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W.F. Kolbe and B. Leskovar
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A pulsed microwave spectrometer operating in the vicinity of 140 GHz for
the detection of rotational transitions in gaseous molecules is described.
The spectrometer incorporates a tunable Fabry-Perot cavity and a subharmoni-
cally pumped superheterodyne receiver for the detection of the molecular emis-
sion signals. A 70 GHz source supplying a high efficiency frequency doubler
which 1is pulse modulated at 30 MHz produces sidebands of sufficient power at
140 GHz to excite the molecules. The cavity is tuned to one of the modulation
sidebands. The operation of the spectrometer is illustrated by the detection
of emission signals from the 6(2,4)-6(1,5) transition of S0, gas. - The gen-
eration of the electric dipole analog of NMR "spin-echo" signals by a =/2-=

pulse sequence is also described.



INTRODUCTION

In contrast to steady-state microwave spectroscopy, in which molecular
species are detected by their equilibrium absorption of microwave energy, pul-
sed Fourier transform spectroscopy exploits the transient polarization of the
molecules produced by a brief pulse of microwave energy at a frequency in the
vicinity of the transition. The polarized molecules emit a polarization decay
signal at their resonance frequency, which is detected by a sensitive micro-
wave receiver. The decay‘signals from a numbef of pulses are then digitized
and signal averaged to enhance the sigﬁa]—to—noise ratio. Subsequently the
time domain signal can be Fourier transformed to obtain the resonance line-
shape. The method is directly analogous to that employed in pulsed NMR exper-
iments and has many of the advantages associated with that technique.

In recent years pulsed microwave spectrometers have been deve]opedl‘3
which have demonstrated the usefuiness of the method. However, these have,
for the most part, been Timited to operating frequencies of less than 18 GHz
because of the unavailability at higher frequencies of microwave switches sui-
table for forming the polarizing pulses. The requirements for the pulse form-
ing switch include an on/off ratio of 100 dB or more1 and a risetime of a

few ns. Commercial pin,diode_switches4

are currently available with on/off
ratios of up to 60 dB for frequencies as high as 50 GHz. These units, how-
ever, have bandwidtq§ of only a few percent, making them very expensive for
spectroscopic applications. Wider bandwidth switches operating at frequencies
up to 110 GHz have ratios of less than 20 dB and are not suitable.

In the present spectrometer we take a different approach to generate the
necessary polarizing pulses. Instead of using a switch to directly control
the microwave power, we use a modulated frequency doubler to generate sideband

frequencies of sufficient power to excite the molecules. The modulation is

then switched on and off with a conventional low frequency switch to generate



the pulses. With this arrangement, on/off ratios in excess of 90 dB are rea-
dily achieved. Since the modulation process introduces sidebands above and
below the carrier in addition to the carrier itself, a high-Q tunable trans-
mission cavity is employed both as the sample cell and as a filter to pass
only the desired frequency.

In the following section we describe the components and operation of the
spectrometer. In Section II we demonstrate the detection of transient emis-
sion signals using SO, gas as a sample species and, in Section III, investi-
éate the combination of pulse Widths and power necessary to produce the opti-
mum polarization. Finally we demonstrate the use of double pulse excitation

of the gas to generate polarization echos.
I. EXPERIMENTAL APPARATUS

A block diagram of the spectrometer is shown in Fig. 1. The major compon-
ents in the system include a 70 GHz microwave source, a modulated frequency
doubler to provide excitation pulses at 140 GHz, a subharmonically pumped re-
ceiver to detect the gas emission signal and a Fabry-Perot transmission cavity
containing the sample gas.

Microwave power 1in the vicinity of 70 GHz is produced by a klystron which
is phase-locked to a frequency synthesizer., Of the approximately 80 mW of
power available from the source, ten percent is used to provide local oscilla-
tor power for the receiver and the remainder is employed to drive the frequen-
cy doubler.

To provide sufficient pulse power to polarize the gas molecules, a tunable
high efficiency frequency doubler was used. This doubler was constructed ac-

5 furnished by the National Radio Astronomy Observatory

cording to a design
and had a conversion efficiency of at least 15% over an output frequency range

of 130 to 146 GHz. The doubler was provided with an appropriate d.c. bias to



maximize the output ~power and simultaneously modu]ated6 at 30 MHz at the
same port. The resulting signal thus consisted of the doubled carrier plus
side-bands 30 MHz above and below the carrier. The maximum output power
generated in each of the sidebands was measured (using the Fabry-Perot as a
tunable filter) and found to be greater than 1 mW. To pulse the modulation on
and off, a Watkins-dohnson model Sl switch was used to provide an on/off;ratio
of greater than 90 dB and a risetime of 1 ns.

The carrier frequen;y and both sidebands were fed to.a tunable Fabry-Perot

cavity6’7

consisting of two opposing mirrors 5 cm in diameter, one flat and
the other spherical, mounted in a vacuum chamber. Two coupling waveguides are
attached to fhe f]ét mirror through electroformed coupling holes 4.0 mm apart
and 0.7 mm in diameter. The spherica] hirror has a radids of,curvafure of
14.8 c¢m and is mounted in a semi-confocal configuration with a distance of
about 7.4 cm between the two mirrors. The cavity can be tuned by moving the
spherical mirror with the use of a piezoelectric transducer and a stepping mo-
tor and micrometer drive provided for this purpose. The loaded Q of the cavi-
ty was about 73000 and the transmission loss through the cavity was approxima—'
tely 18 dB. Because of the high quality factor of the cavity, only one side-
band from the modu]ated frequency doubler passes through the cavity and reach-
es the receiver. By apprqpriate]y tuning the §avify to_the'desired value,
either sideband can be detected.

After passing through the cavity thé,microwave signal is converted to an
IF frequency of 30 MHz by the recéiver. A subharmonically pumped mixer‘8
with a noise figure of 12.5 dB (DSB) was qsed to pefmit the 70 GHZ source fre-
guency to be used directly as a .local oscillator. Alternatively, a second
frequency doubler and a fundamental mixer could have been used. After pream-
plification, the receiver output signa] is passed thorugh a gating switch (a

Hewlett-Packard 10514A mixer) to prevent saturation of the IF amplifier during

the polarization pulse. The IF signal is then converted to baseband frequency



by means of a phase detector driven by the same 30 MHz source used with the
modu]ator. A phase shifter is used to obtain the in-phase component of the
cavity signal. The detected signal is then digitized usihg-anv8—bit Transiac
model 2008 transient digitizer, a CAMAC-based unit with a maximum sampling
rate of 20 MHz and a memory size of up to 8K channels. A PDP-11/34 computer
is used to average the digitized data from a number of pulse Sequences and to
further process the data.

To generate the necessary signals to drive the pulse and gating switches
and to trigger the transient digitizer, a pulse sequencer, incorporating two
Advanced Micro Devices Am 9513 timing controller chibs, was constructed. It
was fashioned after the design described in Ref. 9 and was interfaced to the
CAMAC system. Because the Am 9513 was operated with a 5 MHz clock, the
available pulse widths were limited to multiples of 200 ns. In order to
provide a finer control of the pulse widths, a pulse generator with variable
width controls and triggered by the sequencer, was optionally employed. For
the double pulse experiments described below, two pulse generators were used
as shown with their outputs connected together.

In order to illustrate the generation of transient emission signals, the
cavity was filled with 50, gas at a pressure of a few mTorr. The microwave
frequency was set to 140.3062 GHz corresponding to the 6(2,4)-6(1,5) transi-

tion of the gas10

and the cavity was tuned to resonate at that frequency.
The mechanical stability of the cavity was sufficient to maintain its frequen-
cy at resonance during individual experiments with only infrequent retuning.
The excitation pulse width was set to a convenient value between 500 and 1000
ns and the 30 MHz modulation power adjusted to maximize the amplitude of the
emission signal.

Figure 2 shows the cavity excitation pulse and the transient emission sig-

nal at the output of the receiver preamplifier for a gas pressure of 7 mlorr

and a pulse width of 500 ns. Although the rectangular input pulse also shown



is distorted by the cavity t ime constant, it has been demonstrated11 that
the polarization produced is broportiona] to the integral of the pulse to
first order independant of this distortion. In order that the molecular emis-
sion signal be observed, the cavity decay time must be short compared to the
molecular relaxation time. The voltage decay time is given by
Te = ZQL/ w, Where QL is the cavity loaded Q and W, is the frequency.

For our cavity t. is approximately 175 ns.

In order to display the transient emission signal, the output of the re-
ceiver was further -amplified, phase detected and digitized as described
above. Figure 3 shows the result for an average of 1000 scans taken at a
pressure of 1.0 mTorr. The excitation pulsé begins at t=0 and, as shown in
the figure, extends for 400 ns. A shoft time later the receiver gating signal
is turned off, permitting the tail of the cavity decay and the oppositely
phased emission signal to be observed. In this figure the excitation frequen-
cy has been chosen to correspond exactly to the rotational transition frequen-
cy. If the frequency is shifted by 2 MHz as shown in Fig. 4, the emission
signal appears as a damped sinewave of that frequency. In either case, the
lineshape iq the frequency domain can be recovered by Fourier transformation.

The time dependance of the emission signal has been shown in Ref. 11 to

have the functional form:
- 2,12
E(t) = E; exp(-t/T5) exp(-t°/4q°) . (1)

Here, T2 is the polarization relaxation. time arising from molecular colli-

sions and q is the Doppler dephasing time resulting from the Boltzmann

11

distribution of molecular velocities. Tz can be expressed in terms of

the low power collision broadened linewidth, av, as



Ty = 1/(2mav) (2)

Using the value of (Av)1 = 15.6 MHz/Torr which we measure for this transi-
tion, one obtains for a pressure of 1 mlorr, T2 = 10.2 us. The quantity q

is given by the expressionllz

q = (1n2) 12/, (3)

where for a given temperature, T, molecular mass, m, and frequency, o the

o’
Doppler half width, dwp is

Wy 1 2kT 1n2)1/2 (4)
bog = =¢ ( m

For SO2 at 140 GHz and ambient temperatures, q = 1.2 us. Figure 3 shows the
calculated decay signal obtained with Eo = 21 mv, T2 = 10.2 us and

g = 1.15 us in good agreement with -these values.

II. EMISSION AMPLITUDE AS A FUNCTION OF Kedtp

11 of the

The amplitude of the fransient emission signal is a function
applied electric field, the pulse length, Tp, and the transition matrix ele-
ment and, as in the analogous pulsed NMR case, is a maximum wheh the quantity
'Keotp is approximately equal to n/2. In this expression,
K = 2h'1|<a|uz|b>| where <a|uzlb> is the electric dipole matrix element

and ¢_ is defined in terms of the peak electric field as e

o = Eo/2. In

0
the Fabry-Perot cavity the gas molecules do not experience a uniform electric
field and the total polarization must be obtained by an integration over the
field distribution in the cavity. It is shown in Ref. 11 that the emission

amplitude is then approximately given as



where Jo is the Bessel-function of order 0.

The above expression for the emission amplitude is only valid if the tran-
sition is non-degenerate. In the case of the 6(2,4)-6(1,5) transition of
50,, the rotational quantum number, J=6 and there are 2J+1=13 degenerate
M-states comprising the transition. Since each of these M-states have differ-
ing transition matrix elementslz, qu. 5 must be summed over these to ob-
tain the total contribution to the intensity. Figure 5 shows the predicted
amplitude of the emission signal as a function of KEQTh
erate and non-degenerate cases. As can be seen, the effect of including the

for both the degen-

13-fold degeneracy is to wash out the oscillations of the Bessel function and
to introduce a small shift in the peak position.

In order to compare the predicted intensity variation with experiment,
measurements of the amplitude of the emission signal were made at differing
pulse power levels and for three different pulse widths, 0.5, 1.0 and 1.5 us.
The results are shown in Fig. 6. Since the electric field in the cavity is
proportional to the sqﬁare root of the microwave power at the cavity input,
the product (Pﬁaz)-rp is plotted against the intensity for each of the
three cases. A Hughes 140 GHz bolometer was used to estimate the microwave
power, The fact that the peak amplitude occurs at the same position for each
of the three pulse widths is good evidence of the validity of Eq. 5 in ex-~

qtl

plaining the present results. It was derive aséuming a short pulse 1li-

mit for Ths and the decrease in the peak amplitude observed with the 1.5 us
pulse is most likely due to a violation of this condition.

The magnitude of the electric field in the cavity can be estimated from
the known cavity Q, the transmission loss at the input and output ports and a

measurement of the microwave power level at the input of the cavity. This was



done using an equation similar to that present in Ref. 11, The resulting
electric field calculated for the peak emission signal was about 1.8 times
that predicted by the theory and shown in Fig. 5, not a very large error con-

sidering the uncertainties involved in the measurements.

IIT. TWO PULSE ECHO MEASUREMENTS

In pulsed nuclear magnetic resonance experiments, the spin-echo tech-
nique13 has been used extensively to measure the nuclear relaxation time T2
under conditions where the free induction decay signal (FID) is dominated by
local magnetic field inhomogeneities. In these experiments, a =/2 pulse is
used to polarize the nuclear spin system and, after the FID signal has disap-
peared, a second = pulse of twice the duration is applied. An echo signal, of
amplitude determined by Té, then occurs at a time after the second pulse
equal to the difference in the two pulse times.

As McGurk, Schmalz and Flygare have shown14, a similar behavior is pre-
dicted to occur for the electric dipole transitions associated with molecular
rotational states. Their calculations, derived for the case of a traveling
plane wave excitation, yield the following result for the emitted electric

field following the second pulse:

ﬂhﬁmlANo e—(t—3t1)T2

2,,.2
x'{e'(t_3t1) l4q cos[éo(t-3t1)+3mtl-k{] (6)

~(t-t,-2t,)%) 407
+ e : cos[@o(t-th—tl)+m(2t2+t1)-kz }
In this equation, the first pulse of duration t1 occurs at time t=0 and is
followed at time t=t, by a pulse of duration 2ty. The echo given by the
second term of the equation, then occurs at time t = 2t2+t1. The first

term is the tail of the transient emission signal from the first pulse. No



transient emission signal is produced by the second m-pulse. As in the single
pulse experiment described above, the quantity q is the Doppler dephasing
time. Its role is similar to that played by the magnetic field inhomogeneity
in the NMR case. Only if T, > g can echos be observed.

To demonstrate the production of echo signals the cavity.was filled with
502 at- a pressure of 0.5 mlorr. .The pulse sequencer was then programmed to
generate a double pulse signal.with the duration of each pulse being control-
led by a triggered pulse generator as shown in the block diagram. After ad-
justing the duration of the first pulse to maximize the amplitude of the tran-
sient emission signal (w/2-pulse), the second pulse was adjusted to maximize
the echo amplitude (w-pulse). The result is shown in Fig. 7 where echos for
three different delay times are presented. In this plot the position of the
second pulse is held fixed while the time of the first pulse is varied. In
addition, the receiver is gated off during the two pulses to prevent satura-
tion of the spectrometer. The small excitation pulses shown in the figure are
thus greatly attenuated from their actual values.: As can be seen, in each
case the echo occurs at a time after the second pulse equal to the time be-
tween pulses. It should be noted that, in the case of a strong echo, a se-
cond, much weaker echo of opposite phase occurs at three times the pulse se-
paration. The mechanism producing this echo is not understood, although it
may be due to additional polarization produced by the electric field built up
in the cavity during the primary echo.

The duration of the first pulse in the above experiment was 360 ns while,
for the second pulse, a length of 520 ns produced the maximum echo amplitude.
The ratio between the two pulse lengths was thus less than a‘factor of two.
This deviation from the ideal «/2-v ratio is most 1iké1y due to the fact that
thé moiecules are subjected to a range of electric fields as they move through
the cavity. While the plane wave theory summarized in Eq. 6 predicts no

transient emission signal following the second pulse, one 1is actually pro-

10



duced as can be seen from Fig. 7. This: further illustrates the fact that a
true m-pulse cannot be produced in the Fabry-Perot cavity.

We have plotted in Fig. 8, on a logarithmic scale, the echo amplitudes
measured for three different gas pressures as a function of the elapsed time
after the first pulse. The decay times for these measurements are summarized
in the accompanying Table I. 1In each case the observed decay times are short-
er than the T2 relaxation times calculated:from the pressure broadened 1ine-
width using the equation given previously. This is due to the presence of an
additional decay mechanism not accounted for in Eq. 6 which arises because the
molecules, which are moving with a high velocity, leave the region of the
cavity, where the electric field is large, before they can be collisionally
relaxed. To properly account for this effect, a more complete calculation
following the methods of Ref. 11 is needed. However, a rough 1n£erpretation
of the resu]ts_ can be made by defining a characteristic residence time,.

Td = 25.4 uys for the molecules given by the ratio of the average waist ra-

1

dius (0.79 cm) of the Gaussian cavity beamt > to the mean kinetic velocity

(3.1 x 104 cm/s). Then we have

1 11 | e

Tcorr Tobs d

where T .. is the corrected relaxation time. The results which are pre-
sented in Table I are in reasonable agreement with the calculated values for

T2.

IV. DISCUSSION

The general theory of transient effects in microwave spectroscopy has been
worked out in detaill? by Flygare and coworkers. In addition, these prin-

ciples have been apph’ed11 to the special case of pulsed excitation in a

11



Fabry-Perot cavity. However, spectrometers using these techniques havé in the
past been limited to operating frequencies below 18 GHz. By incorporating a
pulse modulated frequency doubler as a polarizing source, we have extended the
operation of such spectrometers to the short millimeter range.

We have demonstrated the operation of the spectrometer by detecting the
emission signals produced by an SO, rotational transition and showed that
the conditions for optimum pulse excitation can be readily obtained with the
pulse generation scheme we have employed. In addition we have demonstrated

that, as previously observed in the infrared region16

,. polarization echos
vcan be produced using double pulse excitation.
The technique should be of interest to workers investigating coherent

17 where transitions are

transient phenomena in the millimeter region
stronger ;thén they are. at‘ low frequencies and for investigations of
short-1ived species which have absorption lines at these frequencies. In ad-
dition we hope to use the spectrometer together with a pulsed supersonic mole-
cular beam capable of rotationally cooling the molecular species to provide
greater sensitivity. This technique has been used very successquy2 at

lower frequencies.

12
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TABLE I.

~ Two pulse echo relaxation data for NV 6(2;4)—6(1,5) transi-

tion at 140.306 GHz

Pre.SSUY‘e Tobs Tcorr TZ

(mTorr) (us) (us) . (us)
1.61 5.5 7.1 6.3 '
1.05 7.1 9.9 9.7
0.51 11.0 19.6 20.0

» a]-/Tcorr = 1/T0b5 - 1/Ta with Td = 25.4 ys.

14
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FIGURE CAPTIONS

Fig. 1 Block diagram of pulsed spectrometer,

Fig. 2 -Cavity excitation pulse and transient emission signal for pulse width

of 500 ns and gas pressure 7 mTorr.

Fig. 3 Transient emission signal for 502 at 1.0 mTorr and frequency offset

of 0 MHz. 400 ns pulse ends at time, tp and receiver gating is
disabled at time, t;, pashed line shows' calculated decay with

Eo =21 mV, Tp = 10.2 us and q = 1.15 us.

Fig. 4 Transient emission signal for SO2 at 1.0 mTorr and frequency offset

of 2.0 MHz, tp and t; as in Fig. 3.

Fig. 5 Calculated transient emission amplitude as a function of Ke, " for
( —— - =), non-degenerate transition and (-——), degenerate

transition with J = 6.

/2
Fig. 6 Measured transient emission amplitude as a function of P j, T

Fig. 7 Measured w/2- 1 -w pulse echo signals for 502 at 0.5 mTorr and three
different pulse separations, (a) t = 9.3 us, (b) v = 12.5 us and

(C)‘[ = 15.7 us.

Fig. 8 Semi-log plot of echo amplitude as a function of total elapsed time

after the first pulse for three different SO, gas pressures.

17
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separations, (a) t = 9.3 us, (b) t = 12.5 us
and (c) © = 15.7 us.
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Fig. 8 Semi-log plot of echo amplitude as a function

of total elapsed time after the first pulse for
three different S0, gas pressures.
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