the
appropriate power of the impact parameter (Egs. (A1)-(A3)), are finite.

For the interpretation of the experimental results also a deflection function
for the systems NH3-CO2 and NH3-N2 is needed. In II it was pointed out that
for two polar symmetric top molecules it is quite difficult to construct such
a function that takes into account the relative rotation of the molecules.

This is even more difficult for the system of a polar symmetric top molecule
and a linear molecule possessing a quadrupole moment, because of the com-

plicated expression for the interaction. Therefore for NH3-CO2 and NH3—N2

the classical deflection function for a potential V(R)=C4/R4 is adoptedzz

o]
3 -
e(b)=z-_$b4
cm

(3)
2
(ﬁuvr)

p is the reduced mass and C, is proportional to the product of primary dipole

4
(ul) and secondary quadrupole (Q2) moment., As in II an adjustable parameter

Kg, which is fitted to the experimental results, is introduced by setting

%C4=K u1Q2.
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g®73PP _ Y.app

s p>s
transition type A type B
p*s theory experiment theory experiment
(1,1)>(2,1) 11.2(11) 13.2(12) 11.4(10) 12.8(11)
(2,1)~>(1,1) 7.9(8) 9.3(13) 8.1(7) 9.6(13)
co, (2,2)>(3,2) 2.9(3) 2.6(3) 3.2(3) 2.9(3)
1050 m/s (3,2)>(2,2) 2.7(3) 2.9(3)
O.481><1017m—2 (2,1)>(3,1) 5.6(7) 3.8(10) 6.1(6) 4.2(11)
(3,1)>(2,1) 5.1(6) 5.5(5)
(1,1)>(3,1) -0.07(2) -0.05(1)

TABLE 1 : Summary of theoretical and experimental apparatus cross sections

20

(in10- m2) for NH3-CO scattering, for both types of apparatus

2

functions (A and B). In the first column also <vr> and (nZ)eff for

a secondary beam flow of 1 sccm are given.
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4. EXPERIMENTAL RESULTS AND INTERPRETATION

a. The system NH3-CO2

Measurements were performed for a number of rotational transitions
p=(Jp,KP)-+s=(JS,KS) given in Table 1. Calculated cross sections were
fitted to the experimental results following the procedure described in II.
Both non-resonant (type A) and resonant (type B) apparatus functions were
used (Sect. 3 of II). The resulting values of Kg (Eq. (3)) are given in
Table 2. As the primary beam conditions were kept the same as in previous
experiments (II) the ratios of population differences RZ were taken as
determined in II. Transition probabilities were calculated for dipole-quadru-
pole and quadrupole-quadrupole interaction. The molecular constants used for
NH3 are given in Table 4. The quadrupole moment and rotational constant used
for CO2 are 14.33><10_40 Crn2 and 11.67 GHz, respectively22. The experimental

apparatus cross sections shown in Table 1 are determined from the

measurements in the same way as in II (Sect. 5 of II).

b. The system NH3—N2

With nitrogen as a scattering gas, measurements were performed on the
(2,2) » (3,2) rotational transition of ammonia for three temperatures of the
secondary beam (see Table 3). For each temperature new apparatus functions
were calculated, but the same factor Kg was used for all temperatures. The
factor Kg obtained and ratios of population differences Rg used are given in
Table 2. As with CO2 only low-order multipole interactions are considered in

the theoretical calculations. The quadrupole moment and rotational constant

used for N2 are 5.0X10_40 Cm2 and 59.96 GHz, respectively22. The fit with the

apparatus functions of type A yielded a x2 value (the sum of least squares)
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type A type B

“co, 2.55(25) 2.64(13)
K 3.62(54)
N,
11
R 3.96(26) 4.09(25)
22
R 4.07(35) 3.57(28)
32
21
RS 17.2(24) 15.5(19)

TABLE 2 : Population ratios R§ adopted from II and values for Kg obtained in
the fits.

secondary beam graPP _ SY.aPP

Ly ps ps
temperature (K) <Vr> (m/s) (nz)eff (m ) theory experiment
77 992 0.719x107 0.71(11) 0.60(8)
300 1103 0.395x10%7 1.12(17) 1.13(14)
350 1128 0.372x107 1.08(16)  1.55(19)

TABLE 3 : Summary of the theoretical and experimental apparatus cross sections

tin 1072% n?) for NH_-N

32
The (nZ)e value is given for a secondary beam flow of 1 sccm.

scattering on the (2,2)(3,2) transition.

ff
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that was twice as large as the value obtained with the apparatus functions of
type B. So only the results obtained with the type B functions are summarized

in Table 3.

c. The system NH3-H2
With normal hydrogen as scattering gas, only effects for the (1,1) »> (2,1)

and (2,2) +(3,2) transitions were found. No effects could be measured on the
Ak#0 transitions between the inversion doublets with low (J,K) values (k is
the signed K value). Since the cross sections for NH3-H2 are very small their
measurements required rather lengthy time averaging procedures. As an example,
the results shown in Fig. 2 are obtained by combining measurements of several
days at the same flow setting. Each point in Fig. 2 is the average of about
150 measuring cycles. The Gaussian distribution of the results from the
individual cycles confirmed that all settings of the apparatus could be
reproduced within the experimental error. The values for { are an order of
magnitude smaller than for NH3-NH3 scattering (Fig. 3 of II).

Calculations of transition probabilitiesshowedthatAJz#O transitions of
the hydrogen molecules are negligible. This means that for NH3—H2 scattering
the apparatus functions of type A, with the energy defect set equal to that
of the primary beam molecule (see Eq. (15) of II and further), should be used.
For the (1,1) > (2,1) and (2,2) + (3,2) transitions the apparatus functions have
values of about 0.95 and 0.70, respectively, at ecm=0 (Fig. 3). This is due
to a rather large loss of kinetic energy in the centre of mass system for
these transitions (26% and 39%, respectively). Computations of transition
probabilities established that the inversion splitting of the ammonia molecule
can be disregarded for the calculation of the energy defect iw, except of

course for the inversion transitions. Moreover they showed that over the

entire range of impact parameters the values of transition probabilities are
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Figure 3: Apparatus functions for NH -H2 for the transitions p=(1,1) »> (2,1)

3
(solid line) and p=(2,2) »> (3,2) (dashed line).
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NH Ref. H Ref.

3 2
B (GHz) 298.12 23 1777.3 22
c (GHz) 186.71 2z
y (Cm) 4.92x10~30 24
o} (cn) 9.74x10"40 25 2.17x10740 22
o (m) 2.22x1073° 26 0.819x1073° 26
A, (m) ~0.0633x10%% 10
A (m) 0.793x10”%% 10
ar @ -0.81x10"%0 10
€ &) 0.1573x107%° 12
c (m) 3.45x107 10 12
c, (am®) 1061x10~0

TABLE 4 : Molecular constants and potential parameters.

g%r3PP _ [Y,app

ps ps
tra;i;tlon theory (e-type) theory (LJ-type) experiment
H2
(1,1)>(2,1) 0.74(16) 0.70(14) 0.570(75)
1426 m/s
0 2570107 o2 (2,2)+(3,2) 0.089(34) 0.084(36)  0.122(22)

TABLE 5 : Summary of theoretical and experimental apparatus cross sections

20

(in 10 m2) for NHB-H scattering, for both types of potential

2

models. In the first column also <vr> and (nZ)e for a secondary

£f

beam flow of 1 sccm are given.
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well below the values at which the normalization procedure (see II) becomes
effective. The actual computation of probabilities for a rotational transition
1s considerably simplified by these observations, because the normalization
procedure can be left out and for each impact parameter the resonance
functions have to be evaluated only once.

For each rotational transition calculations were performed, using the
molecular constants given in Table 4. As discussed in Sect. 3, for NH3-H2
the low-order permanent-multipole interactions are taken into account
together with the induction and dispersion interactions proportional to R_7.
The population ratios used were those obtained with the type B apparatus
functions in II (Table 2). For both types of potentials (Egs. (1) and (2))
the parameters ¢ and d were varied to get the best agreement between
theoretical predictions and experimental results. The parameters c and d, the
theoretical values for the cross sections, given in Table 5, and thelr
uncertainties were determined graphically from the experimental results. For

c the average of the values that yielded optimum agreement for the individual

transitions 1s 6.6(24) and for d this average 1s 1.0(4).
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5. DISCUSSION

For the system NH3—C02 both fits yield a good agreement between theory and

experiment. As with the polar secondary beam gases in II, a somewhat higher
value for Kg is obtained in the fit with the "resonant" apparatus functions

(type B). For the system NH -N2 the agreement between theory and experiment

3
is reasonable, except for some discrepancy at 350 K. This deviation might be
caused by the fact that the measurements at 350 K were less extensive than

those at the other two temperatures. The factor Ky is larger than the factor

2
KCO . This leads to the conclusion that NH3—N2 collisions are more resonant
2
than NH_-CO, collisions, due to the larger rotational constant of N This

3 72
conclusion is supported by the fact that for the (2,2) > (3,2) transition the

5°

energy defect (Eq. (15) of II) is zero for the initial states of CO2 and N2
with J=38 and 8, respectively, whereas the largest contributions to the
integral parity changing cross section come from initial states with J values
around 26 and 8, respectively.

The integral cross sections and the parity changing (o) and conserving
(y) contributions to the rotational apparatus cross sections are given in

Table 6 for both types of apparatus functions. It is seen from this table

that for NH,-CO, scattering (as with the polar scattering gases)

3 2
o;;:pp < 0.1 cg;zpp , except for the transitions between the (J,K)=(2,2) and

fps Y.app o,app
(3,2) levels. For these transitions o &~ 0.2 Gp*s

. whereas for NH3-N2

scattering the parity conserving contribution is about 25% of the parity
changing contribution.
The apparatus function of type B has the value of 0.5 at ecm=2.05° for

NH3—CO2 scattering. With N. as scattering gas, these angles are 2.460,

2

° ana 2.28° for 77 K, 300 K and 350 K, respectively. With this angular

2.33

resolution for NH —N2 scattering only about 4.5% of the integral cross sections

3

for parity changing transitions is probed in the present experiment. For CO2
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integral type A type B

transition o® UY g®rapPp U'Y,app g% 3PP 0Y,app
p*s ps p’s prs prs prs ps
(1,1)>(2,1) 91.1 77.3 12.8 1.6 12.8 1.5
(2,1)>(1,1) 68.8 56.5 9.0 1.0 9.1 1.0
(2,2)+(3,2) 43.9 56.4 3.7 0.8 4.0 0.8
CO2 (3,2)>(2,2) 38.9 60.3 3.3 0.7 3.6 0.7
(2,1)>(3,1) 67.3 29,9 6.0 0.3 6.4 0.3
(3,1)*(2,1) 73.7 27.7 5.4 0.3 5.8 0.3
(1,1)~>(3,1) 0 20.6 0 0.07 0 0.05
N
77 K (2,2)+(3,2) 25.16  33.90 0.96 0.25
300 K (2,2)>(3,2) 31.00 35.59 1.53 0.40
350 K (2,2)>(3,2) 30.88 35.48 1.49 0.41

TABLE 6 : The theoretical integral cross sections and the parity changing and

-2 2
conserving parts of the apparatus cross section (in 10 0 m ) for

NH3-C02 and NH3-N2 scattering, for both types of apparatus

functions (A and B).
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transition % o g% rapPP oY 7apPpP
prs prs Ps p7s ps

(1,1)~>(2,1) 5.9(12) 1.48(33) 0.97(20) 0.23(5)
e-type

(2,2)~+(3,2) 1.8(6) 1.07(24) 0.23(7) 0.14(3)

(1,1)>(2,1) 6.3(21) 1.62(35) 0.94(17) 0.24(3)
LJ-type

(2,2)>(3,2) 2.1(11) 1.27(21) 0.24(6) 0.15(3)

TABLE 7 : The theoretical integral cross sections and the parity changing and

conserving parts of the apparatus cross section (in 10_20 m2) for

NHB—H2 scattering, for both types of potential models.
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as scattering gas this fraction is 13.5% for transitions between the (J,K)=
(1,1) and (2,1) levels and 8% for the other transitions. Only 1-2% of the
cross sections for parity conserving transitions is probed. As expected a
smaller fraction of the integral cross sections is measured with non-polar
scattering gases than with polar gases (see II). This is caused by the fact
that the dipole-quadrupole interaction, which is mainly responsible for
parity changing transitions (see Sect. 3), is only effective for small impact
parameters, which result in large deflection angles.

Due to the short~range character of the dipole-quadrupole interaction the
impact parameter below which the normalization procedure (Eq. (19) of II)
reduces the transition probability is rather small. This results in quite large
contributions from the small impact parameter region (cf. the cross sections
for parity conserving transitions in II, originating mainly from quadrupole-
dipole interaction). For example for NH3—CO2 scattering on the (1,1) > (2,1)
and (2,2) -+ (3,2) parity changing transitions, 17% and 30%, respectively, of
the integral cross sections stems from impact parameters smaller than 0.3 nm.
For NH3—N scattering (300 K) on the (2,2) » (3,2) parity changing transition

2

this number is 40%. Consequently the integral cross sections for NH3—CO2 and
NH3-N2 may be somewhat too large.

With hydrogen as scattering gas, the parameters ¢ and 4 in the potential
models (Egs. (1) and (2)) were varied to find the best agreement between
theoretical and experimental apparatus cross sections for the (1,1) = (2,1)
and (2,2) > (3,2) transitions. Also the integral cross sections (o and y) and
the parity changing and conserving parts of the apparatus cross sections were
calculated as function of these parameters. From these results the values
given in Table 7 and their uncertainties were determined graphically (Sect. 4).
From Table 8 it is seen that the relative contribution of a specific inter-
action to o>'2PP _ oY'®P ;g 5ot the same for the (1,1) +(2,1) and (2,2) > (3,2)

ps ps
transitions. Therefore a better matching betweentheory and experiment, which
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transition contribution o

Y a,app Y :appP
ps k ‘prs ps ps ps
1 3.86 0 0.641
2 o] 1.63 0 .255
(1,1)>(2,1) 3 0.20 0 0.028
4 2.89 0 0.404
total 6.96 1.63 1.073 .255
1 0.98 0 0.144
2 0 1.17 0 .158
(2,2)+(3,2) 3 0.24 0 0.034
4 0.63 0 0.080
total 1.85 1.17 0.259 .158
TABLE 8 : Contributions of different interactions to the cross sections (in

-20 2

10 m~) for NH_,-H, scattering with c=6.9.

3 2
k=1 dipole-quadrupole

k=2 quadrupole-quadrupole

k=3 induction and dispersion (Zl=3; Eq. (A2))

k=4 induction and dispersion (Zl=1; Eq. (Al))

104



results in smaller uncertainties in the calculated integral cross sections,
would be obtained by introducing separate parameters c¢ (and d) for each term
in the potential. But only additional experimental data on other rotational
transitions would make such a procedure possible. Although both potential
models can certainly be improved it is satisfying that they give essentially
the same integral cross sections.

In Fig. 4 the leading induction and dispersion term in the potential
(resulting in the transition probability given by Eg. (1)) is compared with

the corresponding term in the ab initio potential for NH_-He obtained by

3
Green17. The parameters ¢ and e (the well depth of the isotropic L-J potential),
used to construct Fig. 4, are those for the NH3—H2 system. For the long-range

. . . . 6 27
3—He potential is scaled with the appropriate C6=4 €0 constant .

The differences between the potentials for both models and the quite large

part the NH

uncertainties in the parameters c¢ and 4 indicate, that the anisotropic
potential is not well-determined from the present experiment. However, the

shape of the NH_-He potential of Green is similar to that of the present

3
potential models, but its minimum is shifted to smaller intermolecular
distances. In order to investigate which impact parameters are probed, a
cut-off impact parameter bco is introduced that replaces the lower

integration limit in the expressions for the apparatus (Eg. (16) of II) and

integral cross sections,
@
= +
o (b ) 21:1]3' (23 +1) P_,_(b) bdb (4)

The results of these calculations are given as a function of bCO in Fig. 5.
From this figure it is seen that the main contributions to the apparatus cross
sections originate from impact parameters around 0.4 nm.

In Fig. 6a the deflection angle 6 (Sect. 3) and the distance of closest
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€

Figure 4: Comparison between obtained potentials for NH3—H2 (e-type: dashed

line; LJ-type: solid line) and the corresponding NHB—He potential
term (short dashes with dots, representing the points calculated

by Green17; see text).
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10 m ; Eq. (4)) for the (a)
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Integral, parity changing: solid lines.
Integral, parity conserving: long dashes.
Apparatus, parity changing: short dashes.

Apparatus, parity conserving: dashed-dotted lines.
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approach RCa are given as function of the impact parameter b. For negative
deflection angles Rca equals b and for positive deflection angles
Rca=R0=b/cos(%6) (see Appendix B). In Fig. 6b the isotropic L-J (12,6)
potential is displayed. The shapes of isotropic and anisotropic potentials
are almost identical for the system NH3—H2 (d=1.0(4); Eqg. (2)). The shaded
area in Fig., 6 corresponds to the range of deflection angles for which the
apparatus function for the (1,1) » (2,1) transition is larger than half its
maximum value (Fig. 3). From Fig. 5 it is seen that about half of the
apparatus cross sections for this transition originates from that region. For
the corresponding distances of closest approach the (an)isotropic potential
reaches almost its minimum value. The lower limit (0.33 nm) of the distance
of closest approach is also indicated in Fig. 6. The integral cross sections
are not sensitive to the anisotropic potential at smaller intermolecular
distances. It turns out that the deflection angles for the probed impact
parameters correspond to the inner branch of the deflection function. As the
inner branch is quite steep, the range of probed impact parameters is rather
small. This explains that in spite of the large acceptance angles compared to
the polar scattering gases in II, only about 15% of the integral cross sections
is measured via the apparatus cross sections.

About 50% of the integral cross sections for parity changing transitions
originates from the dispersion and induction terms in the potential (Table 8).
The ratio of these two contributions to the potential is 7 : 1, From state-to-
state small-angle scattering of CsCl and KCl with rare gas atoms Meyer and
Toenn19528 found an averaged ratio for these terms of 0.63 : 1 and 13.3 : 1
for CsCl and KCl, respectively. For these systems they take only the long-
range part of the potential into account in their deflection function and
interpretation.

In order to perform a further test of the potentials and of the method of

calculating cross sections, for the NHB—H2 system all cross sections necessary
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(7,,K,)=(1,1)
1 1

(J,.K.)=(2,2)
1 1

a Y o Y

(TgrKe) 95+ 9ive (TgrKe) 9ig 9ivg
(1,1) 2.060 0.053 (2,2) 1.660 0.090
(2,1) 0.983 0.173 (3,2) 0.330 0.127
(3,1) 0.052 0.067 (4,2) 0.017 0.010
(4,1) 0.010 0 (5,2) 0.003 0

(4,4) 0 2.427 (5,5) 0 1.768

20

TABLE 2 : Degeneracy-averaged cross sections (in 10°

scattering; c=6.9, vr=1887 m/s.
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m2) for NH3-H
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to interpret line broadening (see I) and double-resonance experiments
involving the (J,K)=(1,1) and (2,2) inversion levels, were calculated for a
relative velocity of 1887 m/s (cell at 300 K). The resulting degeneracy-
averaged cross sections are summarized in Table 9 for ¢=6.9. For the
transitions (1,1) +~ (4,4) and (2,2) > (5,5) the cross sections originate solely
from the interaction leading to the probability given by Eq. (A3). A numerical
evaluation of the resonance functions g3(mr) and 97(wT)9’10 showed that they
are almost i1dentical for the straight-path approximation. Therefore for the
bent trajectories the 9, function 1s used instead of the 9, function. For
1mpact parameters smaller than 0.23 nm the resulting probability (Eq. (A3))
1s set equal to unity, since the theory predicts a larger value. Because the
contributions to the other cross sections from this region are only a few
percent (Fig. 5), the errors introduced by not using the normalization
procedure for the transition probabilities are very small.

With the values of Table 9 cross sections for line broadening or T2

experiments on the (1,1) and (2,2) inversion transitions are found to be29

2 -
20 m and 31.7x10 20 m2, respectively. The cross sections for T

experiments on the same transitions are 40.9X10-20 m2 and 319.5><10“20 m2,

34.9%x10° .

respectively. The theoretical values are in good agreement with the
experimental results3 (see Table 1 of I). In steady-state double-resonance

experiments Daly and 0ka30 found for NH AI/I values of 5.2% and 2.3% for

37
the combination (JP,KP) Lo (JS,KS) = (2,1) » (1,1) and (3,2) & (2,2),
respectively. The values obtained with the results in Table 9 are 10% and 3.5%,
respectively (Eq. (23) of II). The agreement with the experimental values 1s
reasonable 1f compared to that found for NH3-He on the same transitions by

Davis and Boggssz and by Greenze. With the same technique as used for NH3—H2

32
Fabris and Oka observed negative relative intensity changes for NH_-He on

3
18,31

these transitions, while theoretical predictions are positive In the

32
same paper Fabris and Oka reported also negative effects for NH3—H2 on a
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number of combinations of pump and signal doublets with Ak=+3. The largest
effects were found for the combinations (2,2)-(1,1), (4,4)-(1,1) and (5,5)-
(2,2). In the present investigation only effects for Ak=0 transitions have
been observed. No effects were found for the (2,2)-(1,1) transition, which
might be due to the fact that the differential cross section is less peaked
in forward direction for this transition than for the Ak=0 transitions. For
Ak=*3 transitions the potential model and collision theory used in the present
investigation yield non-zero cross sections only for the (1,1)-(4,4) and
(2,2)-(5,5) transitions (Table 9). In Anderson's theory some new term in the
potential would be needed to produce other Ak=*3 transitions. But within the
framework of the same theory such a potential term would not contribute to
the cross sections for Ak=0 transitions. Therefore the values presented for
the cross sections for the transitions between the (1,1) and (2,1) and between
the (2,2) and (3,2) doublet levels are not influenced by the presence or
absence of such a potential term.

Experiment and interpretation, presented in this paper, show that for
the systems NH3—CO2 and NHB-N2 the long-range permanent-multipole interactions
are sufficient to explain the measured apparatus cross sections. For the

system NH —H2, however, the short-range interactions are dominating. The

3
influence of induction and dispersion terms is clearly demonstrated. With an
empirical potential, which includes a repulsive part, a satisfying agreement
between theory and experiment has been obtained. Using this potential cross
sections for AJ=*1, Ak=0 rotational transitions are predicted with an
estimated accuracy of 30%. B reasonable overall agreement with other
experiments has been obtained. The integral state-to-state cross sections for
the system NH3—H2 are important for the interstellar ammonia problem33 (see

also I). For the relevant transitions and relative velocities these cross

sections can be calculated from the NH potential obtained in the present

-H
3 72
investigation. For NHB—H2 this paper presents the first cross sections for
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transitions between well-defined initial and final states, supported by

experimental observations.
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APPENDIX A : TRANSITION PROBABILITIES RESULTING FROM THE R TERMS IN THE

INTERMOLECULAR POTENTIAL

A summary of transition probabilities obtained within the framework of
Anderson's theory 1s given by Robert et al.9 for a large number of terms in
tne long-range intermolecular potential. The induction and dispersion terms
that are proportional to R-7 and relevant for the NH_ -H_, are in their

372

notation U and U (with Q1 instead of 61). The resulting

y U
A
M9 %Py %P1
transition probability is obtained by adding all corresponding contributions
and cross-—term contributions as given in Ref. 9. When this probability is
written as given by Eg. (18) of II, there are two contributions to the

probability from the R-7 terms 1n the intermolecular potential that can only

cause Ak=0 transitions.

1) waith 21—1,22=0 and

+2A1l

A
_31 43 /A
€ =% ‘/z ’”1Q1°‘2 + A 30, ) Cg

6
/‘h vb (a1)

the resonance function appropriate for this term is the g3 functlong .

2) with Zl=3'ZZ=O and

4A, -3A

_a 1z TV
€3 =32 J7 i3“1Q1°‘2 ( ) C

/flV b6 ; (A2)
r
3a1

the resonance function appropriate for this term 1is the g4 functlong. Further-

more there 1s also a contribution with Zl=3 and 12=0, arising from the R_7

term Ua Al 10,19
21

that can only cause AK=+3 transitions:



(a3)
J. 0 J! 2
8 —K2 0 K? g, (et
2 2
1]
where e \14285 A1 C6 a0
T 48 7 6

10
and g7(w1) is the resonance function as given by Bonamy and Robert . In the

formulas given above, the following notation is used: Hy is the dipole moment

of the primary molecule, Q1 is the quadrupole moment of the primary molecule,

ai is the polarizability of the i-th molecule, C6 is the Lennard-Jones 12-6

', A

potential constant; A1

and A | are the quadrupole polarizability and

1/ 1
. . . . 10,18
its anisotropies of the primary molecule

. The transition probabilities
given by Egs. (Al) and (A2) are parity changing, that of Eq. (A3) is parity

conserving.



X - axis

Figure Al: Geometry of the bent paths.



APPENDIX B : RESONANCE FUNCTIONS

>0

The contributions of PZ 7 to the transition probability Pf+f, as given by Eg.
172

(18) of II are deduced from the expression
2 2

1 1
(J1 11 J1) (J2 12 J2) | |2 1)
P =1_ , _ , z I
1112 K, 0 K] X, 0 K} n Im

where the subscript 1 (2) stands for the primary (secondary) beam molecule and
primes indicate the final states; IZm' with Z=Zl+12, is the time integral factor
as defined by Eg. (9) of Gray and Van Kranendonkls. The time integrals IZm are
usually calculated using straight trajectories. In the present investigation

-H, in

bent trajectories instead of straight paths are used for the system NH3 2

combination with potentials that include a repulsive part.
In the notation of Gray and Van Kranendonk13 the bent trajectories are

defined for positive deflection angles 6 by (see Fig. Al)

R = R, {1+z2+2|z|sin (6/2)}% (82)
where
RO = b/cos (68/2) (B3)
z = vrt/R0 (B4)
Ro
sin 0t =% { |t+]|z]sin(e/2)]| } (B5)
t
Ro
cos 9, =— {2 cos(08/2)} (B6)
t Rt
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file:///h/~h

$, =0 (B7)

The time t runs from - ® to + ® and the trajectory is symmetrical around t=0.

The dimensionless variable corresponding to 2 is
X = wR. /v (B8)
0 r

For a potential term EZ(R) with a long-range radial dependence given by

51
e,(R) = — (B9)
7 R

the expression for the time integral IZm’ using bent trajectories and the

potential models h(R) given by Egs. (1) and (2), is

2 n

R €, (R.) @ R

2 _ 0.0 o 2

IIZmI = (—‘hv ) 3_0{ h(Rt)<Rt) cos(a:z)yz_l_Il (Ot,O)dzz
r
(B10)
@ R n 2
+ ?-0{ h(Rt)<R_O_> sin(zz)y,_ (9,,0)dz

t

If the deflection angle © is negative (attraction) ¢t changes from 0(m) to
7(0) when 0t becomes w(0), but the resulting expression (Eg. (B10)) is the

. ; 2
same. The resonance functions are expressed in terms of lIZml as follows

a 2 (n-1) 2
;@ =p,x b rzn 1, | (B11)



The normalization constant DZ is defined by

_[.2tn-1) 2
D, = [b i |IZm| ] (B12)

with 6=0 and d (c) set equal to 0 (<) in Eg. (B10). The advantage of this
definition for the normalization constants is, that the same constants CZ in
Eg. (18) of II can be used as with straight trajectories. It should be noticed
that for the induction and dispersion term with =1 (3) the notation g3 (g4)
is commonly used for the resonance functiong. From Egqs. (B11) and (B12) it

is seen that the constant SZ in Eq. (B9) is not needed for the calculation

of the resonance function.
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TITEL EN SAMENVATTING

BOTSINGSDOORSNEDEN VOOR ROTATIEOVERGANGEN VAN NH3

Het proefschrift beschrijft een experimenteel onderzoek van rotatie-
overgangen in ammoniak (NH3) geinduceerd door botsingen met moleculaire
waterstof (Hz) en andere moleculen. Inelastische overgangen van NH, ten

3

gevolge van botsingen met H, vormen een belangrijk onderdeel van de

2
modellen waarmee fysische processen in interstellaire wolken beschreven
worden. De intensiteit van inversieovergangen van NH3, waargenomen in
de interstellaire ruimte, wordt door astrofysicl gebruikt als een test
voor deze modellen.

Het onderzoek werd verricht met behulp van een moleculaire-bundel-

maser, waarin de primaire NH., bundel gekruist wordt met een dwarsbundel.

3
Met behulp van een microgolftrilholte werd toestandsgevoelig een be-
paalde 1nversieovergang gedetecteerd. Een soortgelijke trilholte werd
gebruikt om de bezetting van een ander inversiedoublet te beinvloceden
voor het strooigebied. Met behulp van deze dubbelresonantietechniek
werd de rotatietoestand van het ammoniakmolecuul voor en na de botsing
bepaald.

De experimentele resultaten werden geinterpreteerd in termen van

botsingsdoorsneden voor rotatieovergangen van NH_,. Met behulp van een

3
semi-klassieke botsingstheorie werden voorspellingen gedaan van de te
meten effecten. Metingen met als strooigassen ammoniak, methylfluoride
(CHBF), fluoroform (CF3H), kooldioxide (C02) en stikstof (N2) konden

worden verklaard met bekende intermoleculaire potentialen. Voor het

systeem NHB-H2 werd een empirische potentiaal bepaald. Met behulp van
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deze potentiaal zijn integrale botsingsdoorsneden berekend voor een

aantal rotatieovergangen van NH Met deze berekende doorsneden kunnen

3°

experimenten elders aan het systeem NH3-H2 gedaan verklaard worden.
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STELLINGEN

1. Bij de interpretatie van hun dubbelresonantie-experimenten aan NH3 dienen

Matsuhima et al. en Shimizu et al. het door hen veronderstelde tweetraps-

proces expliciet in rekening te brengen.

F.Matsuhima, N.Morita, S.Kano and T.Shimizu,
J.Chem.Phys. 70, 4225 (1979)

T.Shimizu, F.Matsuhima and Y.Honguh,
Laser Spectroscopy V, p.212,
Ed. A.R.W.McKellar, T.Oka and B.P.Stoicheff,

Springer-Verlag, New York (1981).

2. De verhouding waterstofdichtheid/ammoniakdichtheid is in de experimenten
van Oka niet groot genoeg om de aan ammoniak gemeten effecten alleen aan

botsingen tussen ammoniak- en waterstofmoleculen toe te kunnen schrijven.

P.W.Daly and T.Cka, J.Chem.Phys. 53, 3272 (1970)
A.R.Fabris and T.Oka, J.Chem.Phys. 56, 3168 (1972)

3. Voor het systeem KCl-He kan het gedeelte van de intermoleculaire potentiaal

rond het minimum niet zonder meer verwaarloosd worden.

G.Meyer and J.P.Toennies, J.Chem.Phys. ZE, 2753
(1981)

4. Het gebruik van reciproque centimeters als frequentie-eenheid is slechts

dan niet verwarrend wanneer uitgegaan wordt van de golflengte in vacuidm.

F.M.Behlen, D.B.McDonald, V.Sethuraman and
S.A.Rice, J.Chem.Phys. 75, 5685 (1981)



5.

7.

Bij de interpretatie van de absorptiepiek van CO-paren in edelgasmatrices,
die tot nu toe nog niet volledig in overeenstemming met de experimenten is,
moet Dubost ook de resonante dipool-dipool interactie van de aangeslagen

toestand beschouwen.

H.Dubost, Chem.Phys. 12, 139 (1976)

De ontsiering door druk- en andere fouten in het boek van W.Demtrdder over

laserspectroscopie bereikt op pagina 512 een hoogtepunt.

W.Demtrdéder, Laser Spectroscopy.

Springer-Verlag, New York (1981)

Wie bij het ontwerpen van computerprogramma's uitsluitend geimplementeerde
talen gebruikt legt zich beperkingen op die niet alleen van notationele

aard zijn.

Voor een chemicus of bioloog is het voldoende de chemie respectievelijk
biologie te bestuderen, een fysicus of mathematicus echter dient de fysica

respectievelijk mathematica te beoefenen.

van Dale's Groot Woordenboek der Nederlandse

Taal, Martinus Nijhoff, 's Gravenhage (1976)

Nijmegen, 23 juni 1982 D.B.M. Klaassen









