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We performed a pulse sequence experiment utilizing a technique, which is comparable with
two-dimensional NMR-spectroscopy. Some theoretical considerations based on the three-level
Bloch equations are given. This double resonance technique may be useful for the assignment of

complicated spectra.

I. Introduction

In 1982 we have shown for the first time that it is
possible to perform a double resonance experiment
with a microwave Fourier transform (MWFT) spec-
trometer [l1]. A continuous pump microwave was
used and a very accurate determination of the pump
transition frequency was possible. The method was
not useful for detecting pump transitions when the
pump frequency was a few MHz off-resonant, which
does not agree with the experience in MW double
resonance spectroscopy in the frequency domain.
Somewhat later Andrews et al. [2] performed a pulse
sequence double resonance experiment. They worked
with a continuous probe microwave and applied two
pump pulses with a variable delay in between. The
time resolved and Fourier transformed response of
the system was plotted as a function of the time delay
between the pump pulses. For the special case of a
resonant pump frequency this experiment is similar
to one which has been carried out by Bomsdorf and
Dreizler [3].

In this paper we describe a pure pulse sequence
experiment where no continuous microwave is used.
Instead we applied a signal pulse to the molecular
system to provide for an initial polarisation of the
signal transition. The maximum off-resonance of the
pump frequency is comparable to the values reported
in [2].

2. Theory

The basis of the theoretical considerations for this
experiment is given by the system of three-level

Reprint requests to Prof. Dr. H. Dreizler, Institut fir
Physikalische Chemie der Universitdt Kiel, Olshausenstr.
40, D-2300 Kiel.

Bloch equations. In this paper we presuppose the
knowledge of the nomenclature and the definitions of
the used quantities as they are given in [3].

The pulse sequence and the three-level system
which has been used in our experiment is shown in
Figure 1 *. At the beginning of the experiment a
resonant signal pulse was generated. After a negli-
gible delay of the order of 10ns the first pump
pulse followed and after a delay of the length 7 a
second pump pulse equal in frequency, intensity
and length to the first one was produced. The mea-
surement of a transient signal in the frequency range
of the signal transition began about 10 ns after the
end of the second pump pulse. The frequency of the
pump microwave was chosen to be near resonant.
During the experiment the delay between both
pulses was incremented stepwise, all other delays
and pulse lengths remained unchanged.

For a theoretical treatment of the behavior of the
system we will consider the different phases of the
experiment individually. We refer to Eq. (3) of [3].

Phase 1: Resonant signal pulse

At the beginning 7, =0 of the signal pulse the
system is in thermal equilibrium with P;;=0,
Q;;=0and AN;;=ANY;i,j=a,b,c.

Then a resonant signal microwave of the fre-
quency ,, with 4w,;, =0 1s applied to the system.
This case can be treated with the two-level Bloch
equations derived from Eq. (3) of [3] with ¢, * 0,
ey = 0. We assume that relaxation can be neglected,
as 11—ty < T, 7,7, and take a m/2-pulse to sim-
plify the solutions. At the end 7, of the pulse they

* Observe that in [3] pump and signal are exchanged.
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Fig. 1. Pulse sequence of our experiment and level scheme of carbonylsulfide, OCS. Observation of the transient decay in

phase 5.

are given by:

Pah(tl) :0 (]a)
h »,
Qc,m)—(— ; ”)ANah, (1b)
ANub([l)zo (IC)
with
2
Zab = al;”b 2 (2)
1

The preparation of the system by a n/2-signal pulse
causes a nonzero-value for Q,; of the a b-polarisa-
tion. All other variables are zero.

Phase 2: Off-resonant pump pulse

Phase 2 can be described by a system of differen-
tial equations which is obtained from the general
three-level Bloch equations (3) of [3] with ¢,,=0
and 4w, =0

€p
;‘,YANhC+;YM'ANlIh-4TCQbC
~(ANQs pw+ ANRe 7)== ANpe,  (32)
Ebe
A/':ANh<'+‘/ivANub+2 h
_(ANa(z)bk/[r-I'AN[?c‘/':)=—ANabv (3b)
1 '
5 Poe + dwpe O ==Pys, (3¢)

45

) Ch(
Hp h Asz Awpe Ppe + Th( Qhr Q (3d)
1 5 €be 2
ac e Pac + Awg, Qac poe—— Qap =— Pye, (4a)
T% h
1 Ebc
Awa( Puz t— T(“ Qa( + /lb( h ab . szc~ (4b)
Ch( | .
Qu( T“h Puh + Adwap Qah == Paba (4 C)
Ebe -
T P(l( Awap Pop+ —3 TUh Qab == Qah~ (4d)

The system of the three-level Bloch equations
(Eq. (3) of [3]) is separated into two subsystems of
coupled differential equations. The system (3a—d)
contains information on the b c¢-polarisation. We
shall not report on its solutions here because they
are not needed for the further considerations.
Neglecting relaxational terms with the assump-
tion t,—1;, <7, 7, i=Xx,¥zw we could solve
(4a—d) by Laplace-transformation technique [4].
Hbe /b( Ehe

Pu( (’7) - Qah(tl)

9 9
Q1 — 4. ehc/4

S = sin Q2 (1, —1t
@i—a)e, e

(Sa)
Q% - Zl:;(' 51.721‘/4

= (93 Qz)p sin 25 (15— 1))
27 8e]) S22

Bereitgestellt von | Universitatsbibliothek der RWTH Aachen

Angemeldet
Heruntergeladen am | 06.04.18 13:03



860 W. Stahl er al. -+ Two-Dimensional Microwave Fourier Transform Spectroscopy

o Phe Hpe Epa A O For (5) the analogous consideration is more
Quc(12) == Quv (1) 227 -3 complicated. For a certain time ¢, — #; with
“[cos Qi (1= 1) —cos Q2(12—17)],  (5b) S R
7% [,‘f:, 1@ where
Pop (12) == Qs (1) - g——" 5 Q(t;~ 1) =n/2
(1) Qh(l)4(QT_Q§) (5¢) 1(ty—n)=n/
I 1 and
- Q—lsinQ] (h—11) — Q—zsian(zz—r,)}. Q(tp— 1) =7n/2

and always

QY — i} cp /14— A0}
l L hCCOSQ|([3—f]) Q,< 2,

Q-0

ot

Q(lh(rl) = Quh(fl) {

Qu»(12) can be adjusted to zero, which is observable

Q3 — #pc&hc/4— A wh - Q:(lz—fl)] (5d) 1n the experiment (see Figure 1). P.c(12) is then

‘ Q-7 near to its maximum.
with
Q= V 74:7(' "':fz’r 4 "—1(’)}27(' _ V(Zgr 8%( 4 A(’)i:?c )2 _ (Z%( ebzr )2 ) (6a)
4 2 4 2 4
0,= Vzhz( Ee N A, N l/( Ko Ehe N Awpe\* ( K3 b )2 . 6b)
4 2 4 2 - 4
#pe =2 ppe/h (6¢) o
Phase 3. Time interval between pump pulses
and

During the time interval of the length t=17;—1
between both pump pulses no external microwave
The solutions (5) are valid for short pump pulses  field is present; &, = ¢ = 0. The initial conditions
and the initial conditions given by (1). For resonant ~ ar¢ generally

pump. Adwy.=0 or for strong off resonant pump P,(t) %0, Q. (1) £0, Pu(t1) *0,
#he ehe/2 > Awpe ) 2 ,

dwp,=Aw,. as Awgp=0.

Hbe Ebe Qah(fl):*:o- Ph('(’l):t:()- Qh(‘(’l)#zo-

Q1 =Q>r=npcpe/2 = P (6d)

but Q,(12) can be adjusted to zero.
The system of three-level Bloch equations is given

Mt (ery, ()

For this case the solutions (5) converge to

Pu('(ll) = Q(lh(rl) Hpe sin

1 .
Q (17) =0 I (7b) Yx ANpe+ pw ANgp (8a)
- o — (AN pu+ ANfe 7) = = ANse,
ab(l2) = U, C
Hbe Ebe ;‘IANht'+ ./'\“JNuh (8b)

Q(lb(fl):Quh([[)COST(ll—’l)~ (7d) _(Jl\’gh}'_v+-11\/£c :v':):_ANab-
Observing that in this experiment pump and signal | B

are exchanged with respect to [3] (7a) corresponds Fie Poct A0 Qpe == Pre, (<)
to (11) of [3]and (7d) to (11a) of [3]. !

From (7) it is immediately obvious that for A Phet TSe Ohe == One: (8d)
1 .
50 Ehe n n —P, . +Aw,. = — .
: hh " (12~ 1)) = . a—--pump pulse. Pyc(ixn) 7 Pact 40ac Que == Puc, (8e)
2 2 | .
1S at a maximum. ~ A®ac Pact T—i" Que =~ Qac, Bh
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—T%’h P+ Awup Qup=— Py, 8g)
2 | .
— dwap P“h+ Tuh QU”: - Qub- (8 h)

The whole system (8) consists of four subsystems
containing two coupled differential equations each.

The solutions can easily be obtained. Under con-
sideration of the general initial conditions and
assuming resonant signal pulses (4w,, = 0) they are
given for (8e—h) by

Pa( (T)=Pm'([3)= e_“s_lﬂ/Tgr(Pa('(IZ)COSA(UI’((’3_[2)
= Quc(t2) sin dwp, (13— 1)) (9a)

Q(l(‘ (T)':Qm' (13) =€_(13A12)/T?. (Qar(IZ) COSA(ch (f3 i [2)

+P(l(‘(’2) SinA(Uh('(’S_IZ))a (9b)
Py (1) = Pup(ts) =& =T P (1), (9¢)
Qub (1) = Qup (t3) = e~ TE Q4 (1,). (9d)

Has Q,;(7>) been adjusted to zero (9d) specialises
to Quh(r) b 0

Qf — %5, &5 /4

Pm'([‘hr): QZ—QZ
1 2

Put'(T) COSQI("l_

= Quc(D) 73

Ube %be Ebe A Wpe

Puh(r) Z(Q%'—Q%)

Hbe Zbe Ebe

2@ - 03 @

+ Qab (T)

__(_Qz =
_A®be_
Qf -

Qll('([4ﬂ 7)=Pu(z 7)

Q1 — . et JA

+Qm-(f) Q2—§22
1 2

Hbe %be Ebe

Pu EV o L
"3@T- 03

- (QZ - Zizc 5/31/4 QZ) sin Ql(lél

Ube %be Ebe AW

= Qup(7) 2(9%_9%)

1)+

Xpe €hc/4 Q3) sin Q5 (14— 13)]:

Qi (13— 13)+

(cos Q) (14— t3) — cos 2,(t4—13)):
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As in the case of phase 2 we are not interested in
the solution for the b c-polarisation.

The time dependent behavior of the a c-polarisa-
tion can be described as a precession of the Bloch
vector (P,., Q,.) with the off-resonance pump fre-
quency Awp. = 4w, under simultaneous relaxation
with the relaxation time 7%¢. Neglecting relaxation
P,.(7) and Q,.(t) are periodic functions with the
period 4w,,.. P,y (1) and Q. (7) are not periodic.

Phase 4: Second off-resonant pump pulse

Phase 4 can be described by the same system of
Bloch equations (3), (4) as in the case of phase 2.
This time we are interested in the solution for the
a b-polarisation only because all other quantities
cannot be detected by a measurement in our experi-
ment. The initial conditions for t = #; — 1, are

P(:(‘(T) + 0, Quz‘(f) + 0, Pah(T) + 0# Qah(f) *0.

with 7/2-pump pulse Q5 (7) can be made zero.
The solutions of (4) with neglected relaxation
during the pulses are

2 2 2
Q5 — ». e5./4

cos Q5 (14—t
Q%—Q% 2(4 3)

o3 (Ql Sin Q (14 — t3) — 2, 8in Q5 (14— 13))
(cos Q) (14 — 13) — cos 2, (14— 13))

— Hpe &5 /4 Q1) sin Q) (14— 13)

(10a)

2 (22, sin 2, (14 — t3) — 2, sin Q5 (14 — t3))

— 3, et /4 Qs (ta—13)
Cos S (la— 13
Q301

Q

[ 18}

(2 — b €3./4 Q1) sin Q, (14— 13)

- 13)]

(10b)
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Epe A Wp,
Puh(f4~T)=—P(:[»(T)'(?)‘h—h)—(COSQI(M 13) — €0s Q3 (14 — 13))
I
Ehe Q]—z,%(g;:(,/4Q| . Q"‘Z}.}(-S}}ZC/“QS .
+ QD) |7 == — @y (ts—1t3) +— = = Q>(t4—1t
Quc(7) [ Q- sin Q (14 — 13) - sin 2 (14 — 13)
Q1 — #pe e/ — AW, Q3 — xp eho /b — A wp,
+Pub(f)[ Q%—Q% cos Q]([4—I3)+ Q%—Q% Ccos Q2(14—f3)
2 - ]
Ape €he Awpe |1
— Qi (D)———— | —5In 2, (¢ th—13)|; 10c¢
Qup (1) 2@ —ad { sin Q (14— 13) — 2 (14 3)J (10¢)
he | Q) — #Be €214 Q, . Q> — ut. 24 Q5 .
Oup (14, 7) = — Py ( T)T[W sin 2, (14— 13) + 0l-0 sin Q5 (15— 13)
Ehe A Wpe
—Qac(f)m(cosgl(u“fz)—COS Q,(ts— 13))
the Ehe Awpe | 1 .
+P(,;,(T)W ——SIH.Q (ty— t5) — ; sin 2, (14 — 13) (10d)
Q7 — #f, et/ — Ao}, Q3 — wp. ep S — Awie
+ 0 (1) l h,h ~ P cos Q, (1 — 13) + — bzh s cos Q,(ts— 13) | .
Q71— Q; Q3 Ql

At a certain pulse length 74— 13 it is possible to
regain (a b)-polarisation. The (a b)-polarisation de-
termines the magnitude of the decay in phase 5.
This can be seen much easier for a resonant pump
frequency, 4w, = 0, where (10a—d) can be simpli-
fied to

P,.(t4,7)= P, (1) cO 'uh}’ﬁh( (ts— t3)

+ Qub (1) ptpe Sin L (ta—13), (lla)
0, (13.7) = Que (1) cOs “"r P (1= 1)

P(:h(T)/lhz'Sin_‘lM}’&(14—13). (11b)

Pu(13.7) = Quc (1 >;s‘ n 2 1y — 1)

+P(,h(t)cos/lh+’8hr(z4—t3). (1Tc)
Oty 7)== P, (7) #% sinﬂh—[f"shi (13— 13)

+ Q0 (1) cOs 2 (10— 1) (11d)

As we pointed out in the treatment of phase 2 it is
possible to adjust Q. (12), Pus(t2) and Q,.(r;) to
zero in the case of a resonant pump. This assump-
tion leads to

Pacltss ) = Pac(D) cos 22525 (1= 1), (12a)
Q(l(‘(’4' T 0 (lzb)
P(lh(,*".[) 0 (IZC)
Q(lh(’4~ T) Pa( (T) - S.n llh[ 2 ([4 - f})'

it (12d)

When the pulse length of the second pump pulse is
adjusted to

Hbe Ebe

h

(la— )=

o] n

P,. becomes zero and for Q,, a maximum value
will be obtained. Its magnitude depends only on the
length 7 of the time interval between both pump
pulses when constant pulse lengths are presupposed.
Neglecting relaxation it is a periodic function (see
(9)) with the period 4wy,. In this way the off-reso-
nance Awp. of the pump and the relaxation time

§¢ become observables as the initial conditions

Bereitgestellt von | Universitatsbibliothek der RWTH Aachen

Angemeldet
Heruntergeladen am | 06.04.18 13:03



W. Stahl er al. - Two-Dimensional Microwave Fourier Transform Spectroscopy 863

Q. (14, 7) and P, (14, 7) of the transient decay fol-
lowing the last pump pulse depend on both quanti-
ties.

3. Experiment

The experiments were carried out with a double
resonance MWFT-spectrometer which has already
been described in [1] and [5]. The signal pulse was
initiated by the experiment control unit. The pump
pulse sequence was produced by a home-made
TTL-double pulse generator which was triggered by
the experiment control unit and initiated simultane-
ously with switch 17 of Fig. 1 in [5]. After each ex-
periment consisting of a given number of averaging
cycles the averaged decay was Fourier transformed
and the intensity of the observed line was calcu-
lated. Then the time delay between both pump
pulses was automatically incremented and the expe-
riment was started again. When we plotted the
measured intensities /(7) as a function of the delay
time t between the pump pulses we obtained a
sinusoidally modulated decay as it has been de-
scribed theoretically. An example is given in Figure
2. The modulation frequency of the curve represents
the off-resonance 4w, of the pump. It is 2 MHz in
Figure 2. Because of a 10 MHz clock-frequency of
our experiment control unit we were up to now not
able to use smaller increments than 100 ns. As a

(4]

2 02 0.02

10 20 Tps

Fig. 2. Time-resolved response I(r) of the (2« 1),—
(1 « 0), system of OCS as a function of the delay between
the pump pulses. Measured points given by ®. Signal pulse
frequency at 12162.975 MHz (resonant), 3 W, 1.0 mTorr,
20 °C, intensities in arbitrary units.

I(r)

i

—

10 20 s

Fig. 3a. Time resolved response of the (2 « 1), — (1 « 0)q
system of OCS as a function of the delay t between the
pump pulses. The interpolated curve of the measured
points @ indicates a modulation frequency of 1 MHz.
Signal pulse frequency at 12162.975 MHz (resonant) pump
pulses frequency at 24336.927 MHz (11 MHz off-resonant),
3 W, 1.0 mTorr, 20 °C, intensities in arbitrary units.

1()

1 L 1 L

3 4 5 Tus

Fig. 3b. The interpolated curve with 1 MHz modulation fre-
quency (—) is enlarged and supplemented by a curve
with a modulation frequency of 11 MHz. In this case this is
the response function /(7) of the molecular system.

minimum of two data points is necessary for each
period because of the sampling theorem, the maxi-
mum detectable off-resonance frequency is 5 MHz.
To show that an off-resonance larger than 5 MHz
can be measured, we chose an off-resonance of
(10n+1) MHz, n=1,2,3. At a sample rate of
100 ns in all these cases the actually present modu-
lation frequency of /(7) is folded to a frequency of
1 MHz which can easily be measured. An example
for a pump off-resonance of 11 MHz is given in
Figure 3. Figure 3a shows a curve interpolating the
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measured values /(7). This curve shows a modula-
tion frequency of 1 MHz. In Fig.3b a section of
Fig. 3a has been enlarged in order to show details
of the sampling technique. The response /(7) of the
molecular ensemble corresponding to a curve with
higher modulation frequency, which cannot be de-
tected directly because of the limitations given by
the sampling theorem, was drawn in subsequently.

4. Conclusion

We showed that a double resonance experiment
with Fourier transform technique can be made in
the form of a two-dimensional spectroscopy provid-
ing the frequency of a signal transition and the off-
resonance of a pump frequency. The two time
dimensions are:

1. Time elapsing during the measured decay

(phase 5),

2. Time interval t between two pump pulses

(phase 3).
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So a successful search for double resonances to
facilitate the assignment of rotational spectra should
be possible.

Because of the sampling theorem the experiment
should be modified to allow increments of the time
interval between the two pump pulses of 10 ns. Thus
an off-resonance of 50 MHz should be observable
without folding.

To introduce the two-dimensional MWFT spec-
troscopy as a general tool more work is necessary.
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