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In this paper two new experiments in microwave Fourier transform spectroscopy are 
presented: The first one gives an experimental evidence of the polarization inhomogeneity that 
occurs when a microwave pulse passes through a waveguide which is filled with a molecular 
sample at low pressure. In the second experiment a similar technique is applied to a double 
resonance experiment in order to show polarization inhomogeneity effects caused by the pump 
signal. The theoretical treatment is given in terms of the density matrix formalism. 

Introduction 

Some years ago we per fo rmed a microwave-
microwave double resonance experiment using 
microwave Fourier transform technique ( M W F T D R ) 
[1]. Carbonylsul f ide , OCS, was used as a sample. 
T h e level scheme is given in Fig. 1 of [1], In the 
f requency doma in it was observed that the signals 
produced by the double resonance effect are much 
broader than those produced by conventional micro-
wave Four ier t ransform ( M W F T ) spectroscopy as 
shown in Fig. 3 of [1]. 

This fact can also be observed in the t ime 
domain . The signal of the conventional exper iment 
is a decay caused by relaxation while, in compar-
ison, that in presence of p u m p radiat ion is d i f ferent 
in form and much shorter. Both cases are illustrated 
in Fig. 1 a and b. It may be suspected that the in-
homogenei ty of the polarization in the waveguide 
gives an important contr ibut ion to this effect. This 
would mean, that the polarization does not decay 
pr imar i ly by an irreversible process like /^-relaxa-
tion. As the conventional MWFT-spec t romete rs 
[ 2 - 6 ] * are constructed in a way that only the fun-
damenta l mode exists in the waveguide system, it is 
more precisely the projection of the polarizat ion to 
the fundamenta l mode which decreases so rapidly. 
For MWFTDR-spec t rome te r s with higher p u m p 
frequencies [1] several modes of the p u m p radia t ion 
exist necessarily in the sample cell. 

* It is useful to use the fundamental mode in a MWFT-
spectrometer only as reflections of the polarizing MW-
pulse increase when higher modes are possible. 
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To proof this p ic ture we designed two new pulse 
exper iments with the FT-technique. The first and 
simpler one gives the idea. The second is an ex-
tension to a double resonance exper iment to explain 
the initial observat ion. 

The result will be , that the large line width or 
rapid decay of the transient signal in a double 
resonance exper iment is mainly due to the field 
inhomogenei ty of the p u m p radiat ion. 

The exper iments will be described theoretically 
by a Bloch equat ion formalism, which was adjusted 
to the considered cases. 

b 

Fig. 1. a) Polarizing pulse and measured transient emission 
signal (O) in conventional MWFT-spectroscopy. The posi-
tion of the polarizing pulse (S) is drawn schematically. The 
measurement is typically started after a delay of 200 to 
1000 ns. b) Polarizing pulse (S) and measured transient 
emission signal (O) in the presence of resonant continuous 
wave pump radiation (P). 
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Experiment with Phase Inversion 
within the Polarizing Pulse 
in a Conventional MWFT-Experiment 

In a conventional MWFT-expe r imen t the molec-
ular ensemble is polarized by a MW-pulse with a 
length of typically 50 to 1000 ns. The f requency of 
the carrier pulse is usually near the transit ion fre-
quency, which is intended to be measured . Hence-
forth we will consider only the resonant case. T h e 
pulse power may be varied f r o m some m W to the 
limit of the travelling wave tube ampl i f ie r (TWTA) , 
say 20 W. Pulse length and power are adjus ted 
to achieve 7r/2-conditions [7] as good as possible. 
The creation of polarizat ion is connected with 
transient absorpt ion and can be observed by a 
bridge type spectrometer [8]. Such an observat ion is 
not possible with a MWFT-spec t romete r , as the 
strong polarizing pulse prevents the observation. As 
it is fur ther diff icul t to suppress per turbat ions 
caused by the polarizing pulse the observat ion of 
the molecular signal is ini t iated with a delay be-
tween 200 and 1000 ns af ter the terminal edge of 
the pulse. T h e m a x i m u m ampl i t ude of the transient 
signal observed af ter a delay can be taken as a 
measure of the created polarizat ion. If the intensity 
I, the squared ampli tude, is plotted against the 
pulse length r at constant pulse power an oscillatory 
dependence is observed as indicated in Figure 2 a. 
Qualitatively this is predicted by the theory assum-
ing a plane wave [9]. The exponent ia l decrease of 
the sine-function is de te rmined by relaxation. 
Taking for O C S a pressure of 1 mTorr and F2 = 27 ps 
one gets a slope of A I/A x = 0.004/(100 ns) for the 
change AI of the maxima at n/2- and 3 ^ /2-pulses 
which are typically at xn/2 = 50 ns and x3jl/2 = 150 ns. 
This minor decrease in / can not be seen in 
Figure 2 a. But Fig. 2 a resulting f rom s impl i f ied 
theoretical considerations is mis leading as it is more 
and more diff icul t to observe exper imental ly 
( 2 H + 1 ) 7 T / 2 - or «^-pulses with higher n > 2. A 
more detailed consideration taking the field in-
homogeneity across the waveguide into accoun t* is 
necessary. With neglection of relaxat ion the square 
of a Bessel funct ion (see below) describes the oscil-
latory behaviour of / as given in F igure 2 b. It was 
roughly drawn according to oscilloscope measure-

* The inhomogeneity along the waveguide will be 
neglected. 

I 

0 t r rr-pulse 
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c 
Fig. 2. a) Dependence of the square / of the maximum 
amplitude of a transient decay assuming a plane polar-
izing wave from the pulse length t with the field strength 
of the polarizing pulse fixed. Drawn according to theory 
[9], The effect of relaxation cannot be seen within the scale 
of the figure, b) Dependence of the square I of the 
maximum amplitude of a transient decay in a waveguide 
from pulse length x with field strength of the polarizing 
pulse fixed roughly drawn from oscilloscope measure-
ments. c) Dependence of the square I of the maximum 
amplitude of a transient decay from the unbalance AT in 
length of two pulses with opposite phase. The effect of the 
first pulse is cancelled by part of the second of length 
T -H AT. Roughly drawn from oscilloscope measurements. 

ments. T h e slope AH Ax for the first two max ima , 
which correspond to n/2- and 3 7r/2-pulses, is 
AI/Ax= 0.46/100 ns when a difference of Ax= 100 ns 
is assumed. 

For illustration we give in Fig. 3 the calculated 
distr ibutions of polarization across the waveguide 
as it develops with pulse length x. Only the projec-
tion of the polarization to the ground m o d e gives 
rise to the observable transient emission. 

A simple way to show the influence of inhomo-
geneity of the polarizing field is to extend the 
polarizing pulse immediate ly af ter its end by a 
second one of equal f requency and power, of ad-
jus table length x + Ax but shif ted in phase by n. 
A large ampl i tude of I can be regained. W h e n the 
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Fig. 3. a) Field distribution of the H ] 0 fundamental mode 
in a waveguide of rectangular cross section, b) Dependence 
of polarization with pulse length r at different positions x 
along the broad side of the waveguide. The position z 
along the waveguide length is fixed, c) Distribution of 
polarization — in the cross section at different pulse 
lengths T. 

Two Level Bloch Equations for Phase Inverted Pulses 

The Bloch equat ions result f rom the t ime devel-
opment of a two level density matrix described by 
[10] : 

ifiQ = [H, e], (1) 

where g is the density matr ix , H the Hamil tonian 
including molecule-electromagnet ic field interac-
tion. Assuming the dipole matr ix elements p a a = 0 
and Pbb — 0, a and b designate the two levels, the 
matr ix elements are: 

H = E 
11 aa ^a » 

Hbb = Eb » 
Hab = Hba = - 1 nab - £ • c o s ( t o / + cp) ; ( 2 a - c ) 

2e is the ampl i tude of the microwave field, co= 2nv 
its angular f requency, cp its phase, fiab a dipole 
matr ix element, / the t ime. The equat ions are 
formula ted for a certain vo lume element at a place z 
along the waveguide. T h e dependence f rom z is not 
considered. Working out the commuta to r of (1) one 
gets four different ial equat ions for the density 
matr ix elements. 

Qaa = i*£(Qba - Qab) ' COS (to / + (p) , 

Qhh=- ixe(Qba- Qab) - COS (cot + <p), 

Qab= i(OoQab+ ixe(Qbb- Qaa) • cos( to / + (p), 

oba=- ico0Qba - ixe(Qbb - Qaa) • COS (0Jt + (p) , 

Qba — 6*b J X=2pab/ti, too= {Eb-Ea)/h. (3 a - d ) 

pulse length of the second pulse is adjusted to 
r ( J r = 0), 7 = 0 results. If z f r > 0 a dependence 
7 (AT) results as given in Figure 2c. Also Fig. 2c is 
drawn according to oscilloscope measurements . It is 
equal to that of Fig. 2 b with r > 0 replaced by AT. 

With A T < 0 the mirror image of A T > 0 occurs. 
The phase change by n operates as if the t ime 
would be reversed. 

If the irreversible relaxation would have been 
dominant it would be impossible to regain large 
ampl i tudes at the pulse length 2 r comparable to 
those near r = 0. Only the small difference between 
the intensities of the decay and its "echo" is the 
effect of relaxation. Thus the main reason for the 
damping of the oscillations is the field inhomo-
geneity. 

Transforming to a rotating f r a m e by 

Qaa — Qaa i 

Qbb = Qbb > 

Qab = Qab' exp ( / to / ) , 

Qba = Qba • e x p ( - / t o / ) , ( 4 a - d ) 

and using the rotating wave approximat ion and 
setting 

Qaa + Qbb = s , 

Qab + Qba=U , 

i (Qba-Qab) = I• , 

Qaa - Qbb = vv (5 a - d ) 
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one gets 
" s = ü , 

ü = — (A co) v + x E w • sin cp , 

V = (Aco) u — XE H' • cos cp , 

vi- = x E (R • cos cp — u • sin cp) (6 a - d) 

with 
A CO = COQ — co . 

It should be pointed out, that relaxation is not 
included in (6). The equat ions are formula ted for a 
plane electromagnetic wave. N o mode structure is 
incorporated. For cp = 0 the equat ions (6) are the 
usual Bloch equat ions wi thout relaxation. 

It is interesting to fo rmula te solutions of (6). As-
suming a pulse of length x= (tx — to) and cp = 0 and 
starting with thermal equi l ib r ium and resonance: 
Aco = 0 yields 

* ( / , - / ( , ) = M ( f i - / 0 ) = 0 , 

~ h) = ~ w( 'o)" s i n [ x s ( t x - f0)] 
= ~ W ( t 0 ) • sin (XEX) , 

W ( / I - ^O) = H ' ( / 0 ) • COS [xe(ti - /0)] 

= W (t0) • cos (XEZ) . ( 7 a - c ) 

For an immediately following pulse of length t2 — t\ 
and phase cp=n and with ( 7 a - c ) at t ime tx as 
initial condition the final solutions are: 

s ( / 2 - ' i ) =u(t2~t,) = 0 , 

v (t2 - / ,) = vv (to) • sin ixe [ ( t , - t0) - (t2 - /,)]} 

= - H'(^o)' s i n [x£ (z / r ) ] , 

vr (t2-t,) = vv (to) • cos {xs[(tx - to) ~ (t2 - /,)]} 
= W(TO) • C O S [ X £ ( J T ) ] . ( 8 a - c ) 

If the lengths — /0 and t2 — tx are equal the initial 
conditions at t ime a r e reproduced. The phase 
inverted second pulse cancells the effect of the first 
one. If the lengths are out of balance Az= (t2 — tx) 
- ( t \ - t 0 ) a solution in Ax as t ime instead tx -10 

analog to ( 7 a - d ) results. 
Mode inhomogenei ty and relaxation is still not in-

cluded, but (8) describes the essential features of 
the experiment. The phase inverted pulse has con-
sequences like a negative t ime. 

Influence of Mode Inhomogeneity 

The Eqs. (7) and (8) were derived as resonant 
solutions of two level Bloch equat ions (6) with cp - 0 

Fig. 4. Comparison of solutions (7b) r h o m o g e n / w ' o (w0 = w(r0)) 
with assumption of plane wave and (9) vHJwQ with 
assumption of H ) 0 waveguide mode. 

and cp = 71. As a volume element along the wave-
guide was considered the variable in (6) is only 
time. For simplicity a plane wave was assumed. T h e 
mode inhomogenei ty may be introduced for the 
ground mode Hx0 (TE ! 0) of the waveguide by 
setting E = £ (x) = sin (x n/a), where a is the width 
of the waveguide, x the coordinate in this direction 
(see Figure 3). 

By projecting the polarizat ion 

v (t - to) = sin [x (t - t0) e°] • sin (x n/a) 

which contains the dependence of E = E(X) of the 
HXQ fundamenta l m o d e one gets [11]: 

vHv>(t ~ = ~ 2 w(/0) Jx(xe°x) (9) 

with the first order Bessel funct ion J x . A compar-
ison with (7 b) is given in Figure 4. The degree of 
inhomogenei ty is given by the magni tude of e° as 
the field E in the waveguide is zero at x = 0 and 
x = a. Increasing E° contracts the curve representing 
(9) giving a steeper slope of its envelope. Qual i -
tatively Fig. 2 b results by squar ing (9). 

The difference in the asymptot ic behaviour results 
f rom the fact that (9) gives a solution for infini te 
relaxation time. As the relaxation t ime is finite, (9) 
is not a suitable asymptotic solution. The incorpora-
tion of relaxation in addi t ion to m o d e inhomo-
geneity complicates the t reatment of transient ab-
sorption. 

Fur ther the movement of the molecules and wall 
collisions should be included*. We do not try to give 
a solution here. 

* For a treatment of transient emission including these 
effects see [12]. 
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In an analog procedure the solutions (8) of the 
Bloch equat ions (6) with cp=n can be modif ied . 
The principle behaviour of the t ime dependence is 
not changed. 

We think that the last two sections give an ex-
planat ion of the first experiment . 

Double Resonance Experiment 
with Phase Inversion of the Pump Radiation 

If in a M W F T D R exper iment the p u m p radiat ion 
is applied continuously the observed transient signal 
has the shape of F igure 1 b. The double resonance 
effect, the splitting of the transition, is observable in 
a wide range of p u m p powers f rom some mWat ts to 
some Watts. For higher p u m p powers the transient 
signal decays faster or the double resonance lines 
are broader . For simplicity we consider resonant 
p u m p radiat ion. If the p u m p radiat ion is off re-
sonant by some MHz, the double resonance effect 
vanishes and the narrow single resonance signal of 
the conventional exper iment remains. It will be 
shown that the rapid decay is a consequence of the 
p u m p field strength and inhomogeneity. 

SWwU^^feM.^^ k, t ,v.>1K VM1 m a <• v MAA 

Fig. 5. a) Transient emission signal in conventional MWFT-
spectroscopy for comparison, b) "Echo" signal with a 
continuous pump power phase inverted at time T marked 
by an arrow. The "echo" signal reaches its maximum 
intensity at 2r. c) Chain of echo signals produced by 
multiple phase inversion of the continuous pump power. 
Inversion points are indicated by arrows. Fig. 5 a, b and c 
are recorded at constant pressure and temperature. 

If the p u m p exper iment is modi f ied by phase 
shift ing the p u m p radia t ion by 7t af ter the transient 
signal has vanished the observat ion is drastically 
changed. A transient signal reappears and decays 
again as illustrated in Figure 5 b. When the phase is 
shifted again by n the effect can be repeated several 
t imes as shown in Figure 5 c. Each phase shift 
produces a new observable "echo" signal. The 
relative magn i tude of the recovered signals decrease 
in the same t ime as a molecular transient signal 
decays in a conventional M W F T experiment. Thus 
the envelope of Fig. 5 c is equal to that of Fig. 5 a 
showing relaxation. As the signal can be recovered 
the rapid decay of a single signal cannot be due to 
an irreversible process like relaxation. 

Three Level Bloch Equations 
Including Phase Inversion of the Pump 

The Bloch equat ions for a three level system as 
given in Fig. 1 of [1] are based on (1) with Q a 
density matr ix for three levels a, b, and c. We 
assume: 1) the phase of the signal microwave is 
constant, 2) the phase (p of the p u m p microwave is 
variable, 3) relaxation is neglected and 4) the dipole 
matrix elements are: 

Maa = Mbb = Mcc = Mac = 0 , 

Mab* 0 , Mbc* 0 . (10) 

The assumpt ion 4) applies to OCS. 
The matr ix elements of the Hami l ton ian are 

Haa — Ea •> H bb ~ ^b » Hcc — Ec , 

H ab = H B A = - iMab^ab- COS (cOabt) , 

Hhc= Hcb = - 2Mbc^bc ' cos(cobct); (11 a - e ) 

Eg, g = a, b, c are the energies of the unper turbed 
molecule, 2eab and 2 e b c are the ampl i tudes of signal 
and p u m p microwave coab and cobc its angular fre-
quencies. As a volume element is considered the 
r dependence is e l iminated. With (1) nine coupled 
differential equat ions are ob ta ined : 

IQaa = ~ * ab (Qba ~ Qab) ' COS (C0abt) , 

i Qbb = — *ab(Qab~ Qba) ' COS {C0abt) 

- Xbc(Qcb-Qbc) • cos (cobct + cp) , 

iQcc = ~ *bc(Qbc ~ Qcb) ' cos (ojbct + (p), 
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'Gab = CO0bQab - xab (Qbb ~ Qaa) ' COS (COA BT) 

+ XbcQac ' COS (C0bct + (p) , 

'Qba = M0bQba~ XabiGaa- Qbb) ' COS {(Oabt) 

~ xbcQca' COS {0Jbct + <p) , 

i Qbc = ~ (Ob
0

C Qbc ~ Xbc(Qcc - Qbb) 
• COS {(Obct + cp) - XabQac • COS ((X)a b t ) , 

iQcb = w o c Q c b ~ XbdQbb ~ Qcc) ' cos (co b c t + (p) 

+ *abQca- COS ((Oabt) , 

' Qac = ~ 0)oC Qac~ XabQbc' COS ((Oabt) 
+ XbcQab- COS (Cübct + (p) , 

i Qca = MoCQca + xabQcb ' COS (iOabt) 
~ xbcQba' COS (C0bct + (p) , 

xii = (2/jjj/h) EU, coü = (E, - EJ)/ti, 

i,j=a,b,c. (12a —0 

Transforming to a rotating f rame 

Qaa = Qaa > Qbb = Qbb > Qcc = Qcc , 

Qab = Qab' e x p ( / ' a W ) , 

Qba= Qba • exp ( - i c o a b t ) , 

Qbc = Qbc • exp (icobct), 

Qcb =Qcb' cxp(-ia>bct), 

Qac = Qac ' CXp (/ COact) , 

Qca =Qca- e x p ( - / w f l f / ) , (13a —i) 

and using the rotating wave approx imat ion and a 
second t ransformation: 

5 = X Qgg> g 

ugg' = Qgg' + Qg'g > 
l gg' ~ ' (Qg g'~ Qg'g) •> 

wgg' Qgg Qg'g' 
g,g' = a,b,c 

( 1 4 a - d ) 

one gets af ter some calculations: 

i = 0 , 

uab = ~ (dcoab)vab + (xbc/2) (vac- cos (p- uac - sin<p), 

iab = (Acoab) uab - xabwab 

- (xbc/2) (ua c • cos + vac • sin <p) , 

ti'ab = x a b r a b - (xbc/2) ( v b c • cos (p - ubc • sin (p), 

übc = - {Acobc)vbc + xbcwbc- sin <p - (.xab/2)vac, 

vbc = (Acobc) ubc - xbc wbc • cos (p + {xab/2) uac, 

H'fcc = - ( - W 2 ) vab + Xbc (v b c - cos (p - ubc • sin cp) , 

Uac = - (AC0ac) Vac ~ ( - W 2 ) Vbc 

+ (xbc/2) (u a b • sin (p + vab • cos cp), 

iac = (Acoac) uac + (xab/2) ubc 

- (xbc/2)(uab- cos (p- vab • sin cp), (15 a - i ) 

with 

dCOgg' - (Eg' - Eg)/h - COgg' . 

Two special cases with cp= 0 and (p= n are worked 
out for resonant signal, Acoab = 0, and resonant 
p u m p , A(jobc = 0, microwaves. For the case when 
only p u m p radiat ion is present, ebc 4= 0, eab = 0, one 
gets: 

case <p = 0 

5 = 0 , 

"ab = (xbc/2) Vac , 

i'ab = ~ (xbc/2) Ual 

Ü'ab = ~ (xbJ2) Vbc 

Übc = 0, 

i'bc = ~ xbcwbc , 

™bc = *bcvbc , 

"ac = (-V6c/2) Vab , 

i'ac = — ( x b c / 2 ) Uab , 

case (p = n 

s = 0 , 

"ab = ~ (xbc/2)l-ac 

i'ab = ( x b J 2 ) Uac , 

™ab = ( x b / 2 ) I'bc ? 

(16 a —i) 

übc = 0, 

i'bc = xbcwbc> 

= ~ xbcvbc , 

Uac = ~ (-v<>c/2) Vab > 

f'ac = (*6c/2) Uab . 
( 1 7 a - i ) 

Next the solutions for the pulse sequence indicated 
in Fig. 6 are derived. This pulse sequence differs 
f rom the condit ions used for the experiments il-
lustrated in Fig. 5 b and 5 c. A s imultaneous pres-
ence of signal and p u m p radiat ion would lead to 
more complicated solutions. The general features 
are not effected by the simplif icat ion of F igure 6. 

For the t ime interval tx - t0 of the resonant signal 
MW-pulse , eab 4= 0, but ebc = 0, with the initial con-
ditions: 

' gg Co) = 0 , vgg-(to) = 0 , w W ( / o ) * 0 , 5(r0) + 0 , 

g,g' = a, b (18 a - d ) 
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off 

off 

I I 

>0 «I 
Fig. 6. Simplified pulse sequence used for the equations 
(19) to (21). 

one gets solutions of the differential equat ions (15) 
partially of the form (7) 

s(ti-t0) = s(t0), uab(ti-t0) = 0, 

l'ab(t 1 - 'o) = - w
ab(t o) • sin [xab£ab(tx ~ 'o)] . 

Wab(t 1 - h) = H'ab(to) • COS [xabEab(tx ~ f0)] , 

"bc(t\-t o) = 0 , i v ( ' i - ' o ) = 0 , 

*'bc(t\ - to) = Wbc(to) - (wab(t0)/2) 
•{1 -COS[x f l 6 £ a f t ( / , ~ t 0 ) ]} , 

M f lc ( ' i - 'o) = 0 , Vac(t | - / o ) = 0 . (19a —i) 

A polarization vab{t\ - t0) is created, the occupat ion 
differences are changed. 

The solutions (19) provide the initial condit ions 
for the period t2 - t\, of the p u m p pulse with <p = 0, 
e b c * 0, but e a b = 0. The solutions of (16) for this 
period are: 

s(t2-t i) = * ( / , - / 0 ) , 

"ab(t2-h) = 0 . 

I'abfo-ti) = l'ab(h - to) • cos[xbc£bc(t2- / , ) /2] , 

Wabih - h) = Wab(t 1 - to) + ™bc(t\ - /0) 
• {1 cos [xbc £bc (t2 t])]}/2 , 

Ubc{h-h) = 0 , 

fbc{ti~t\) = - wbc(t, - /0) • sm[xbc£bc(t2- /,)], 

Wbe(h~h) = wbc(t 1 - to) • cos [XbcEbcih - t\)] . 

Uac(t2-t\) = Vab(t 1 - fo)" s i n - ^i) /2] , 

vac(t2-t{) =0. (20 a - i ) 

By an appropr ia te length t2 - t\ = n/(xbcEbc) the 
quant i ty vab(t2 — /]), which is observed in the ex-
per iment , vanishes, while uac(t2— tx) reaches its 
m a x i m u m vab (t2 — t\). 

Under a cont inuous p u m p radiat ion the polariza-
tion vab{t2-t\) would oscillate with a Rabi fre-
quency xbc-Ebc/2 infinitely when relaxation is 
neglected. 

In the following per iod t3 - 1 2 the phase tp of the 
p u m p microwave is inverted with the similar effect 
as discussed in the two level case. The Eqs. (17) 
have to be solved now with (20) as initial conditions 

s ( h - t 2) = J ( / , - / 0 ) , 

"ub(t3-t2) = 0 , 

Vab(h-t2) = I'abU 1 - '0) 
• cos {xbcsbc[(t2 - / ,) - (/3 - t2)]/2), 

Wabih - h) = Wab(t\ - to) + Wbcih ~ lo) 
• {1 - COS [xbcEbc((t2- / ,) - (t3-12))]}/2 , 

UbAh-h) = 0 ' 
l'bi-(h ~~ h) = - Wbc(t\ - to) 

• sin{xbcebc[{t2- h) ~ (>3 ~ >2)]] , 

Wbc(h~h) =Wbc(ti - to) 
• COS {xbc Sbc[(t2 ~?,) - (t3 - t2)]} , 

Uacih-h) = lab(t 1 - to) 
• sin {xbc£bc[(t2 - r,) - (/3 - t2)]/2}, 

vac(t3-t2) = 0 . (21 a - i ) 

By mak ing both p u m p pulses of equal length the 
solutions (19) at t ime t \ - /0 are recovered. The 
phase inversion works as switching time in the 
reverse direction. 

Influence of Mode Inhomogeneity 
on the Double Resonance Experiment 

The m o d e inhomogenei ty of the signal and p u m p 
radia t ion can be introduced into the solutions 
( 1 9 ) - ( 2 1 ) by the s ame arguments as above. With 
eab = £ab sin iK x / a ) and Ebc = Ebc • sin (n nx/a), 
n = 1 , 2 . . . for H n 0 - m o d e s of the p u m p radiation for 
example vab (t2 — t\) is modif ied to: 

1 ab (t2 / | ) = - Wab(t0) 

• sin {x a i£o 6 [s in (nx/a)] (/1 - t0)} 

• cos {(xbc/2) £° f[sin (nnx/a)] (t2 - /i)J 

= ( - H 'ab(t0)/2) 

• {sin[x f l f tc®6(sin(w.v/a))(/ , - 1 0 ) 

+ (xbc/2) £ ° c ( s i n ( n n x / a ) ) (t2 - /))] 

+ sin[x f lÄe®Ä(sin(7r.v/a))(/i - 1 0 ) 

- (xbc/2) E°bc (sin (n nx/a)) (t2 - /,)]}. 
(22) 
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vhomogeiVwo 
vab,H l0

/w° 
w 

Fig. 7. Comparison of solution (20b) i'homogen/^o(H'o = 
wab('o)), plane wave pump radiation assumed, with (24) 
vabH,/wo //io pump mode assumed. 

Fig. 8. NMR analog of a pulse experiment with a phase 
change of n described in a rotating system u, v, w. The 
carrier frequency of the pulse is resonant. //aU , magnetic 
field before phase change, 7/ |t 2 magnetic field after phase 
change. 

If one assumes the H]0 m o d e of the p u m p radia t ion 
dominant one gets with n = 1: 

l'ab(t2-t\) = (-Wab(hV2) 

• {sin[(x f lAe°Ä(/, - / o ) 

+ (xbc/2)E°bc(t2- h)) • sin(7r.v/a)] 

+ sin[(xa fe£°Z)( ' i ~ >o) 

~{xbc/2 )£°bc(t2-ti)) 

• sin (nx /a ) ]} . (23) 

Projecting v a b ( t 2 — /j) to the fundamen ta l mode : 

l'abMm(t2-t\) = - Wab(t o) { / j [xab£°ab (f, - /0) 

+ - 'o) 

- ( ^ c / 2 ) e g c ( / 2 - r , ) ] } . 

(24) 

In Fig. 7 we give a compar ison to the case, where 
plane waves are assumed. Likewise into the other 
solutions of (20) and (21) the m o d e inhomogenei ty 
may be introduced. The general behav iour with 
respect to t ime is thereby not changed. By two 
phase inverted pulses of equal length r3 — t2 = t2 — t\ 
the initial si tuation is reproduced. We think that the 
general features of the exper iment are clarif ied. The 
relatively large line width of double resonance 

signals is mainly a consequence of the mode in-
homogenei ty of the p u m p radiation. 

Appendix 

In Fig. 8 we give for our first exper iment the 
ana logue in N M R . In a u, v, w space rotat ing about 
the w axis with angular velocity co resonant to co0 

the alternating magnet ic field / / a l t , i rotates coin-
cident with u as a consequence of the rotating wave 
approximat ion . The Bloch vector of thermal equi-
l ibr ium (0, 0, w (f0)) precides clockwise with the 
Rabi frequency XE about the w-axis and stays for all 
t imes in the w, r -plane. If the phase of the radia t ion 
is changed by n the magnet ic field switches to the 
indirect ion (Hai t<2). As a consequence the Bloch 
vector precides back. If both phase inverted pulses 
are of equal length the initial si tuation is recovered. 
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