mp———

p— RADIOPHYSICAL RESEARCH INSTITUTE,
GORKY; USSR

preprint N 24

g
//”"\

7

LX1P]+) @u A F Krupnov
&/
Yy,

.~ MILLIMETER AND SUBMILLIMETER WAVE

WIDF -RANGE GAS RADIO SPECTROSCOFY
MM

d

i

.‘\‘”".‘.:Mmﬂﬂﬂ”/

M‘nm.m M’
i S —— m«M/
iin '“"!uM

1873



Mastering of the millimeter and submillimeter
wave ranges 1s one of the main trends in the develop=-
ment of the present radio spectroscopy. Hese rotation-
al lines have the highest intensity which exceeds by
three-four orders of magnitude the intensity of lines
in the centimeter range snd the bandwidth increases
almost by two orders of magnitude in comparison to the
"glassical” for the radio spectroscopy centimeter wave
range. Moreover there are spectra in the submillimeter
wave range which are absent in the more long-wave re -~
gion, All these reasons meke the transfer of the radio
spectroscopic investigations in millimeter and submil-
1iméter wave ranges highly attractive. Only technical
possibilities are determinative in the development of
this trend,

The present paper givee the results of work on
the development of the radio spectroscopic methods in
millimeter and submillimeter wave ranges carried out
recently at the Radiophysical Research Institute (NIRFI)
Gorky, UssR [I -10}.



I. Radio spectrossops with acoustic deteotor

We are developing the method of radio apectroscopy
(7] based on the effect of gas sounding when absorbing
the radiation which was discovered and investigat;ad by
Bell, Tyndall and RSentgen in I880-I88I (II] , This me~
thod is widely used in the infrared gas analyzers [I2]
but in the radic spectroscopy it was completely left be-
hind after a& single experimeat in 1946 [I3] .However our
investigations show that it has a number of valuable ape-
cific features allowed to obtailn the highest absorption
coefficient sensitivity in the submillimeter wave range
(2.10"7cm"1) and easily carry out the automatic spectra
recordings in the whole backward wave oscillator (BWO)
tuning range (of the order of octave) without any kind
of other microwave tunings (see Pige I and 2 ).The sen~
sitivity of the submillimeter radio spectroscope with
the acoustic detection appears higher than have the tra-
ditional radio spectroscopes with microwave reception.
The radio spsctroscope was tested at 2¢ 0.5 mm wave
range [7] «

Fig 3,4 shows the block~schemes of & traditional
radio specc¥osco;e with a microwave detector and a ra=~
dio spectroscope with an acoustic detection.In the trae

ditional radio spectroscope the radiation passes through



a gas cell and directs to the mifirewave detector. In
the presence of the abaorptiom liune the imput power of
tl;a microwave detector is

p=p et ap - 1t (pe==1),
where P, is the rediation source power, ¥ is the lime
absorption coefficient, | 48 the cell lemgth.

In the radio specrtescope with the sooustic detec-
tor the radiation of the source alsc passes through the
cell filled with the gas investigated but the recelver
behind the cell is absent. The imvestigated gas itself
serves here as & receiver.When the radiation frequency
coincides with the fregquency of the speoctrsl line, the
gas absorbs the power,heats apd inoreases the pressure in
the cell. This pressure repressnts the signal from the
absorption line registrated by the sensitive microphone
placed in the cell, The magnitude of the signal from the
line is defined by the powsr absorbed by the gas.

peb, (- 8o g0, (pt==1) (o)

Comparison of (I) and (2) shows the sdventsge of the.

acoustic detection methad: outside the absorption lines

the signal is absent and lines are registered £rom the

“zero" level. The essential -consaquences of $his aret
a) The possibility of the effective insrease of



the absorption éoefﬁcient Sen.sitivity by increase of
‘the radiation source power. Indeed, the growth of the
radiation power does not cause (at least in p:c;inciple) .
the lncresse of the receiver noise and the signal-to-
noise ratio increases proportionally to the radiation
power F; , i.e. the min‘mum detectable absorption coef-
ficlent 1s inversely proportional to Py s

4
L min (MM“;’ ' (3

In an ordinary radio spectroscope with microwave detecto:
the presence of the power on the rgceiver ( the firat,
noninformative term in (I) ) produces the incrsase of
noise and the sensitivity in the small power region in-

creases only as
4
Emgn(\egu)"{;‘ (4)

and with the power level higher than a milliwatt sen-
sitivity begins to deorease f{I6] . In the radio spec-
troscoyé with the acouatic detector we do not observe
the inerease of noise vith the power level of about a
watt. This change of the character of the absorption
coerficient senmsitivity dependence on the radiation



power permits to exceed the sensitivity of the radio
spectroscope with microwave detector (1024 107 0n~1)
using the radlo spectroscope with the acoustic detector
{16] « Indeed, for the real values of parameters (with
the radiation power P, in watts) the estimated sensi-
vivity of the radio spectroscope wit» the acoustic de-—

teotor dstermined by the thermal noise of the gas is

equal to —
. -4, 310
Fmin (&M 1= P, (5
The real semsitivity obtained by us
' -§
- 2:10
Yoy (271 ) = > (6)

]

The power limitation is due to the effect of the line
saturation, Table I gives the allowed (nonsaturating)
values of the péwer flux in wt[cm2 fo¥ different values
of the dipole moment and the spectral line width. It is
esasential that the allowed power increase as the square
of the line width (and inversely proportional to the squ-
are of the dipole moment). At the common cross sections
of the absorbing cell (=~ Icmz) these permissible powers

exceed essentially those for the radio spectroscope



with microwave receptionj this provides the possibility
of a rather considerable increase of the sensitivity.

b) The absence of the signal outside the spectral
lines makes convenient the spectrum record by scanning
the radiation source frequency. In this case lines are
recorded at the "zero" level (see Figs I and 2). Sub-
millimeter radiation sources (BWO {I4] ) represents
electrical diodes; their frequency is defined in fact
by the one parameter -~ by the magnitude of applied high
voltage. At the voltage change roughly from I to 4.5Kv
the frequency of the BWO is tuned by nearly octave [I4}
The electrone controle of the BUWO frequency combined
with the zero character of the acoustic radio spectro-
scope mekes poasible obtaining for the first time the
continuous records of a large parts of the submillime-~
ter spectrum of the gases.

The continuous specta records obtained in the fre-
quency range Of several hundreds gigahertz poses newly
.the problem of the tramsition identification and permits
to choose a more interesting parts of tm; spectrum for
the investigation (see Figs I and 2). The resolving po-
wer may be changed from 10™2 to 3.10"5 (the last value
is defined by the instabilities of the BWO frequency).



¢) The fact that the signal in the cell is formed
by the absorption of only a small part of the power
and the larger part of the power passes through the cell
makes possible as in the infrared acousto~optical gas
analysers to place several cells at the beam way, i.e.
to perform multichannel spectra records. Ons of the
simultaneously recorded spectre may be used as & refe-
rence for the visual or automatic comparison with the
investigated one.

d)The absence of disturbances from the interfren-
ce due to the microwave tract and detector in the sub-
nillimeter wave range permits easy observations of wide
(in our tests up to 600 MHz [7] )lines.We also obaser—
ve line width of about IMHz., It allows to make conve=
nient and exact measurements of the dependence of the
spectral line broadening on the pressure, i.e. the so~
called parameter of the line broadening.

The volume thermal character of the signal recep~
tion from the line ensures the indcpondence of the sensi-
tivity on the frequency and considerably decrease the
interference effects. The sensitivity independence on
the frequency makes possible to obtain the high "con~
centration”sensitivity in the region of Aillimeter



and submillimeter wave ranges where the absorption 6o-
efficients for the rotatioms lines ave meximum [I5] .
Fig 5 shows the record of the transition U = I3 —= 14
at the wave length of about 0,88um of the isotopic
apecie of nitrous oxide N3N140T® 1p the natural sbun-
dence (3.6, 10™7) on which the vibratiemal sattelite
with the sbundence nearly 20 bimes smeller is seen. To
obw;erve such limes in the wave range X.20m (25CGHz,

J =0 —~I) one would require the sensitivity of 5.10"'1&“
which is unachievable now at the time sonsstent squal

to Isec. Fig 6 illustrate the record of the water trs-
nsitions Igy« Iy0 of Hz olé and its isotopic species

n?ol" and H 018 in natural sbusdancee (4,10 snd 2,107
raapecﬂvely) at the wavelength of about 0,54 mm,

In Fig 6 the value of the sighal«to-noipe ratic for
the main idne exoceeds 10°,

We oarrisd out the analysis of the pxrocesses 60w
cured in the cell with a mi.créphom and determined the
optimal parameters of the co¢ll anl the microphone. The
equality of theé gus and the membrene eslasticity is the
besie oondition of the aignal maximum,

apk <
VT =9 | (7



and the condition of the modulation frequency ¢ is
we = 4 (8)

where P, 1is the pressure in the cell, V, is its volume,

R 1is the radius of the uembrahe, T* i~ the membra-
ne tension in dyne/cm, T is the time constant of the
thermal processes in the cell. In our spectroscope now
condition (I) is not satisfied (the membrane is too
hard) and the sensitivity loss is of about 60. The sen-—
sitivity of our spectroscope is defined not by thermal
gas noise but by the noise of the eleci:roﬁ sheme., It is
also represents the sans_itivity reserve.

Simplicity, wide range and high sensitivity of the
radio spectroscope with the acoustic detector allow the
development on its basis a commercial devicé for the spe-—
ctroa;_;Opic investigation of the submillimeter wave range.
We are working in this direction. Fig.7 gives & general
view of one of the variants of the submillimeter radio

spectroscope with the acoustic detector.

2. Frequency measurement in submillimeter
wave range and the problem of computer spectra processing

The system of frequency measurement with the ac-

9



curacy of 2.10'6

(600 GHz) was dev:loped at NIRFI [ 6] and formaldehyde

in the range up to 0.5 mm wavelength

(6]) and ammonia ([2,4,9] spectra was investigated
with its help. The general view of the submillimeter
video radio spectroscope with the system of the fre-
quency measurements is given in Fig.8. When the sys-
tem of the frequency measurements operates with the
radio spectroscope with the acoustic detector it is
convenient to stabilize the frequency of the BWO over
the measured line.The further refinement of the sys-
tem is possible by way of substitution of the nar-
row-band klystrons with the mechanical tunings by wide-
band backward wave oscillators with the electron tu-
ning. Such substitution is possible on the base of the
system of phase~locking of the BWO frequency in the range
up to 0.8 mm wavelength [8), developed at NIRFI.

A maser radio spectroscope with the syst.m of Jhe
precision frequency measurement (wibh an accuracy of
2.10"9) [3] was constructed in the wave range of 4mm,
Thus, the transition frequency of IOI - 000 of the for-
maldehyde moleculae nzco proved to be equal to

V (I51-0,,)= 72 838 338 860 Hz (3] .

A more simple but considerable less precise

10



( ~IO"4) is the method of the iine frequency measure-
ments by the comparison with the reference spectrunm
siuultaneously recorded over the other camnal of the
spectroscope w:L‘th the acoustic detector. When the dise
tence between the reference and the measured line is
less than 0.5GHz the precision of measurements may be
rised up to ~ 1.10‘6 using the method of frequency
modulation of the BWO [4 ] .

A large volume of information obtained by the
described method of the submillimeter radio spectros-—
copy with the acoustic detector demand the develop-
ment of methods of the compuber spectra processing.
The program of the computer calculation both of the
direct and the inverse problems of the radio spectros-—
copy is developing at NIRFI. Wide range and large va-
lues of 3 are the specific features of this problem.

Results reported in this paper show, in our opin-
ion the real possibility to activize the submillimeter
radio spectroscopy studies, to mske up a map of sub-
millimeter spectra, to create commercial submillimeter
spectral devices and to apply in practice this part
of the spectrum,
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Allowed (monesaturating) power flow density
(ntts/cna) for different values of dipole moment
and line breadth

dipole moment (debye units)
Iine breadth —
- or Bohr magne-

MHs 1 |{10°T {102 " “tom

1 10721 102

10 I 102 | 10*

102 102 | 10* | 108
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A part of submillimeter spectrum of 320. The records
made with the amplification coefficients K and the
resolving power increasing. Frequencies in GHz,



J =314 goﬂa o1 '0
13004 / ,
0 0/2 0 02°0

| K 2%

qID"IJ /

\w

350 357 ¥z | Fra

u

YvacmoK nepexoda o'

J ==L5'~f-ﬁ4
02°%
oo 1 02%%
3523 BT T

Fig.I. (continued)

A part of submillimeter spectrum of NZO
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A part of submillimeter spectrum of HOOOH. Tns record
made with two amplification velues differing by 10 times.

At the larger amplification noise is seen. Freguencies
in GHz,
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Fig.2. (continued).

A part of submillimeter spectrum of HCOOH.
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Fi{g.3 Scheme of common apectrometer with microwave
detector

]

\'.muu gas cell

rediation source  — uoropboul | e
(B W0) |
amplitier
recordey

Pig. 4 Scheme of spectrometer with acoustic detector
(two—channel).
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A record of rotational trahsition J=13 = 14
isotopic specie of nitrous oxide N1> NM' 0"6 in
natural abundance., At right is vibrational satellite.
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Mg, 7
Submillimeter wave spectrometer with baskward-wave

oscillatora and acoustic detector.

Bandwidth 20,5 ™

Senaitivity 2 107 o= |
e .
Resolving power 3 ¢ 1077

Autematic recoxding of two spectra




Submillimeter wave spectrometer with system of

frequency measuremants with quartz accuracy
(2.70~°) ,Bandwidth 1.2 & 0.5 mm.



