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INTRODUCTION

Because microwaves of frequencies exceeding 6,000 megacycles have poor
propagational characteristics, spectroscopy using microwaves as the incident
or exciting radiation has led to developments which make possible extra-ordinary
resolution of speetral lines. Microwave spectroscopy is the classification
of those discrete ffeqnaneiaa between approximately 6,000 megacycles and the
infra-red region which are absorbed in passing throush gases, ligquids, or solids.

Because only certain critical freguencies are absorbed by a specimen, one
thus has a relatively simple and reliable means of determining the presence,
magnitude, and relative concentrations of molecular elements of matter. For
example, water vapor of the ailr exhibits molecular resonance at about 22, 500
megacycles where propagational losses increase to over 0.4 decibel per kilome-
ter. Oxygen in the atmosphere provides maximum absorption or attemuation of
mierowave energy at a frequemey of about 60,000 megacycles, with attenuation
being of the order of 10 decibels per kilomater.l The possibility arises that
every element or compound of elements, both known and unknown to science, will
absord frequencies in the microwave regionm.

Until recently, identification of atome and molecules by speetroscopic an-
alysis has utilized radiations in the infra-red, visible, and ultraviolet re-
glons of the spectrum. These methods limited investigations to atoms and the
gimpler molecules. In the fields of medicine and industrial chemistry, whers
the larger and more complicated molecules are found, the past methods of spec~
troscopie analysis have not been suitable. The explanation of this faet is that
the heavier molecules rotate at slower rates producing spectral lines which fall

within the microwave region. The larger molecules which may be subjected to

; 3
S. Freedman, "New Field of Microwave Speectroscopy", Radio and
Zelevision News, XLII: 27-9 (July, 1949)



microwave analysis are those found in plastics, polymers, rudber, textiles,
foods, oll, drugs, and biological chemicals, such as vitamins.

Because it can deal with the mucleus of the molecule, the microwave me-
thod makes possibdle the identification of isotopes; however, the other methods
have been able to deal only with the outer parts of an atom or moleeule. To
date, about five hundred elements or compounds of elements have been analyzed
by microwave spectroscopy resulting from absorption or scattering of electro-
megnetic waves between 6,000 and 50,000 megncycles.

Figure 1 shows a block diagram of » typlesl microwave speectroascove. MNi-
erovave energy from an oscillator is divided between two arms, one containing
the specimen to be analyzed and the other simply alr and a variable attemuat-
or for balaneing the outputs from the two arms. Any abdeorption occurring in
the specimen chamber disturbs the balance between the two arms and causes an
output from the difference mamplifier. This slignal setuates the indleator.
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CHAPTER 1
FROBLEM AND METHODS OF SOLUTION

The problem was to conmstruct a microwave speetroscope for the 3 to 4%
centimeter range. Block diagrams for two different variations of such a spec-
froscope are shown in Pigures 2a and 2b o» page 5. Because the initial cost
of new equipment for mlcrowave spectroscopy was considered toc great, the prob-
lem at hand was either to convert war-surplus equipment to the immediate needs
or to construct the equipment from easily obtained materials.

Two war-surplus pleces of gear were immediately availlable; one, a kly-
stron eseillator including a power supply and attemuators, was easily modified
to meet the need for a microwave oscillator; the other, a2 cavity wave meter,
was of secondary importance; however, it contalned a microampere meter which
facilitated the procurement of relative power output measurements.

Also necessary was a device to detect the absorption of frequencies with-
in the range of the klystron. For this, a erystal dlode of the germaniumr type
was employed. Following the detector some method of indication was necessary,
either a direct reading output meter or an oscilloscope whose trace would show
a change of amplitude at the absorption frequeney. Between the detector and
the indicator, a differemce amplifier wos needed for balancing the output
voltages from the detectors at the ends of the specimen arm and balancing arm,
exhibiting nc output whenever the two arms remained balanced but giving an
indication if absorption occurred in the specimen arm.

Po facilitate the location of an absorption frequency, the output from
a saw-tooth sweep generator was applied to the repeller grid of the klystron
in addition to the blas voltage; this caused the frequency of the klystrom
oscillator to sweep through the range belng investigated for the presence of

absorption lines. The microwave energy from the oscillator was made o pass
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through two parrallel paths, a specimen arm and a balaneing arm, to their re-
spective detectors, the signals from which were then fed through the differ-
ence amplifier to the oscilloscope which was synchronized with the sweep gene-
rator. Because of the extreme difficulty encountered in the search for two
erystals of similar characteristics, adjustable input impedances were inecorpora-
ted in the difference amplifier.

To allow for a wider choice of specimens in the form of liquids, solids
or gases, two differemt arrangements for passing mierowave emergy through the
specimen were employed. A pressurized wave-gulde section procured from surplus
equipment was utilized in the first arrangement. This pressurized section was
attached to one arm of a series-fed "T" wave-guide section, the other end of
which fed into a wavegulide section containing attemuators for load matching.
These two sections fed into identical detector systems employing germanium erys-
tals. The output from the detectors then led into the difference amplifier.

The second arrangement consisted of wave-guide horms attached to each end
of the series-fed "T" section. Located at a convenlent distance from the horas
and in co-axial alignment with them were two other horms which were connected
through co-axial cables to the detectors. The specimen was inserted bLetween
one of the pairs of horns, leaving air between the other pair. This pair of
horns provides a balancing arm similar to that in the previous arrangement. If
gas constitutes the specimen, either arrangement can be used, the pressurized
system being much more accurate for guantitative measurements; however, for
liguids or solids the horm arrangement must be employed.

Another spectroscope which is less accurate, but which simplifies the con-
struction of the equipment and emables more rapld operation without the need
for the tedious balancing steps, employs the double modulation prineiple (see
Figure 3 on page 7.) It also utilizes a klystrom oscillator whose frequency
is changed by varying the repeller grid bias with a saw-tooth generator. How-
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1
ever, the iwo-set-ups differ widely in the other components. In addition to

the bias and sweep voltages, the output from a2 radio-fregquency signal genera-
tor is also impressed on the grid. This r-f signal frequency modulates the
output of the klystron which is then fed into a pressurized wave-guide section;
the balancing arm is not necessary in thie set-up. Any absorption taking place
within the specimen chamber then amplitude modulates the incident radiation,
hence the name "double modulation". The output from the specimen.chamber is
fed into a single detector. The usual erystal detector removes the microwave
component from the incident radiation leaving the modulated radio-~frequency to
pass into a commnications receiver tuned to the radio frequenecy (200 kilocycles
was used; however, this frequency was not eritieal). The receiver output is
displayed on an oscilloscope, the horizontal plates of which are synchronized
with the low fregquency saw-tooth voltage. Signals resulting from the absorp-
tion speetra of the specimen gas can be observed without introducing serious
distortion.

There 1s one serious objection to this set-up, however. All irregulari-
ties in power received by the germanium detector are amplified the same as the
spectral line. This results in a large signal at the beginning and end of the
mode within the wave-gulde; however, if the absorption path is restricted to
short wave-guide sections, the reflections are usually broader than the spec-
tral lines observed at low pressure and can be distinguished visually. Any
method involving sharpness of the response on the-oscilloscope as a eriterion
of absorption is definitely limited by the length of the svecimen chanber.

These three-set-ups allow one to graduate from the coarse to the fine in

both qualitative and quantitative measurements of mierowave speetra.

1 : :
R. Watts and D. Williams, YA Double Modulation Detection Method for
Microwave Spectra®, Physical Review,ILXXII: 1122-3 (Dec., 1947)



CHAPTER 2

THEORY OF MICROWAVE SPECTRA

For better understanding of mierowave svpeetra, consider the oxygen mole-
cule in its normal ground utau.l Because oxygen has one unit of spin angu-
lar momentum, it has 2 magnetic moment equal to two Bohr magnetons, 1. e.,
_z_'ﬁ_ where e is the charge on an electron in electro-magnetic units, h s
:lan::'- constant, m is the mass of the electron and ¢ is the veloeity of light.z
This permanent magnetic moment allows the molecule to couple to the magnetie
field of an electromagnetic wave. Because i$ is coupled o Bhe rotational mo-
tion of the molecule, the unit of spim angular momentum perturbs the rotational
state.

Having three spatial orientations with resvect to the given molecular ro-
tational angular momentum veetor, k, the unit electron spin causes each rota-
tional level to split into three states: J = K+ 1, X, and K-1 vhere each J
state of this so-called ®-type triplet arises from n different orientation of
the spin with respect to the rotational motion of the molecule. The energy
differency between successive J terms in any of these triplets is about 2 em™>
(vith the single exception of the J = 0—1 difference which 1s sbout 4 em™1).
Therefore, within the 2 ew"l region there are two absorption frequencies for
each value of the rotational angulsr momentum guantum mumber, ¥, as devicted by

the selection rules for magnetic dipole transitions allowing induced transitions

1
Standberg, Meng, and Ingersoll, "Microwave Absorptiom Spectrum of
01.7&-;'- Physiesl Review, LXXV: 1524-8(May, 1949)




between the successive members of the triplet, (4J = ¥ 1).

The 016 nucleus has zero muclear spin angular momentum, so that symmetry
comsiderations demand that K have only odd 781ﬂ8l.1

Considering the 2 en~1l region, there are about twenty-five lines which
overlap at atmospheric pressure and which contribute significantly to the ab-

sorption within this section of the spectrum.

1
Standberg, Meng, and Imgersoll, op. eis., pp. 1525



CHAPTER 3

CORSTRUCTION A¥D THSTING OF APPARATUS

As was previously mentioned in Chapter 1, two pleces of war-surplus appa-
ratus wvere modified to meet the need for a klystron oscillator and a wavemeter.
The first of these, a "Test Set 35", contained a ZK25 reflex klystroa tube with
the assoclated power supply. To adapt this gear to microvave spectroscopic us-
es, the original grid connections were removed (see Pigure 4). A saw-tooth sweep
generator using an 884 thyratron tube (see Figure 5) was connected to the termi-
nal of the repeller grid of the klystron. To procure a linear rise on the saw-
tooth wave form, use was made of the saturation characteristics of a 6G6 pentode
tube connected in series with the output condenser to maintain a constant charg-
ing current.

The wavemeter could be used to determine the freguency of the mierowaves %o
three significant figures. To enable future calibration of the wavemeter, an
auxilisry method of determining the frequency of the klystron output was used.
This method employed standing-wave measurements, wherein the output from the kly-
stron was reflected from a metal plate perpendicular to the direction of propa-
gation. With the reflector plate at certain discrete dlstances from the wave-
guide output, maxirum and minimum pover output indieations were noted on 2 meter
arranged to indicate the standing wave ratio. Because the distances that the
reflector plate was moved between the observation of two successive maximum or
minimam meter readings was a half-wave length of the microwave radiation, the

frequency was easily computed with an mverage deviation from the mean of 5.14
perecent. Although this method is more accurate than the use of the war-surplus

wvavemeters available, the latter method is more easily adapted to dynamie uses.
Connected into the Balancing arm, the wavemeter acts much as an sbeorbing
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specimen in that 1% absorbs cuergy vhen the covity hss ecertain critienl di-
mensions. As the oscillstor sweeps through ths fregueney %o vhieh the wave-
meber is tuned, the wave meter absorbs enerzy and its resonznce cruve is trac-
ed out of the scops. To measure the fregueney of an sbeorption line, it is
necessary only to superimpose the wavemeter "pip® on that of the absorption
line 2:d read the vavemeter dinl.

8o that absorption conld be sscerininesd, = difference amplifier was en-
nloyed. The difficulties encoundered while cormstructing the difference am-
plifier are worthy of note for aﬁ&@@e using this piece of gear. A convenbion-
al eircult employing a 6SE7 duo-triode tube minimized spatial requirenments.

Iin Figure 7 one will notice the ecabthode resistor, Ry, whose value is eritieal

if distortionaless output is t¢ be had from the amplifior. In the equation,

oo MEB [‘(91 -o2) - _a_ (o1 - ep)

where az _R+7
2{u+ HRIZ

By must be chosen teo mest the condibiom.
2(4e+1) By, D) (B + ryp).

This condition will snable the latber nart of the equatiom for e, %0 becone
Insignificant.
A value of %vwelve thousand chms for Rk and a value of btwenty fora sub-

stituted in the above conditlon yields:
2{20 4+ 1) 12,000 = 504,000 ohms

which is f£ifty times greater than (2 4 rp) vhich equals
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(10,000 4 750) = 10,750 ohmg.

59, the mazximen aafe operabing comdi-

A tube such as the 6SLY will give a higher«, if increns-

3
T

ed ounbvub iz desired. The finsl eguation for the output is:

8y = L UR . ey - op).

'2:{:-13 + R
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CHAPDER &

Al RESULTE

In the %T’éim waovs nethod of fraguenty determination, use wse wulde of

B

tha verticsl gathetometov for the meesupement of half-vave lengthe with 2 zre-

eision of the order of 0.005 centimetera; the remulting fremuency versus Pee

valler grid voldnze sruve for the 2725 Rlystesy iz axhiblited v Figure 5, the
£e 43 ¥a

fregneney havisg on sversge devistien fron the mean of 5.14 per gend. Dota
for this eurve is 1istzd in Teble T aud Pable II ad the ond of ths chapter.
The 4if¥iculty in mrocuring o gas which would have sheorpiion lines within
the €,000 %o 9,000 negreyele ronse covered by the 2025 klyetron sat-up drovent-
ed the lseation of specifie lines. Hone was nrewalent at fivet vhen 1t wag
learned $het 1sdine monochlovide, ISL-C and I0L 7, yielded twe thsoresical
absorption Iines ot A980 mognoyelen nnd 663 megs cgc:?.e-scl Hovever, hetouse
iofine nmonachlorids fe mwetoble, need for svoecizl eoulvuent besane appzront.
Isdine crys taly snd liguid chlorine cowuld o wsed Yo ylslé iodine noncehlorids
whilch could fhen %e mmeé iode the vove-gulde; bubt the tanperature would
heve Yo be mninbained =t agﬁ;f;ttrmimtely 100° €. anrlag the prosess o provent
the disensociatisn of the pan

Bocouns pever chongst also nrednes {ndleations on bhe oscilloscons trace,

exfrenoly sholle curreont remulsfor tubse vers emloyed; however, oas of thess

&

tubes, = YE-121-4, f2illied to funstion eorrectly, ond 2lthoush on order wes plae-

8, the tube feilied %o arrive.

i
R« Po Ueldoor, "Mierovave Svectrum of Isdine Mopochloride st 4% centi-
meters wovelength®, Phy aieal ; Beview, IXKII: 1268-9 (Dee., 1947).
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IT an oseilloseone with a five-ineh esthode ray tube using 2 2,000-volt
accelerating potential is employed for the indiestor, the ninimum valus of
the difference between the cutputs of the tuo Astectors, (ey - ep), that will

produce an observable indication on the oscilloscope is approximately 0.4 velts.



TABIE I

FREQUENCY RANGE

REPELLER GRID HALF=WAVE WAVE LENGTH FREQUENCY

VOLTS LENGTH (CM5.) (cus., ) (MEGACYCLES)
170 1,640 30280 914643
160 1,742 3484 8610,8
150 1.780 3.560 8426,9
140 1.787 3.574 8393.9
120 1.883 30766 7966,0
100 1,986 o 3.972 7552.8

80 2,039 4078 7356.5
60 _ 2,080 4,160 7211,5
40 2,127 " Le25k 7052.,2
20 2,184 4e368 6864,1

0 2,274 C Leo5A8 659643



TARLE 1T

FREGUENCY DETERMINATION

REPELLER GRID
VOLTS

CATHETOMETER
READINGS (CM.)

AVURAGE DIFFBRENCE
(HALF-UAVE LENGTHS)

170

160

150

140

120

100

40,755
39.205
37.415
35,915
3Le265
324555

40,160
38,650
36,945
35,035
33,260
31,450

40,390
384550
36,790
34e950
334235
31.490

40,200
38el5
36,610
34,825
33.125
31,265

40,930
39,080
37.225
354325
33.395
31.515

39.820
374590
35.75
33,660
31775
29.890

1.640

1742

1.780

1.787

1,986

21



TABLE II (Continued)

FREQUENCY DETERMINATION

REPELLER GRID
VOLTS

CATHETOMETER
READINGS (CM.)

AVERAGE DIFFERENCE
(HALF-WAVE LENGTHS)

39.825
37.840
35.770
33.445
31.340
29.630

41,375
394300
37.290
34.965
32,635
30,975

40,615
38,575
364240
33.970
31.745
29,980

4C.840
38,790
364735
3hLek95
32,255
29.920

41,940
3%.710
37!‘!10
35.120
32,685
30,570

2,039

2,080

2,127

2,184

2.27h
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STMIARY

Tho nroblen was to eonstruct an inexpensive microweve spectroscope for
use in the 3 %o 4} centineter ronge. Outlined in this paper are the nethods
uged in constructing and testing thres variations of such a mlcrowave spec-
troscope.

Yhere applicabls, wvar-surplus equipment was employed to further reduce
the cost of the microwave spectroscope, ond easily obtainsble parts were em-
ployed in the construction of the auziliary componsunts.

Stending voves were smployed to determine the freguency of the mierowave
radiation with an sverage deviation from the mean of 5.1/ per cent,

Although no sbaorption lines were found, the possibility of meny of the
heavior molecules found in the fields of medicine and industriazl chemistry
having absorption limes im this ronge is not remote.

This microvave spectroscope con also be adepted for the future study

of paramsgnetism and ferromagnetism in certain substances.
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