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Prolusione del Corso.

A. GOZZINT

Direttore del Corso

Bengché la nascita della Spettroscopia a Radiofrequenze coincida pratica-
mente con quella delle onde hertziane, difficolta di natura‘sopmttutto tecnica
ne hanno limitato per molto tempo lo sviluppo, cosicché pud dirsi che essa
sia sorta negli anni immediatamente precedenti la seconda guerra mondiale,
con i metodi di risonanza introdotti da RAsBL ,

Negli anni seguenti la fine della guerra, quando le tecniche sviluppate per
la realizzazione del Radar hanno potuto essere applicate alla ricerca fonda-
mentale, questa disciplina si & sviluppata in modo vertiginoso, e la sua suddi-
- visione iniziale nei capitoli della Spettroscopia a Microonde dei gas, e della
Risonanza magnetica, ha presto perso significato.

Con Spettroscopia a radiofrequenze si designa oggi un complesso di metodi
e tecniche che trovano vaste applicazioni nei campi pit diversi, dalle particelle
elementari alla Fisica dello stato solido, dallo studio dei sistemi isolati a quello
delle proprieta dielettriche e magnetiche della materia, alla Radioastronomia,
- alla teoria del legame chimico. :

In conseguenza, sebbene questo che inizia oggi sia il primo corso che la
Scuola di Varenna dedica ufficialmente alla Spettroscopia hertziana, molti
" capitoli di essa sono gi stati trattati in corsi precedenti. In particolare il corso
sulle proprietd magnetiche della materia, organizzato dal prof. GIULOTTO
nel 1956, trattd per la maggior parte i fenomeni di risonanza magnetica, elet-
tronica e nucleare. : ‘ : '

Negli ultimi anni, quando ormai la perfezione raggiunta dalle tecniche
tradizionali ¢ la mole del lavoro svolto lasciavano prevedere prossimo un
processo di saturazione, alcune eleganti idee hanno aperto nuovi orizzonti e
nuove prospettive dando un rinnovato impulso alla nostra disciplina.

Alludo al Maser, ai metodi ottici della risonanza magnetica, alle tecniche
di doppia irradiazione. A tali argomenti appunto ¢ dedicato il nostro corso,
€ mi & parso anche opportuno che una serie di lezioni vertesse sulle ricerche -
attuali condotte con le tecniche dei fasci atomici, cioé con i metodi di Rabi,
tutt’oggi insostituibili pello studio degli elementi pesanti.
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Molti fra coloro che queste nuove idee hanno concepito e sviluppato hanno
accettato di collaborare al corso, in qualitd di docenti. Ad essi esprimo, sicuro
di interpretare il sentimento di tutfi gli ospiti della Scuola, la pilt viva grati-
tudine ed il pit commosso ringraziamento. La loro presenza e partecipazione
al corso ¢ garanzia della migliore riuscita di esso. 7
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Maser spectroscopy.

K. SHIMODA _
Department of Physics, Faculty of Secience, University - Tokyo

I. — Introduection.

1. — Spectroscopy of molecules, atoms and nuclei.

The angular momentum of a guantum-mechanical system has the mag-
nitude of the order of #. But the moment of inertia has different order of
magnitudes for various cases. The moment of inertia of a molecule is given by

I~ Mr?,

where M is the mass of an atom, r the intei-a.tomic distance. Then the rota-
tional energy of a molecule is

fi2

(1.1) Wrot =4 Mre .

Since the molecular foree constant is of the order of e?/r?, the vibrational
energy of a molecule may be expressed in the form '

(1.2) W, At
- e vVmMre ’

where m is the electron mass and r ~ a, = #?/me?. The electronic energy of
an atom or a molecule may be written in the form

2
(1.3) Wy =~y i .
mr?

The y-ray from a nucleus is radiated by the movement of the charge inside the

1 — Rendiconti 8.I.F, - XVIIL



2 K., SHIMODA
nucleus with radius R, and the nuclear excitation energy may be given by

ﬁz
M R’

(1.4) ) WN a4
where M is the proton mass. ‘
Inserting the following values, f—=10-*erg:s, r =10 cm, B =10"13 cm,

M=10"??g, m=10"¥ g, we obtain

ff A 10 51 Ay~ 2mm;
1.2a) W, h ~ 3-10% g1, Ay~ 60 ym ;
(1.3a) W, [h ~ 10 g1, A, = 200 nm ;
(1.4a) W ha~10mst, A, ~0.024.

These are the typical transition frequencies and wavelengths. Actual transi-
tions generally occur at frequencies which may be two orders of magnitude
higher or lower.

' Because of the finite size of the nucleus, the electronic energy of an atom
may be expanded in the form

Eleso(Eyeaf®) o,

Where r is the distance of an electron from the center of the nucleus. The '
second term exhibits the quadrupole hyperﬁne structure which is not zero,
when the nuclear spin I > 1. Since R?/r? ~ 102, the energy of the quadru-
pole hyperfine structure is

W~

W, is usnally written as eqQ), where ¢ ~ E?, ¢ ~ ¢/rs.

The third term which appears, when I> 2, represents the hexadecapole
hyperfine structure. '
Waa fi R4

— A — A 10481,
E omrs ot

(1.6)

The hexadecapole energy is so small that only one case with exceptionally
large hexadecapole effect has been studied. For an atom with nucleus of larger
8pin, higher order interactions should occur in pnnmple, but they are too small
to be observed.
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There are also magnetic interactions between electrons and nuclei. The mag-
netic moment of an electron is close to one Bohr magneton, u,=0.927-10-% cgs,
and that of an nucleus is of the order of the nuclear magneton, u,=>5.05-10-2* egs.
The energy for the atomic fine structure is the magnetic dipole interaction
energy between electrons. Since r—* &~ 10% cm~?, the frequency of fine struc-
ture is '

15 -
A~ A 1018 g1,
raf .

W,
(1.7) T

The magnetic dipole interaction between electron and nucleus gives the hyper-
fine structure, which appears when I> }.

(1.8) A v;%“ A ”:3‘;“ A~ BX109 57,

The magnetic dipole interaction between nuclei in & molecule gives the so-
called magnetic hyperfine structure. The distance between nuclei is 7 ~ 10~® cm,
and it gives :

Wan - ,ug

— Ay 481,
% ~ prye 2x104s

(1.9}

The second higher order magnetic interaction between electron and nucleus
is the magnetic octupole coupling which appears when I> $.

Woct N,UBF'N _-Ei

(1.10) A

~ _5 x10tg1t,

The magnetic octupole inferaction has been observed for Ga, In, and I. Much
higher order interaction such as 32-pole interaction for I > § should be very
small and negligible.

Equations from (1.1) to (1.10) show various types of the spectrum of mole-
cules, atoms, and nuclei 'without external field. Under the magnetic field of
several thousand oersted, the nuclear magnetic moment has the emergy cor-
responding to the transition frequency of about 10 MHz. This is the so-called
nuclear magnetic resonance,

(1.11) Wyug = unH .

Here H is the 'magnetic field.
The electron spin regonance is expressed by

(1.12) Weer = pa H .
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Since u, is about 2000 times, larger than u,, the frequency of the ESR tran-
sition is found in the mierowave range in the magnetic field of the order
of 10* oersteds.

2, — Sensitivity of radiofrequency and microwave spectrometers.

In order to set up a high sensitivity spectrometer, theoretical considerations
of the sensitivity are quite helpful for experimental physicists. The wave-
guide cell or the cavity cell of the spectrometer is fed by the input power P;,
and gives the output P. At the presence of emission or absorption by mole-
cules in the cell, the output power becomes P{-AP and the amplitude changes
from V to V4AV,

It is not -correct to assume that the spectrum is detectable when AP is
larger than the noise power FkT Af, because the noise figure, F, of the de-
tector is defined for a heterodyne detection [1]. We have

P+AP=EK(V+AV)y~EKV2L 2KV AV

and
(AP): = 4PK(AV)2.

Since the modulation amplitude due to molecules in the cell (*) is 3AV, the
signal power which can be compared with noise should be

AV\:  (AP)
(-0

Then the signal may be considered detectable when

(AP)?

(2.1) 16P

> FET Af

where Af is the effective bandwidth. When the image noise is ta,kén into ac-
count, the bandwidth must be multiplied by 2, while if the phase of the signal -

) For sinusoidal molecular modulation, at a frequency w,/2n, the amplitude
may be expressed in the form

AV
Vity=V cos wi + - cos (w + wy)t,

where the first term corresponds to the local oscillation and the second term to the
signal.
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is known, it may be divided by 2, since the out-of-phase component can es
sentially be eliminated.
Three types of spectrometers are considered in the following.

i) Waveguide cell. — The change of output power from a waveguide ab-
sorption” cell of length [ is given by

(2.2) AP = P(exp [—o,l] — 1) =~ — Pa,l,

where «, is the absorption coefficient of the gas in the cell. Then the minimum
detectable absorption is from (2.1) and (2.2)

471/FRTAf 4 / FET Af
V= =1l

(2.3 o = _ AREAF

(2:3) Fomin = 7 P, exp [— all’

where x, is the waveguide absorption coefficient. Equation (2.3) takes a -mi-
nimum value for a given input power, when the cell length is

2
(2.4) l.,pt —_ a—c -

The optimum value of the minimum detectable'a,bsorptioﬁ coefficient for
l=1,1is ‘

opt

(2.5) 2y o = 2ett, |/ o

ii) Transmission cavity. — The loaded Q of the cavity with two couplings
is expressed by

111
Q @ Q)

1

(2.6) sl

@

where @, is the unloaded @, @, the @ of the input coupling and @, the @ of the

output coupling. Absorption or emission of power by molecules in the cavity
can be represented by

A (i _r_ — AP,
“\Q, T Qn - w,W '
or .
2
(2.7) AQ, = — g_: .

Here w,/2n is the resonant frequency, W the stored energy of the cavity,
— AP, the power absorbed by molecules.
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The ratio of the output power P, to the input power P, is

P 1 1
P: QuQ: (00— wo)*jwy +1/4Q3

At resonance, w = w,, it becomes

{(2.8) b, _ 44;

-Pi QlQe -

‘Now the change of output power is calculated from eq. (2.8) and (2.7),

_ sq, 5.2
AP, =Pip 0, 8=— P "

The absorption or emission is detectable when

APy _ ot
167, ~ Qi

> FETAf .

The sensitiﬁty takes a maximum value when Q#/(@*@Q 0,) is maximized. The
input and output couplings must be so chosen that

(2-9) - ) | Q1 = Qz = 2Qo -

In this case the loaded @ is @, = 10Q,, and the minimum detectable absorp-
tion can be given by

1

1 VFkT Af
mio Qo ‘Pi

2.10
(2.10) a.

iii) Reflection ccwity. — The reflection cavity exhibits some intriguing
effects due to interference of input and reflected waves. The reflected power.
P, is given by '

‘1/91 - 1 2
i0— oo, + 12, |

P
2.11 il
| (2.11) _ P

At resonance, it becomes

2.12) % _ (zgf _ 1)

When the reflected power is fed to the detector by using a circulator for ex-
ample, the change of detector power due to the absorption by molecules in
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the eavity is

__p (2% )49
AP, = P"(Ql 1)919,,,'

More generally, when the reflected wave is mixed with a fraction a of the
input wave, the power to the detector at w = w, is given by

(2.13) %‘f = (255— 14+ a)2 .

The increase of the detector power.by the emitted power AP, is obtained
from eq: (2.13) and (2.7):

a_- z 493
(2.14) ATP_=—(%Q——1+¢1)Q% .

Then the signal power to be compared with noise is

APy _ , @
6P,  QIQh

independent of the value of a (*). The factor @;/@;, becom_es maximum for
a given value of ¢y, when

(2.15) Q= @,
and hence
1112
@ @ A &
Thug the minimum detectable absorption is given by .
4 VFkTAf
min—- QO P i

1

2.16 =
(2.16) 0.

iv) Gas absorption coefficient and susceptibility. — When the molecules in
the gas make electric dipole transitions, the dielectric constant of the gas is
expressed in a complex form

e=¢ —1g".

(*) Practically, the value of a should be adjusted so as to deliver an optimum of
power level at the detector for maximum sensitivity.
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The molecular ¢ when the gas is filled in a cavity is given by

1 " A2
(2.17) @‘ S E = m &,
) m i

where «, is the power absorption coefficient in the waveguide with guide-wave-
length A,, and A= 2nc¢/w, the free space wavelength.
For magnetic losses, it is customary to express the loss in terms of suscep-
tibility, ~
x=x—ix, w=1+44dmy.

When the magnetic material is partially filled in the cavity, 1/@Q, is obtained
by assuming that the absorption is weak,

1 dafy'Hsdv

[y} = = rn .
(2.18) a THdo Ay

Here 7 is called the filling factor, and the integration is made over the cavity
volume. ‘

It should be noted that both the waveguide spectrometer and cavity spectro- -
meter have nearly equal theoretical limit of sensitivity. Because the unloaded
@ of the short-ended waveguide is

the minimum detectable 1/¢, by the short-ended waveguide spectrometer is

11

) Ell/ﬂkﬂ'ﬁf
;in

min eﬂ-za Pz !

which is approximately equal to (2.10) or (2.16).

v) Noise figure. — The noises of vacuum tube amplifiers are fairly well
understood. A noise figure of less than 1.5 is obtainable in the megahertz
range with a Wallman cireuit [2]. Here the noise figure of a microwave spectro-
meter is discussed. A schematic iiia,gra,m is shown in Fig. 1. The loss in

P, P, P
— — —

Kiyst. Att Celi Det. Ampl.

F Fp=Lp*Np fa

Fig. 1. - Block diagram of a mierowave spectrometer.
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the attenuator and absorption cell is L,= P,/P, and L, is the conversion
loss of the detector. The over-all noise figure may be written in the form

(2-19) _ F= (Fx— 1)+FD+LD(FA— 1),

(Fx—1) + Ly(F o+ Np— 1,

Ny S

L]

where ¥ _, F, =L ‘N, , and F, are the noise figures of the klystron, detec-
tor, and amplifier respectively.

Very few data are available for the noise of reflex klystron oscillators. As
a local oscillator in a radar receiver, the i-f noise at 30 MHz or 60 MHz is not
very large, but it increases for lower beating frequencies. Since the micro-
wave spectrometers are operated: with the amplifier at a frequency of 100 kHz
. or lower, the klystron noise iz sometimes quite gerious. The following erude
theoretical estimate similar to the consideration of maser noise [3] seems
useful. If the cavity is assumed to be moderately coupled to the output and
the electron beam so that the saturation factor may be taken as 1, the noise
power P, (f)df in the frequency interval from »,-+ f to »,-+f-+ df is calculated
approximately

| P.f)af _ QETdj(2\* 1 -
(2.20) Pr T oW (E) o

where @, is the loaded @ of the klystron cavity, T the effective noise tempe-
rature of the electron beam, and the correlation time 7 is written in terms
of the mode number » + 2 and oscillation frequency ,,

n -1 32
r ot

Yo

Since P, = w,W/Q,, and @, = 4Q, for optlmmn coupling of the output and
the beam eq. (2.20) reduces to

(2.21) P.(f)

KT 1
SR BN

This gives the noise in 2 single sideband and agrees with measurements [4]
except for the highest mode of Pare oscillation. Because of a correlation be-
tween fluctunations in the upper and lower sidebands the noise of a klystron
employed in the spectrometer as shown in Fig. 1 becomes smaller than the
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" noise in a single sideband. The effective noise figure of a klystron becomes

‘ P,.(f) 2Q, @y, 1
. 2 = —_— =04 ———

because the derivative of the cavity response function R(f)=1/(1 +2iQLf/vo) is

ar(f) _ .20,

df Y )

As a typical example, take v, = 2.5-10% rl Q = 300, and » =5, and we
obtain

- 10m
Fg= 7

The contribution to the over-all noise is

Fe—1 101

(2.23) =P

P.

The above consideration shows that a klystron with larger power gives less
noise. A high power klystron operating in a mode with large n is desirable
for a high sensitivity spectrometer.

Noise figures of crystal detectors and bolometers for the spectrometer have
been discussed by several authors [5-7], and briefly described here in a some-
what different way. r

It is true that the noise of a crystal detector increases in proportion to the
square of the small de bias current. However, it seems unreasonable to assume
that the noise is proportional te the square of the reetified current when the

- crystal detector is biased by a small rf signal. Here the noise ra,tlo of the
_crystal detector is assumed as

(2.24:) _Nx = —Ll .

The proportionality consta,nt.; diﬁers from one unit to another, but a typical
value for a2 good detector is '

C, = (109 = 10%) W-1s7t,

The conversion loss of the crystal detector (as a frequency converter) is in-
versely proportional to the rf power level, when the power is small. It may
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be written as

C .
(2-25) ) Lx: 'FL+L01

where typical experimental values of the constants are
= (103104 W, and L,=3.

Then the noise figure of the crystal detector is

. . ‘ CNLO GLCN OL
(2.26) F;= f P+( ; +L0)+?.

The noise figure takes a minimum value, when the rf power takes a value,

opt. V—“~101'\/f.

An example for f= 100 MHz, gives P, ~#1 mW and F ~ 8, and another
example for f=100 Hz, gives. P, ~ 1 uW and F = 105.
For frequencies < 10° 87!, eq. (2.26) may be expressed approximately

108 = 108
Fx%ﬁ__f__),

in a fairly wide range of power level around P,,.
The noise of the following amplifier is usually smaller when a erystal
detector is employed. However, when a bolometer or a barretter is employed,
the noise figure of the amplifier contributes congiderably to the over-all noise
figure, since the conversion loss of a bolometer is large.
A theorefical limit of the noise figure of an evacuated bolometer, on the
assumption that the bolometer resistance is proportional to the bolometer

temperature 7',, and that the heat loss is proportional to T, —T%, is

o p o (Pt Pat Pu) T,
(2.27) F,=L, N,=16 PP, 7

where P, , P,, and P, are the dc power, rf power, and the thermal radiation

at the ambient temperature, 7. Eq. (2.27) takes a minimum value, F, ,=811/3
when

(2.28) P,=P,= 4P,

c



