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A versatile spectrometer with facilities for modulation by the microwave-microwave double
resonance effect has been constructed for the continued evaluation of the double resonance modu-
lation (DRM) technique. Investigation of the DR signal pattern and intensity for different modes
of operation indicates that optimum results are achieved with a large frequency modulation of the
pump radiation, and with one pump frequency precisely on resonance. The high sensitivity of the
DRM spectrometer to the effects of not exactly resonant pump radiation leads to the occurrence of
multiple double resonances (DRs) and makes double resonance double search experiments practi-
calliy feasible. The double resonance map is introduced as a convenient means for the presentation
of DR-spectra, and miscellaneous practical aspects are reported.

I. Introduction

During the past decade microwave-microwave
double resonance experiments!™® have become
established as a help in the analysis of complex rota-
tion spectra, and sporadic applications as well as
instrumental variants have been reported from many
laboratories é. However, as an easily practicable, and
in many aspects superior alternative to the Stark
effect modulation (SEM) predominantly used in
microwave spectroscopy, the double resonance modu-
lation (DRM) technique has apparently not been
considered, and its systematics have therefore re-
mained largely unexplored.

In contrast to this occasional use of double re-
sonance (DR) as an auxiliary technique, we have
employed DRM continuously over several years and
tested its power on some 20 compounds?. As it
became clear from this work that even the routine
tasks of microwave spectroscopy could be handled
with greater efficiency by DRM techniques, there
naturally occurred a progressive reversal of the
traditional roles of single resonance and DRM techni-
ques. With the analysis of ~ 70 individual spectra
by DRM spectroscopy alone, this process may be
considered to have reached some degree of comple-
tion during the past few years. A coherent presenta-
tion of the developments which led from the pioneer-
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ing experiments of Woods III, Ronn and Wilson % to
our present use of DRM as a standard technique in
microwave spectroscopy, might therefore be justi-
fied. Such an account also appears timely since there
exists no written report of this work, while — per-
haps not least as a result of a series of conference
contributions ® and subsequent work in other labora-
tories — the merits of this technique are beginning
to be more widely appreciated.

The work which we shall report here is arranged
in four parts, of which the present Part I connects
directly to the results of Woods III, Ronn and Wil-
son in describing the simple, basic experiments that
led to the subtle instrumental and operational modi-
fications which, in turn, have permitted the later
developments. For convenience and primarily refer-
ence in the following parts, the instrumental and
experimental sections of Part I are preceeded by a
brief outline of the fundamental features used in
DRM spectroscopy, and they are followed by a
description of our preferred way of presenting DRM
results, along with miscellaneous features of the
technique. Part II centers on the line shape and inte-
grated intensity of DRM signals, while experimental
methods for dealing with excited vibration states and
non-rigid rotor effects are the main topics of Part III.
The last part concerns the application of DRM meth-
ods in molecular structure determinations and, as a
valuable by-product of these studies, an evaluation
of DRM spectroscopy as a quantitative analytical
tool.

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

fiir Naturforschung in cooperation with the Max Planck Society for the

3.0 Germany License.

to allow reuse in the area of future scientific usage.

This work has been digitalized and published in 2013 by Verlag Zeitschrift

Advancement of Science under a Creative Commons Attribution-NoDerivs

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is



0. L. Stiefvater - Double Resonance Modulation I.

II. Fundamentals

This section recapitulates pertinent characteristics
of double resonance and their utilisation for mole-
cular modulation in microwave spectrometers.

a) Theory of Double Resonance 15

For rotational three-level systems (Fig. 1) with
two dipole-allowed transitions, e.g. 1<—>2 and
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Fig. 1. Energy levels and transitions used in a typical double
resonance experiment.

2 < 3, the ‘double resonance effect’ may be defin-
ed as comprising the alterations which occur in one
transition (here: 2 <—> 3) when the other transi-
tion which shares an energy level with the former
(i.e. 1 <—>2) is simultaneously induced by high-
powered ‘pump’ radiation. While population changes
in the ‘pumped’ levels are perhaps the best known
feature of DR, it is primarily the modification of the
line shape which provides the basis for our applica-
tions. The phenomena which arise from the high-
frequency Stark effect 16 will not be considered here.

Under the usual condition that the power of the
‘signal’ radiation which induces the transition
2 <> 3 is low enough to keep the transition rate
X /7 much smaller than the average collision rate 1/7
(ie. | X | =] usg Es|[2h < 1/7, where 7, E; and usy
are the relaxation time, the electric field vector of the
signal radiation and the dipole matrix element of the
signal transition, respectively) so that the population
numbers of levels 2 and 3 remain unaffected by the
signal radiation, the power absorbed near the re-
sonant signal frequency ».=w,; is given in the

* The partial absorption coefficient!? is obtained from
Ly 3 by multiplication with 8 /3 ¢ Eg%
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absence of pump radiation as *

L3253 (%) = (ny® —ny?) (K[nv) | X 2 % (1)
*[r/{ (v —v25)? + (1/277)%}] .

Here, n;° denotes Boltzmann population numbers,

and E, is the electric field vector of the pump radia-

tion.

When pump radiation which represents a strong
perturbation H,(¢) between states 1 and 2 is ap-
plied in addition to the weak perturbation H(z)
which induces the signal transition, the three-level
system is described by a time-dependent combination
of stationary state wave functions,

Pios(t) =C1 (1) P1+Co(t) Yo+ C3(1) V5 (2)

and there results a simultaneous alteration of both
the population numbers (hence: intensity) as well as
the frequency dependence (or: line shape) of the
previously unperturbed signal absorption as given by
Equation (1). These two effects can be separated,
however, if the signal radiation is temporarily ignor-
ed (H,(t)— 0, C5(t)— constant, ¥s5(t)— ¥15(2)),
and the population changes in the remaining two-
level system under the influence of H,(t) alone can
then be discussed independently. The result repre-
sents a reasonable approximation for the complete
three-level system provided H,(t)> H(t), as is
indeed the case in our applications.

a) i. Population changes. — In the
presence of the strong perturbation H,(t) the wave
function ¥,,(z) of the ‘pumped’ states becomes
periodically dependent on the time and, for exact
resonance of the pump radiation, the modulation
frequency of the coefficients C,(¢) and C,(t) of
Eq. (2) is®% |Y|/2a=]|uE,|/2 h, where uy, is
the dipole matrix element of the pumped transition
and E, is the electric field vector of the pump radia-
tion. This implies transitions between the pumped
states at the rate | ¥ |/ which in the absence of colli-
sions or for infinite pump power would equalise the
populations of these levels. However, due to the
occurrence of collisions which counteract the process
of saturation by exchanging molecules in the pumped
levels with those in other levels that are not affected
by H,(t), and hence populated according to the
Boltzmann law, and due to the finite pump power
available in reality, complete saturation

(ny* =ny" = (1/2) (n," +ny%))

can not be reached in practice. Instead, a balance is
established between the two opposing effects and the
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value reached by the population of the energetically
higher level is given®18 in dependence of the
amount of pump power and the relaxation time as
ny* (Ep, 7) = (1/2) (3a)

(7" + 150 — (n,° —ns%) [ (L + Ep? | sy |2 12/A2) ]
where n* denotes population numbers in the presence
of pump radiation. Accordingly, the pump radiation
will increase the population of the higher pumped
level at the expense of the lower level by the amount
Ony(Ep,7) = — Ony (Ep, 7)

— (1/2) (n,® - n?)

-1 QA +E? s 72/5%)]
and the integrated intensity of a signal transition
involving either of the pumped levels will be altered
correspondingly.

a) ii. Modificationofthe Line Shape
of the Signal Transition. — The modifica-
tion of the frequency factor in Eq. (1) as a result
of the application of pump radiation is obtained if
the coefficients C;(¢) of Eq. (2) are determined for
the complete three-level system exposed to the two
perturbations H,(¢) and H,(¢). This task is facilitat-
ed by the observation that, for large pump power
and the assumed low power level of the signal radia-
tion, the rate of transitions between the signal levels
is negligible in comparison with the rate of transi-
tions between the pumped levels (|X|<<|Y]). A
molecule originally thrown into state 3 by its last
collision is then found ? to possess a finite probability
not only for the usual single quantum transition to
level 2 but also for a double quantum transition
3 — 1, and vice versa. With the additional assump-
tion that the pump power is so large that the transi-
tion rate between the pumped levels is also consider-
ably higher than the rate of collisions [i.e. | ¥ [272> 1
and hence dny, = (1/2) (n,°— n,?) ], the absorption **
of power near the signal frequency »; due to single-
and double-quantum transitions is obtained for
exactly resonant pump radiation as

LESs(7) = [(1/2) (n,%+no?) ]

—ng®] (h/n7) | X |2 %

* (95/2) ([(vs—ve3—|Y|/27)2
+(1/2x77)2] !
+[(rs— vy +|Y|/27)2
+ (122727,

(3b)

/

(4a)

** Emission does not occur since, for experimental reasons,
we prefer to choose ¥p<vs .
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For only partial saturation

(0<dny < (1/2) (n,° —ny%))
this becomes
LES528 () = [ns® — g (4b)
+0ny(Ey, 1)1 (R/mT) | X 2% f (%)

where f(7;) is the frequency dependent part of Eq.
(4 a) and Ony(E,,7) is given by Equation (3 b).

From Eq. (4 a), the pump radiation and the time-
modulation of the pumped states which it entails, is
seen to split the original signal transition [Eq. (1)
and Fig. 2a) into a symmetrical doublet *** [Eq.
(4) and Fig. 2b] with maxima at

Y2 (5)

and hence with a separation 4v, which is equal to
the transition rate between the pumped levels [or:
twice the periodicity of ¥, ,(z)]. This splitting
depends linearly on E}, and, therefore, on the square-
root of the pump power density.

When the pump frequency deviates by a small
amount from exact resonance the doublet described

Ver =Vog L

o

1
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Fig. 2. Modification of an absorption line (trace a) into a
symmetrical double (trace b) by exactly resonant pump
radiation, and into an asymmetrical doublet (trace ¢) by

slightly off-resonant pump radiation. (Molecule: propionyl
fluoride ®.)

*** Under our experimental conditions the fine structure
discussed in Refs. 14 and 6h is not noticeable.
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by Eq. (4) loses its symmetry both with respect to
intensity and frequency displacement from vy3 =»%;
while one of the components approaches 7,3 more
closely than for exact resonance of the pump radia-
tion, the other one (‘creeper’) is further removed
from that frequency in accordance with the ap-
proximate relation % vy ope0r =%o3t (¥1,—7p), and
its intensity is reduced (Figure 2 c). Since popula-
tion and hence intensity changes (a—1i, above) may
also be transmitted to absorption lines which do not
share an energy level with the pumped transi-
tion1% 20, it is the splitting of an absorption line
which provides unambiguous evidence that the signal
and pump transition are coupled through a common
energy level. This splitting represents therefore the
basic experimental fact from which the diagnostic
uses of DR derive. It also enables the modulation
technique described next.

b) Double Resonance Modulation (DRM)

The observation of the splitting of an absorption
line by the DR effect can become laborious when the
unperturbed transition is weak. Furthermore, the
utility of DR is sometimes impaired in complex
spectra by overlap between different transitions
and/or their Stark lobes. These practical limitations
are overcome by the use of the DRM technique?,
instead of Stark effect modulation?' with simul-
taneous application of continuous pump radia-
tion 274,

In the DRM spectrometer the alteration of the
unperturbed line shape as given by Eq. (1) into
that described by Eq. (4) is produced periodically
through the repetitive application and removal of
the saturating power to the pump transition. As a
result of the corresponding alternation between two
different line shapes of the signal transition, power
modulation of the signal radiation is achieved which
is proportional to the difference between the power
absorbed under each of the alternating conditions,
and which can be monitored, as in Stark spectro-
scopy, by selective amplification and phase-sensitive
detection at the modulation frequency of the pump
radiation. The expression for the signal S in a DRM
spectrometer is given, accordingly, as the difference

between Eq. (4) and Eq. (1):
SPRY () o< LERH8(vs) —LE25° (%) . (6)

Since the first term in this expression describes the
double resonance doublet (Fig. 2b) which occurs
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Fig. 3. Behaviour of the double resonance modulated signal
as the pump frequency is tuned through the resonant pump

transition. Trace a: vp<wp? trace b: »p=w»p trace e:
»p>vpl. (Molecule: OCS, J=1-2/]J=2—3.)

during that half of the modulation cycle in which the
pump radiation is applied, the total pattern near v,4
consists of three maxima and the “double resonance
lobes” and the central “zero pump line” are dis-
played in opposite directions due to the lock-in
detection (Figure 3 b).

Although DRM is seen to utilise the same techni-
cal principle as Stark effect modulation, it differs
from the latter in an important aspect. In Stark
spectroscopy all absorptions are modulated to a
greater or lesser extent and this leads, particularly
with asymmetric rotors, to dense spectra with fre-
quent overlap between transitions or Stark compo-
nents. In contrast to that, DRM is effective only on
those transitions (signal) which share an energy
level with a second transition near the pump fre-
quency and, on account of the variability of the
latter, it affords a means for selective molecular
modulation. In general, therefore, no absorption
will be observed at all in a DRM spectrometer for
arbitrary frequency settings of the signal- and pump
radiation, and for a pump frequency at or near (see
Sect. IVc, below) a transition which shares an
energy level with a preselected signal transition, all
other absorptions in the vicinity of that signal line
are eliminated. The chances for overlap between
DRM signals involving different rotational energy
levels of a given molecule are, therefore, minimised,
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and overlap between DRM signals from different
molecules is extremely unlikely. This latter feature

makes for the unequalled molecular specificity of the
DRM technique.

III. Instrumental

Although it is one of the main features of DRM
that it eliminates the need for a high-powered
squarewave generator and an absorption cell with a
Stark electrode, the block diagramme of Fig. 4 shows
an instrument of which the basic unit is a Hughes-
Wilson 2! type SEM spectrometer. Besides the con-
struction and use of this particular instrument for
the experiments reported in this paper, a description
of this ‘hybrid’ spectrometer appears justified not
only on account of its continuing popularity in other
laboratories 22, but also by the fact that large por-
tions of it [a) and b) below] apply in full to the
proper DRM spectrometer used later
work 6% 707t The attractive features of such an in-
strument for initial and exploratory DR tests are
twofold. Firstly: The DR-facilities (shaded compo-
nents in Fig. 4) are assembled entirely from standard
waveguide components, and are grafted onto the
type of SEM instrument commonly available. They
can also be added to modern commercial instru-
ments of this type, in which case a broad-banded
semi-automated DRM instrument can be obtained.
Secondly: As early DR work 175 has created the im-
pression * that knowledge of the frequencies of po-
tential signal and pump transitions is a prerequisite
for successful DR-tests, and as no signal is observed
with the DRM technique unless two interconnected
resonance conditions are met simultaneously (sec-
tion II-b, above), the DRM spectrometer proper (as
which we define an instrument providing exclusively
for modulation by the DR effect) has to appear
prone to protracted failures if an unknown spectrum
were to be investigated without prior examination of
the normal (single resonance) spectrum. The flexi-
bility (section c, below) of a hybrid instrument like
that of Fig. 4, permitting, above all, immediate
conversion to SEM spectroscopy, appears therefore
preferable to the DRM spectrometer proper with an
‘empty’ absorption cell.

in our

* This apparently still wide-spread pessimism is proven un-
founded by the results of Sect.IV,c of this paper, and
by our later work 7 which developed from these results.
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a) Radiation Sources and Waveguide System

OKI klystrons with a power output of 150 mW to
800 mW are used as sources for both the pump and
signal radiation. In our preferred mode of operation,
which corresponds to maximum pump power in the
absorption cell, the K-band radiation is fed straight
into the cell, whereas the signal radiation (Q-band)
is fed from a side arm via a 10db directional
coupler. It is this latter component which necessitates
medium-powered (~200mW) signal klystrons.
Both sources are decoupled from the waveguide
system by ferrite isolators, which are followed by the
usual circuitry for manipulating microwave radia-
tion. The propagation of K-band radiation is sup-
pressed in the Q-band arm of the input system by a
second isolator, while a waveguide filter (pass-band:
18 GHz — 27 GHz) prevents Q-band radiation from
entering the K-band arm. Behind the absorption cell,
a 3db coupler delivers Q-band radiation to the
signal detector which is protected from the pump
radiation by a waveguide cut-off section. The
amount of pump power passing through the absorp-
tion cell is monitored by a crystal which is protected
from Q-band radiation by another band-pass filter.
The attenuator preceeding this detector provides a
load for the pump radiation and protects the crystal
from excessive power.

The arrangement shown in Fig. 4 in which both
radiations are fed into the cell from the same side is
to be preferred, in our opinion, to the contrary
design. When the two radiations are fed in from
opposite ends of the cell with the signal radiation
coupled out from the main line by a 10 db coupler,
it is found difficult at times to operate the signal
crystal at its optimum level without simultaneously
causing power saturation of the signal transition.
This difficulty could be by-passed, of course, if a
3 db coupler was used instead of the 10 db of Fig. 4,
but a loss of up to 50% of the pump power has then
to be accepted. In situations where such a loss is
tolerable (or when couplers with a large transfer 23
are available) the pump klystron can be switched to
the side arm of the input system. This has the ad-
vantage that the transmission of the signal radiation,
which is then fed straight into the cell, becomes more
broadbanded than in the arrangement of Figure 4.
The disposition of components for separating the
two radiations after they emerge from the absorp-
tion cell has been found less critical. The cut-off and
signal detector (Q-band) can be switched to the
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straight arm of the 3 db coupler, with a correspond-
ing shift of the filter and pump monitor crystal to
the side arm, without appreciable deterioriation in
the overall performance of the system.

b) Modulation

The functional outline of DRM in section II-b
above implies complete power modulation of the
pump radiation, and the successful operation of a
DRM spectrometer employing this principle of modu-
lation has been reported 24* for pump frequencies in
X-band. At higher pump frequencies, however, the
non-ideal performance of waveguide filters and the
presence of auxiliary crystals, which entails possibili-
ties for the mixing of signal and pump radiation
and/or the generation of harmonics, render increas-
ingly difficult the suppression of power-modulated
pump radiation at the signal detector to a level
sufficiently lower than the power modulation of the
signal radiation produced genuinely by the DR-
effect. For pump frequencies in K-band which may
approach the signal frequency to within less than
1 GHz, we have found it expedient to avoid power
modulation of the pump radiation altogether if the
sensitivity of the instrument is not to be impaired 2.
In accordance with the original suggestion® we
therefore approximate the ‘zero-pump’ condition by
periodically pulling the frequency away from the
resonant pump transition by as large an amount as
is compatible with the simultaneous requirement of
minimal power modulation. Technically, this is ac-
complished through the application of a squarewave
with adjustable amplitude (0 —60 V) to the repeller
of the pump klystron.

¢) Electronics

The electrical supplies and modulation units are
arranged symmetrically for the signal and pump
klystron. Provision for sawtooth and/or squarewave
modulation of either klystron results in considerable
flexibility of the system. When operated as a SEM
spectrometer with the pump radiation attenuated
and the signal klystron swept, normal spectroscopy
can be performed in either frequency band. This
allows, for instance, tentative pump transitions to be
selected immediately before a DR experiment, or
accurate frequency measurements to be taken im-
mediately after such an experiment. The DR experi-
ment itself can be performed either on Stark modu-

0. L. Stiefvater * Double Resonance Modulation I.

lated lines by the application of CW pump radiation
or, after the removal of the Stark field and the
application of the modulating squarewave to the
repeller of the pump klystron, by the DRM techni-
que. By inspection of the frequency swept mode of
the pump klystron (sawtooth modulation) adjust-
ments can be made to minimise the power modula-
tion which normally accompanies the frequency
modulation of the pump radiation. Finally, with
appropriate preselection of filters and cut-off sec-
tions at the detector end, and provided that sufficient
power is available from the Q-band klystron, the
role of the signal and pump radiation can be inter-
changed without re-arrangement of the waveguide
system or the radiation sources. Numerous experi-
ments of this type have shown that leakage of pump
radiation through the band-pass filters greatly im-
pairs the performance of the system when operated
in the DRM mode with »,>;. Accordingly, we
always choose the transition at the lower frequency
as the pump transition in DRM spectroscopy.

IV. Experiments

The experiments of this section were carried out
in order to establish an efficient and reliable mode of
operation for the DRM spectrometer through maxi-
mum signal intensity with optimum definition of
signal and pump frequency.

a) Signal Pattern in Dependence of the Modulation
Depth of the Pump Radiation

Squarewave frequency modulation of the pump
radiation implies the presence of two discrete pump
frequencies in alternate halves of the modulation
cycle and, since both these pump frequencies will
normally give rise to a detectable DR-effect (Sect. c),
different signal patterns and intensities are to be
expected when the modulation depth 4, and/or the
relative position of the two pump frequencies with
respect to the resonant pump frequency »,° are
varied. If a ‘small’ modulation depth of less than ten
times the (unsaturated) line width of the pump
transition is used, the ‘zero-pump’ condition is not
even approximately met in either half of the modula-
tion cycle. The DRM signal consists, therefore, of
four maxima with pairs of positive and negative
peaks (Figure 5a). These pairs represent the DR
doublets which arise from each of the two pump
frequencies. The ‘quadruplet’ assumes a symmetrical
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Pump ‘ é/ e
\ l, vp v 7 | vp
\ ~38mhz |/
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Vo), (ve), V), (ve),

Fig. 5. Simplification of the DR-signal pattern from a qua-

druplet to a triplet through ‘on-off’ modulation with a ‘large’

modulation depth. Trace a: symmetrical modulation, trace b:

on-off modulation. (Signals: J=1—2/J=2—2 of 18013C3:S
and 10012C32S, v, =1.)

frequency pattern and intensity distribution if the
pump frequencies are displaced by equal amounts
from »,9, provided that equal pump power is present
at both frequencies. Under these conditions (which
can only be checked if »,° is known in advance and
if the power modulation of the pump radiation is
monitored (see Ref. 6 g) the frequency of the un-
perturbed signal transition corresponds to the center
of the quadruplet and the frequency of the resonant
pump transition is defined as the average of the two
pump frequencies that are actually present. While
this mode of operation can still be quite successful
in strong spectra with isolated absorptions, it tends
to lead into difficulties when applied in weak and
dense spectra: the outermost components of the
quadruplet are then frequently lost in the noise so
that only an apparently differentiated signal re-
mains. This, however, is easily overlooked, particu-
larly on a sloping base line which results mostly
from leakage of pump radiation to the signal de-
tector. As an added disadvantage of this mode of
operation absorption frequencies have normally to
be remeasured under Stark modulation because of
their poor definition in DRM.

While still adhering to frequency modulation of
the pump radiation we have been able to remedy
much of the described difficulties by increasing the

1749

modulation depth of the pump radiation to twenty
to fifty times the line width. For such a ‘large’ modu-
lation depth the ‘zero-pump’ condition is approximat-
ed closely (~95%, see Fig. 7) during one half of
the modulation cycle. This results in the simplifica-
tion of the signal pattern from a quadruplet to a
triplet. When neither pump frequency coincides with
vp? this triplet (Fig. 3a, 3¢) is composed of an
asymmetrical doublet which represents the split ab-
sorption due to that pump frequency which is nearer
to »,° and a central peak close to the unperturbed
signal frequency ».. This ‘zero-pump’ line is the
remainder of the second DR-doublet of which one
component is displaced by a large amount and
hence practically removed. From this, a large fre-
quency modulation of the pump radiation is seen to
produce nearly the same DRM absorption pattern as
would be expected for complete power modulation.
The traces of Fig. 3 were, in fact, obtained with a
large frequency modulation of the pump radiation.
Coincidence of the pump frequency with the re-
sonant pump transition is indicated in this mode of
operation by the occurrence of a symmetrical ** DR
doublet with the zero-pump line located in the middle
of the doublet components (Fig. 3b and signal on
the right in Figure 5b). The zero-pump line which
would occur at 7 precisely for an infinite modula-
tion depth only, defines, in our experience, the un-
perturbed signal frequency to better than 0.2 MHz
and the uncertainty in the determination of »,° has
been found to be & 0.5 MHz at the most.

The improvements in signal definition through a
large modulation depth of the pump frequency are
illustrated in Figure 5. They are particularly useful
in dense spectra with adjacent DRs due to excited
vibration states or isotopic species, and in experi-
ments in which the spectra have not been investigat-
ed previously by single resonance techniques. It is
this good definition of absorption frequencies that
has allowed us to analyse spectra by DRM only, i.e.
without recurrence to Stark spectroscopy. Both os-
cilloscope traces of Fig. 5 are augmented by sketches
which are meant to indicate the origin of the various
peaks. It should be noted that, while in Fig. 5b the
upper of the two pump frequencies is easily re-
cognised as being on resonance with the transition
connected with the signal line on the right (OCS,
v;=1), the pump frequencies are not symmetrical

** The asymmetry of the doublet as predicted in figure 6 of
ref. 14 is again omitted here.
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to either pump transition in Fig. 5 a, although the
two signal quadruplets do not appear grossly un-
balanced.

b) Signal Intensity in Dependence of the Modulation
Depth and Modulation Scheme

Since the success of DR-experiments depends
often critically on the signal amplitude we consider-
ed it worthwhile to investigate quantitatively how
the signal amplitude varies with the modulation
depth A, for the two possible modulation schemes.

In the previously recommended? ‘symmetrical’
modulation scheme the pump klystron is adjusted so
that the average of the two modulated frequencies
coincides with »,%. With this scheme the intensity of
the symmetrical quadruplet is found to increase at
first with A», but then, after passing through an
optimum value, to decay for larger values of A4v,.
The initial increase is explained as the result of the
removal of overlap between the inner and outer
components of the quadruplet. The subsequent decay
stems primarily from the decreasing efficiency of the
pump radiation due to the growing displacement of
both pump frequencies from »,°. As a result of this
displacement, the overlap and partial cancellation
between the two central peaks of the signal pattern
increases, while the outer signal components are
being further removed from 7 and fade out in
intensity. The value of the optimum modulation
depth for the symmetrical scheme is, accordingly,
dependent on the power and efficiency of the pump
radiation as well as on the gas pressure. It is, there-
fore, not normally known in advance.

In the alternative scheme of ‘on-off’ modulation,
one of the pump frequencies is placed precisely ‘on’
the pump transition for one half of the modulation
period and pulled ‘off” during the other one. If one
starts again with 4v, =0, an asymmetrical quadru-
plet appears first in this scheme. As the modulation
depth is increased the signal changes from the qua-
druplet to the triplet pattern and its intensity rises
quickly to a constant value while the symmetry of
the triplet keeps improving. The increase and later
constancy of the intensity is due to the removal of
the overlap described above while the improvement
in symmetry has to be ascribed to the reduction of
the effects from the off-resonant pump frequency.

The quantitative results of these experiments are
shown in Figure 6. The intensity curves which are
normalised to the strongest signal that was obtained,

Double Resonance Modulation I.
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Fig. 6. Amplitude of DR-modulated signals in dependence
of the modulation scheme and the modulation depth. (4p:

measurements of OCS, @: measurements on propionyl
fluoride °.)
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show clearly that for optimum signal intensity it is
expedient to operate with a ‘large’ modulation depth
in the ‘on-off’ scheme.

¢) Signal Amplitude for Not Exactly Resonant
Pump Radiation

As is easily verified from Figs. 3 a, 3 ¢ and 5, and
in agreement with theory, a detectable DR-effect
occurs when the pump frequency lies well outside
the (unsaturated) line width of the pump transition.
This can also be inferred from the experiments with
the symmetrical modulation scheme (Sect. b, above)
since the signal observed in that case is entirely due
to off-resonant pump radiation. These effects are less
obvious in DR experiments with CW pump radiation
and it was believed therefore, at the outset of our
experiments, that a DR effect would become un-
observable when the pump frequency deviates by
more than ten times the line width from the resonant
pump transition.

In contrast to the experiments with CW pump
radiation, there are two signal components near v 0
in the DRM spectrometer and these represent, as has
been explained and illustrated above, one compo-
nent from each of the DR doublets that are produced
by each of the two alternating, non-resonant pump
frequencies. As a result of the large frequency modu-
lation with a corresponding difference in effectiveness
of the two pump frequencies, these two absorptions
are displaced from »® by slightly different amounts
and do not exactly overlap and cancel. Accordingly,
the total signal near #,® due to non-resonant pump
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radiation has the appearance of a differentiated ab-
sorption line (Fig. 3 and 5) but is, in fact, the
unbalanced part ot two slightly displaced absorp-
tions with a phase difference of 180°. The DRM
spectrometer may, therefore, be thought of as con-
taining a discriminator circuit which transforms the
small difference between two frequency displace-
ments from ».® into an easily noticeable signal. This
feature makes the instrument very sensitive to the
small DR effects from non-resonant pump radiation.
Since this high sensitivity would be likely, on the
other hand, to cause some uncertainty in the inter-
pretation of DR experiments, we have examined the
signal amplitude as function of the difference », — »,°
between the resonant pump frequency and that com-
ponent of the pump radiation which is closer to »,°.
These experiments were first (1966) conducted on
the instrument of Fig. 4 and later (1968) repeated
on the DRM spectrometer of Ref. 6. The results
were in good agreement with each other and are
summarised in Figure 7. A modulation depth of
30MHz to 50 MHz was used in these experiments
and, in agreement with the qualitative interpretation,
a slight reduction in signal amplitude was noticeable
for a reduced modulation depth whereas an increase
can be observed when the pump power at the two
frequencies is grossly unbalanced.

100

TSignal
Amplitude/%
80 {CH3CH2C0F
[

‘ 313+ 444~ 515

¢ -
60 . {OCS

: 1+2-3

4
a0t
20

[vp=v3l/MHz

0 ———— 8 ——¢0

0 50 100 150 200

Fig. 7. Observed variation of the amplitude of a DR-modu-
lated signal for not exactly resonant pump radiation. The
dotted curve is that calculated by Flynn 25,
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Some support for the proposed explanation of the
high sensitivity of DRM to off-resonant pump radia-
tion is found in theoretical work 2> which quanti-
fies the idea of two slightly displaced absorptions.
However, as may be seen from Fig. 7 which incor-
porates calculated 2* signal intensities (dotted curve,
250 mW pump power), there occurs a discrepancy
between calculation and experiment for pump fre-
quencies which deviate by more than 50 — 100 MHz
from »,% The observed signal amplitude remains
larger in this range than the calculated values. This
effect has been explained ¢ as the result of the high-
frequency Stark effect 16 caused by the non-resonant
pump radiation.

Two consequences of pre-eminent practical im-
portance follow from the detectability of DRs for
off-resonant pump radiation:

i. Multiple DRs ***, If several pump
transitions occur in the frequency-range subtending
the response curve (Fig. 7), their connected signal
transitions will be modulated simultaneously to a
greater or lesser extent and they can, therefore, be
located approximately by a scan through the signal
range without adjustment of the pump frequency to
each respective exact resonance point. Figure 5 gives
a trivial example of this feature which provides an
efficient method for the quick location of signal
transitions in the case of vibrational satellite spectra
(Part III).

ii. Double search. — Experiments in
which neither the signal nor the pump transition are
known in advance are very tedious when close co-
incidence of the pump frequency with the pump
transition is required as, for example, for CW pump
radiation. On account of the described sensitivity to
off-resonant pump radiation in combination with the
selective modulation (Sect. II-b), the DRM techni-
que makes feasible such double search experiments
and, relying entirely on the off-resonance effect, one
can successfully attack spectra without prior experi-
mental knowledge of the transition frequencies in
the signal or pump range. Our procedure for such
experiments consists in shifting the pump frequency
through a predetermined range in steps of, typically,
50 MHz while the signal range is being searched for
each setting of »,. Unless the signal and/or pump
frequency deviate by several hundred MHz from

*** We exclude from this definition the trivial case in which
several signals are connected to the same pump transi-
tion (see Section V).
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their expected value, not more than three or four
signal scans are normally required before the deriva-
tive-shaped signal can be located and, after tuning of
the pump frequency to exact resonance, can be
measured exactly.

V. Presentation of Double Resonance Spectra

In complex rotation spectra, the number of pairs
of transitions with a common energy level is com-
parable with the number of transitions in the single
resonance spectrum. In the ground state of the pre-
dominant conformer of iso-butyryl fluoride 74, for
example, there are about 170 transitions (with
J <10 and a variation in relative intensity by a
factor less than 30 in the frequency range from
15 GHz to 40 GHz) with about 450 DR-connections
between them. This large number of DRs arises
because individual pump transitions frequently share
an energy level with more than one, and sometimes
with up to twelve other transitions. For efficient use
of the DRM technique it is desirable in such circum-
stances to have a means of presentation which gives
an adequate picture of the entire two-dimensional
spectrum and which allows the quick identification

0. L. Stiefvater + Double Resonance Modulation I.

of predictable or previously observed DRs. A tabular
presentation is useful for that purpose for spectra
which are dominated by series of Q-branch transi-
tion%. Successive members of a series, e.g.
Joj_o—>J3j_3, are listed in a column and different
series with a common energy level with the first one,
e.g. Ji,y-1—>Joy_2 and J3 ;_g—J4y_4 for a b-type
spectrum, are listed in adjacent columns to the right
and left, respectively. In the resulting table each
transition will then be connected by DR to the adja-
cent ones in the same row. This scheme can also be
applied for spectra dominated by a- or c-type
R-branch transitions if the transitions belonging to
the same value of /— J+1 are listed in adjacent
columns so that the relevant K quantum numbers 27
are constant in each row.

Although these tabulations have been found useful
in the overall planning of DR investigations, these
simple schemes become inadequate when transitions
with different values for A4J are to be incorporated
or when there are more than one non-zero dipole
component in a molecule. It then becomes necessary
to compile an ordered list of signals which are con-
nected by DR with each potential pump transition
within a given frequency range. Such a list is present-
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Fig. 8. ‘Double Resonance Map’ of iso-butyryl fluoride ™. Each point symbolises a combination of pump and signal fre-
quency for which the DR-effect occurs.
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ed in diagrammatic form in figure 8 and will be
referred to as double resonance map. The pump
frequency is plotted along the ordinate and the signal
frequency along the abscissa so that the location of
a particular DR signal is represented by a point at
the intersection of the corresponding pump and
signal frequency. For example, when the transition
493 —> 514 =24,249 MHz in iso-butyryl fluoride is
pumped, a signal can be observed at 25,103 MHz
=319 4,3, but also at 25,860 MHz =4,3— 5,4,
27,0600 MHz =4,3—~ 5,4, 31,416 MHz=5,,— 6,5
and at 32,199 MHz = 5,,— 6,5 . Each point in this
map has a counterpart which corresponds to an
interchange of signal and pump frequency and which
would be located symmetrically to the line v, =;.
These points are omitted from the map, and this
reflects our preferential mode of operation in which
the transition at the lower frequency is chosen as the
pump transition.

In our experience DR-maps have proven invalu-
able as an appropriate and convenient presentation
of the two-dimensional spectrum, especially since
they also reveal characteristic features which facilitate
the analysis of spectra. Unfortunately, they can not
do justice to the high resolution of microwave spec-
troscopy if they are extended over as large a fre-
quency range as in Fig. 8, nor is there an easy way
of incorporating the relative intensities of signals in
this map.

VI. Miscellaneous

This final section is concerned with some minor
aspects of DRM and with experimental details which
have emerged in the operation of the instrument of
Fig.4 and of the DRM spectrometer proper which
has been described in Ref. . Besides the absorption
cell the latter instrument differs from that of sec-
tion III above through facilities for the stabilisation
of the frequency modulated pump radiation and for
monitoring the undesirable power modulation of the
pump radiation.

a) Sensitivity of DRM

Large enhancement of absorption signals by the
use of DR have been observed % 28 for special cases
in which a very weak transition shares an energy
level with a strong transition. However, in the nor-
mal situation of connected transitions with com-
parable intensities it is found 14 2 that, for identical
dimensions of the absorption cell, the signal intensity
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does not change markedly when Stark effect modula-
tion is replaced by DRM. Improvements in signal
strength have to be sought, therefore, primarily
through special instrumental features. Chief among
these is the possibility to use longer absorption
cells® than is feasible in Stark spectroscopy and,
since no Stark electrode is present in the DRM cell,
losses are normally reduced despite the increased
cell length. It is advisable, in addition, to make more
efficient use of the limited pump power which is nor-
mally available through the use of waveguide with a
smaller cross-section 2 than the conventional X-band
cell. These aspects were taken into account in the
construction of the DRM cell of Ref. 6 (cell dimen-
sions: 10.7mm x 4.3 mm x21.8x103mm) and,
using the same detection system, we observe an in-
crease in sensitivity of about one order of magnitude
over the Stark modulated spectrometer with a con-
ventional cell length of 4 meters.

b) Frequency Measurements

The measurement of absorption frequencies by
DRM includes the subjective judgement of the sym-
metry of the triplet pattern and this entails corre-
sponding uncertainties, particularly in »,%. In typical
cases it is found, for example, that a deviation of
10.2 MHz of v, from »,% does not affect the sym-
metry of the signal by an easily discernable amount.
While systematic errors in the signal and pump fre-
quency due to the subtle intrinsic asymmetry !4 of
the DRM signal are negligible for a large modula-
tion depth (section IV), additional uncertainties
would result from the variation of signal power
across the triplet pattern and from non-linearity of
the sweep. In our normal mode of operation with
free-running, frequency-swept signal klystrons and
oscilloscope display of DRM signals, we do not
achieve, therefore, the same accuracy in DRM as in
Stark spectroscopy for individual transition fre-
quencies. However, by using a sufficiently large num-
ber of transitions in least squares procedures and by
including preferably low-/ transitions which are
strongly dependent on the rotational constants and
which are identified unambigously by DRM, we are
normally able to obtain rotational constants with the
same precision as in Stark spectroscopy.

c) Phase Inversion of the DRM Signal

As a result of the frequency modulation of the
pump radiation every DRM signal assumes the
symmetrical triplet pattern twice if the pump klys-
tron is tuned past ,° by more than the modulation
depth. The two resonant signals correspond to co-
incidence of the upper or lower modulated pump
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frequency with »,° and they differ, accordingly,
only by a phase shift of =z (inversion of signal). To
eliminate the possibility of confusion and the neces-
sity to produce every signal twice in order to deter-
mine v, unambiguously, we find it convenient to
adjust the reference phase always so that the zero-
pump line points downwards, as in Fig. 3 b, for
y¥r — .0 and upwards, as in Fig. 5b, for
vpPP* =0, This phase inversion is conveniently
used as a test to distinguish very weak DRM signals
from mere reflections, and it also provides for im-
provements in the determination of »,° through two
independent measurements in cases where this is
desirable.

d) Interference from Adjacent DRs

From Sect. IIb it is clear that the proximity or
even exact coincidence of two signal transitions
(pump transitions) does not cause overlap in DRM
if the respective pump transitions (signal transi-
tions) are well separated in frequency. Interference
can arise, however, when the frequencies of the two
signals as well as the frequencies of their respective
pump transitions both differ by less than ~5 MHz.
This situation arises quite often when the pure rota-
tional transitions are split into several components
by, for example, internal motions or nuclear quadru-
pole coupling. To unravel the complicated signal
pattern which can result in such cases (Fig. 9 a) and
which would prevent the precise determination of

Fig. 9. Resolution of adjacent DR-signals through reduction
of the pump power. Molecule: isoxazole .
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corresponding signal and pump transitions, we use
the following procedure: First, the pump frequency
is de-tuned from the apparent »,° and the frequen-
cies of the derivative-shaped signals (Fig. 9b) are
measured. The pump frequency is then brought back
towards resonance, but now overlap is reduced
through the attenuation of the pump power until the
DR-lobes of each signal nearly coalesce. Through
fine tuning of »,, each of the ‘undermodulated’ signals
is then symmetrized in turn (Fig. 9¢ and 9d) and
1Y is determined while 7. is re-measured for each
component. For improved accuracy the routine is
finally repeated with the other modulated frequency.
The procedure described here fails, for obvious
reasons, for very weak and very close DRs (separa-
tion less than 2 MHz in signal and pump frequency)
or when the adjacent DRs differ greatly in intensity.
It then becomes necessary to select a different pump
or signal transition with larger separations between
its components. In heavily asymmetric rotor spectra
this is frequently possible (compare Figure 8).

e) Insufficient Pump Power, Collision Induced
Transitions

The splitting of the DR-doublet can become very
small either because of insufficient pump power
(Fig. 10b) or because of a small line strength of
the pump transition. When the population changes
outlined in section Il a lead to an increase of the
integrated intensity of the signal transition, the
zero-pump line is largely (Fig. 10b) or completely
(Fig. 10c¢) extinguished by the nearly coalescing
DR-lobes, and the triplet pattern of DRM signals
(Fig. 10 a) degenerates into that of an ordinary ab-
sorption line (Figure 10c¢). Since the opposite
behaviour, in which the zero-pump line extinguishes

Fig. 10. ‘Undermodulation’ of a DR-signal as a result of
small pump power. Molecule: propionic acid ™.
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Fig. 11. Collision-induced transitions in propionyl fluoride ®.

the DR-lobes, is also possible (Part II) the phase
convention given under 3. above becomes inadequate
in such cases and the correct 7, has to be determin-
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ed by a phase inversion experiment. — It may be
mentioned in this context that the undermodulated
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to collision-induced transitions 1% 20, We have ob-
served this type of signals (Fig. 11) in several
molecules % 7 with a considerable number of internal
degrees of freedom. This implies, as has been con-
firmed recently 2°, that the occurrence of relaxation
lines should not be ruled out entirely for larger
molecules.
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