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The rotational Zeeman effect in fluorobenzene is reinvestigated with a resolution improved by
a factor of almost five to give more accurate g-tensor elements, magnetic susceptibility aniso-
tropies and molecular electric quadrupole moments. The results fit into the pictures of a linear
dependence of the out of plane molecular electric quadrupole moment, Q., on the number of
fluorine substituents and of a linear correlation between the nonlocal (ring current) susceptibility,
yhonlocal anq the CNDO/2-m-electron density alternation. They lead to a gasphase molecular
electric quadrupole moment in benzene, Qcc, benzene = — (28.4 4+ 4.7) - 10-40 Cm2 which is slightly
less negative than the value deduced from electric field-gradient birefringence experiments on
dilute benzene solutions with carbon tetrachloride as solvent. A detailed description of the high

resolution microwave spectrometer is given in the appendix.

Introduction

The present investigation has been initiated to
resolve the discrepancy between the published ex-
perimental values for the molecular quadrupole
moment of benzene (for its definition in the rigid
rotor model see (1)).

¢ nuclei

Qcc = P Z Zy(2¢% — by — a,?)

electrons

— 50| > 2e2—b2—al|0), (1)

e = proton charge,
Zy = atomic number of »-th nucleus,
ay by ¢y = coordinates of the »-th nucleus and the
ag be ¢ &th electron referred to the molecular
principal inertia axes system (c-axis per-
pendicular to the molecular plane).
0] |0) = electronic ground state expectation value.

The first quasi experimental value for the benzene
quadrupole moment has been calculated by Shoe-
maker and Flygare [1] from the observed quadru-
pole moments in fluorobenzene [2] according to

Qcc, benzene

= % (Qcc, fluorobenzene be, fluorobenzene) - (2)
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(In fluorobenzene the a-axis coincides with the
C—F bond, c-axis perpendicular to the ring.)

Equation (2) is appropriate provided that two
assumptions hold:

a) The substitution of the fluorine atom does not
appreciably distort the nuclear framework of the
benzene ring.

electrons

b) <0| Z bs2 — ¢e? | 0D guorobensene

electrons

= (0] z be? — ce? | ODpenzene -
&

Flygare and Shoemaker have discussed the validity
of both assumptions and they have concluded that
the uncertainty in their quadrupole moment of
benzene is largely determined by the uncertainties
with which the fluorobenzene g-values and sus-
ceptibility anisotropies were determined. Their
value:

Qce, benzene = — (5.6 = 2.8) - 1026 esu cm?
= — (18.7 +9.3) - 1040 Cm?2.

The second experimental value for the molecular
electric quadrupole moment of benzene was deter-
mined by Vrbancich and Ritchie [3] who used the
electric field-gradient birefringence method applied
to dilute benzene solutions with carbon tetra-
chloride as solvent. Their value:

Qee, benzene = — (9.98 = 0.63) - 1026 esu cm?
= — (33.2 + 2.1)- 10-40 Cm?2.
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Since a reliable experimental value for the mole-
cular quadrupole moment of benzene is of interest
in various fields (e.g. orientational correlation in the
liquid state, energy transfer in grazing collisions in
the gasphase, dimer formation in nozzle beams etc.),
we decided to reinvestigate the rotational Zeeman
effect in fluorobenzene with considerably improved
spectral resolution.

Measurements and Analysis of the Data

The high field electromagnet used in this work
has been described before [4]. To improve the sensi-
tivity and resolution, we have replaced the standard
Stark-effect modulated microwave spectrograph by
the Ku-band superheterodyne bridge system de-
scribed in the appendix. Typical linewidth obtained
were about 50 kHz (full width at half height) as
compared to about 200 kHz in the work of Hiittner
and Flygare (compare Figs. 1 and 2 of Ref. [2])
and Fig. 1 of this work). Our experimental accuracy
with which the line maxima are determined is thus
on the order of 42 kHz to 4 5 kHz depending on
the signal to noise ratio and the experimental
accuracy of the line shifts reported in Table 2 is
+4 kHz to + 10 kHz.

For the analysis of the Zeeman spectra, the
standard rigid rotor Hamiltonian given in (3) was
used [5, 6, 7]:

H rot
Hg=h(AT2+ B2+ CJ2)

(#g

e -

— unHz Zgwc/(;sij,,
Y

— L1 Hz? wac/c;syZ c/asyZ, (3)
:

\ o

EZ
h == Planck’s constant,
A, B, C = rotational constants
(4 =h[872 I with

atoms

Ioa = D mu(bn2+ cs2) the a-th
n
principal moment of inertia).

Ja,Jv, Jc= rotational angular momentum opera-
tors along the a-th, b-th and c-th
principal inertia axis, each divided by .
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Fig. 1. Zeeman effect pattern of the 3p3 — 494 rotational
transition in fluorobenzene. With the electric field vector
of the incident microwave radiation perpendicular to the
magnetic field (see insert), the AM = + 1 selection rule ap-
plies. The field is 1.8874 Tesla = 18874 Gauss. Trace
a) shows a computer simulation calculated from the
g-values and susceptibility anisotropies reported by Hiittner
and Flygare [2]. Trace b) shows the actual spectrum. Trace
c) shows a simulation calculated with our improved values
listed in Table 3. For the simulations Lorentzian lineshapes
with 40 kHz full width at half height were used. The posi-
tion of the unsplit zero field line is shown by the arrow.
The improvement of the data is most obvious in the Av-
region between — 270 and — 140 kHz. The dent between
the —2 — — 3 and — 3 — — 4 satellites is due to a Stark
satellite. (The absorption spectrum in the presence of the
Stark field, here 1.7 kV/cm, is written upside down by the
phase sensitive detection scheme.) The markers are every
17 kHz.

Hz = magnetic field, assumed to be directed

along the space fixed Z-axis.

HUn = €h[2mpc2 = nuclear magneton = (5.05050 4
0.00013) - 10-24 erg/Gauss [8];
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Jaa s Job s Jee = diagonal elements of the molec-
ular g-tensor;
XaasXon, Xece = diagonal elements of the molecu-

larmagneticsusceptibility tensor.

Due to the Cay-symmetry of the molecule, the mo-
ment of inertia tensor, the g-tensor and the X-tensor
are simultaneously diagonal. Spin-rotation coupling
effects and the translational Stark effect [9] can be
neglected. Even with the increased resolution of
our spectrometer they do not lead to measurable
effects. R
In (3) # g and 5, present only a minor perturba-
tion to the rigid rotor Hamiltonian, and the first
order energy expression for the Zeeman shifts of the
rigid rotor levels [10] can be used to analyse the
observed Zeeman multiplets. (Second order cor-
rections are below 0.5 kHz for the rotational tran-
sitions studied here.) This first order energy ex-
pression is given by
E H o J2
J,K-E M= — unHz JJ+1) ggw< »2
y SM2—J(J+1)
JIJT+1)2J—1)2J+3)

* Z (Z - xw) <J72> ¢ (4)

In (4) the sums run over the three principal axes
(y=a,b,¢), X = (Xaa + Xpp + %cc)/3 is the average
magnetic susceptibility and

Iy =<J,K_K:|J2|J,K_K)

— X H2—

is the rigid rotor expectation value for the squared
rotational angular momentum along the y-th prin-
cipal axis divided by %2. As usual J is the overall
angular momentum quantum number and M is the
magnetic quantum number i.e. the eigenvalue of J .

The (J,2)-values which are of relevance here
were calculated numerically from the known rota-
tional constants and are listed in Table 1. The ob-
served Zeeman shifts (see Table 2) correspond to
differences of equations such as (4). Thus a set of
linear equations for the g-values and susceptibility
anisotropies is obtained with the observed Zeeman-
shifts as lefthand sides.

A standard least squares fit then leads to the
g-values and susceptibility anisotropies listed in
Table 3. For comparison the Zeeman shifts calcu-
lated according to (4) from the values given in
Tables 3 and 1 are also given. The differences be-
tween the experimental and calculated Zeeman
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Table 1. Numerical values for some low J rigid rotor energy
levels and the corresponding expectation values for the
squared angular momentum operators divided by 7%2. For
the calculation we used the rigid rotor Hamiltonian in
Ray’s form:

A A+ C -
Hrot = +

A—-C
g— &

with E:f,,2+xJ,,2—J02; x=(2B—A—C)/(4—C) and
the rotational constants 4 =5.663720 GHz, B=2.570624
GHz and C=1.767916 GHz [20].

The matrix of £ was set up within the symmetric top
basis and was diagonalized numerically by a Jacobi pro-
cedure. The expectation values were calculated as [21]:

N OEJ,R_K.(x)
By e
v o s

J2

T = [J(J +1) — Ej,K_K. (%)
—(1— %) ———aE“;;K*(”) ]/2
> =70 + 1)+ Br.x-x. )
T ELR OEj,k- K+(x)]/2

where Ej, K_K. (%) are the eigenvalues of the E-matrix. The
derivatives 0EJ, K-K.(»)/0x were approximated as

(EJ,R_-K.(% + Ax) — EJ,K_K.(%))[A%

with A = 106, Double precision calculation on a Digital
PDP 10 computer (i.e. 16 significant figures) was used
throughout.

J K_K. rigid rotor <J,2> Jo2> T2
energy
in GHz

0 0 0  0.000000 0.000000 0.000000 0.000000
1 0 1 4338540 0.000000 1.000000 1.000000
1 1 1 7431636 1.000000 0.000000 1.000000
1 1 0 8234344 1.000000 1.000000  0.000000
2 0 2 12878670 0.038438 2.642839  3.318723
2 1 2 15306008 1.000000 1.000000 4.000000
2 1 1 17.714132  1.000000 4.000000 1.000000
2 2 1 26993420 4.000000 1.000000  1.000000
2 2 0 27130370 3.961562 1.357161  0.681277
3 0 3 25370968 0.172639 4.339573  7.487788
3 1 3 27.038196 1.020803 2.300158  8.679039
3 1 2 31.839582 1.029292 8.240443  2.730265
3 2 2 40.009040 4.000000 4.000000  4.000000
3 2 1 40669312 3.827361 5.660427 2.512212
3 3 1 57560660 8.979197 1.699842  1.320961
3 3 0 57575522 8.970708 1.759557 1.269735
4 0 4 41543452 0421222 5.661005 13.917773
4 1 4 42551959 1.077147 3.733969 15.188884
4 1 3 50476768 1.134528 13.328071  5.537401
4 2 3 57255914 4.030546 7.718097 8.251357
4 2 2 59.096528 3.610471 12.049863  4.339666
4 3 2 75149801 8922853 6.266031 4.811116
4 3 1 75252072 8.865472 6.671929  4.462599
4 4 1 99403886 15969454 2.281903  1.748643
4 4 0 99.405220 15968307 2.289132  1.742561
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Table 2. Observed and calculated Zeeman shifts in fluorobenzene. The given field strengths are average values, averaged

over the effective length of the absorption cell (= length of the Stark septum).

The complete calculated spectra are given in column 3 even though only the satellite frequencies listed in column 4
were used in the least squares procedure. In some cases also peaks assigned to unresolved satellites were included which

are well reproduced by the intensity weighted means of the constituent satellites.

Frequency shifts are defined as Ay = »(H) — »(0).

Rotational transition M— M Int. Aveale Aveale Avexp (Avexp — Avealc)
zero field frequency (arbi- kHz kHz kHz kHz
magnetic fieldstrength trary intensity-
units) weighted
202 -> 303 2 2 5 — 4324 — 4324 — 4335 —11
12 492.327 MHz 11 8 — 2007
18.898 kG 8 ==l 5 —167.8 } —158.0 — 1881 ~ 0.1
0 0 9 — 793
9 ) - } 742 — 737 0.5
Pou—Bos 2 1 2 — 7102 — 7102 — 7102 0.0
12 492.327 MHz —2 -1 2 — 456.1 — 456.1 — 4491 7.0
18.874 kG 1 0 6 —289.8 — 2808 —291.3 —15
-1 0 6 —167.8 — 1678 —170.2 —24
0o 1 12 10.4
0 —1 12 20.6 } 27.2 30.3 3.1
2 3 30 36.5
12 20 78.5 78.5 81.3 2.8
ol wB 20 220.8 220.8 223.2 2.4
ol =il 30 311.0 311.0 313.2 2.3
313 —> 41 3 3 7 — 601.1 — 601.1 — 601.3 —0.2
15 513.774 MHz 2 2 12 —317.2
18.874 kG —3 —3 7 —315.3 } — 3165 — 3174 —09
11 15 — 1279
5 2 T - } — 1274 — 1271 0.3
0 0 16 — 330
4 i =k } — 328 — 301 2.7
ST 1 0 12 — 2377 — 2377 — 2269 10.8
15 513.774 MHz 3 4 56 — 1402 — 1402 — 1365 3.7
18.874 kG 2 3 42 — 229
T 3 s o } — 134 — 133 0.1
=l —8 30 339.0 339.0 343.5 45
—3 =4 56 389.3
e i e } 398.7 399.9 1.2
211 = 312 1 1 8 — 975 }
14 125.550 MHz 0 0 9 — 959 = W —~ 96.0 e
18.898 kG 2 2 5 80.2
- . 2l I 83.3 83.2 il
—2 2 5 4456 4456 446.6 1.0
211 —> 31 0 —1 12 5474 — 5474 — 549.1 17
14 125.550 MHz 1 0 6 — 465.9
18.874 kG 1 —2 20 — 450.0 e —ahh.1 i
—2 _3 30 — 1738 — 1738 — 1737 0.1
1 2 20 187.8 187.8 190.6 2.8
0 1 12 272.9
5 3 s e } 279.1 279.7 0.6
-1 0 6 536.9 536.9 534.3 26
. . 3 3 7 _ 513.7 — 5137 — 516.0 23
16 172.488 MHz 2 2 12 — 3225 — 3225 — 3205 2.0
18.898 kG 1 - 4 15 — 1806 — 180.6 — 1794 1.2
—3 _3 7 — 1075
o o i e } — 941 — 931 1.0
—2 —2 12 — 516
. o ol } — 481 _ 532 — 5.1
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Table 2 (contin.)
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Rotational transition MM Int. Aveale Aveate Avexp (Avexp — Aveare)
zero field frequency (arbi- kHz kHz kHz kHz
magnetic fieldstrength trary intensity-
units) weighted
303 = 404 —1 0 12 — 187.7
16 172.488 MHz 1 0 12 — 1715 } — 1820 — 1815 14
18.874 kG 3 4 56 — 95.6
= = -y } — 943 — 933 1.0
2 3 42 — 447
S & = = } — 440 — 436 0.4
0 —1 20 54.7 54.7 55.3 0.6
—1 =2 30 237.6 237.6 241.4 3.8
—2 =3 42 371.2 371.2 373.8 2.6
—3 —4 56 455.5 455.5 454.6 — 0.9
32 — 4a3 3 3 7 — 354.0 — 354.0 —351.9 2.1
17 246.936 MHz 2 2 12 — 297.6 — 297.6 —297.9 — 0.3
18.898 kG 1 1 15 — 212.0 — 212.0 — 2133 —13
0 0 16 — 973 — 973 — 97.2 0.1
-1 —1 15 46.7 46.7 46.8 0.1
-2 —2 12 219.8 219.8 221.4 1.6
-3 -3 7 422.1 422.1 426.6 4.5
322 — 423 2 1 6 — 688.8 — 688.8 — 686.5 2.3
17 246.936 MHz 1 0 12 — 564.0 — 564.0 — 562.9 1.1
20.825 kG 0 —1 20 — 403.7 — 403.7 — 396.9 6.8
-1 =2 30 — 208.1 — 208.1 — 202.5 5.6
-2 -3 42 23.1
3 4 56 41.1 41.2 49.8 8.6
2 3 42 59.6
1 2 30 113.5 113.5 115.5 2.0
0 1 20 202.9 202.9 205.2 2.3
-3 —4 56 289.6
—® 0 i Gps } 296.4 302.2 5.8

shifts are below 4 10 kHz which corresponds to
our experimental accuracy and confirms the valid-
ity of the first order energy expression given in (4).

The experimental g-values and susceptibilities
may now be inserted into the corresponding theo-
retical expressions [11] (5) and (6) to give the
molecular electric quadrupole moments and the (7)
anisotropies in the second moments of the electron
charge distribution (8). These derived quantities
are given in Table 4. Also given in Table 4 are the
individual elements of the magnetic susceptibility
tensor. They require the average magnetic sus-
ceptibility as additional input data which was taken
from the literature [12].

nuclei 2
2, Zy(b? + 02)  — (5)

. bty h electrons 0 0 2
excr
states J<nl r Z be o — C¢ a—bg ]0>
Ey—E, :

_ My
Jaa = -

Table 3. Nonvanishing g-tensor elements and the aniso-
tropies in the diagonal elements of the molecular magnetic
susceptibility tensor.

The susceptibilities are given in units of 10-8 erg/(G2 mol).
They follow from a least squares fit according to (4) and
the values of Tables 1 and 2. Only the relative signs of the
g-values are determined experimentally, but the opposite
choice of sign would lead to unreasonable large values for
the quadrupole moments in Table 4 and to a negative sign
of the electronic ground state expectation value

<0] % ce2 | 0).

It can thus be discarded.

The bulk susceptibility was taken from the literature [12].
For it a 4+ 5 - 10~6 erg/(G2 mol) uncertainty is assumed to
account for possible differences between gas phase and
liquid phase susceptibilities.

Value Standard deviation
Jaa — 0.068920 -+ 0.00022
Jvb — 0.041606 -+ 0.00013
Jee 0.026268 -+ 0.00009
2%3a — Xpp — Xee 51.68 + 0.26
2%pp — Xee — Xga 61.69 + 045
(xaa 2l xbb + xcc)/3 — 584 + 5
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mp = proton mass,
m = electron mass,
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E, = n-th electronic eigenvalue in the infinite
nuclear mass approximation.

. B electrons F) 2
o2 electrons 92 Z}Egl&d <n| 7 Z be ‘aTs ~C¢ a_be | 0>
I 2 2 il % el Shel %Es &
aa Fy- <OI ;ba + e 10>+m Eo— B, > (6)
¢ = velocity of light,
he [29aa  gob  Gec 2m c?
_— —_— 3 — {2 %00 — Xvp —
Qaa Snmp { A B C e { aa bb ch} s (7)
electrons nuclei h
gvd Jee
<0 z (be? —ce?) [0) = 2 Zy(by* — ¢&»®) + me(? — 7)
4mc?
'%Tez—{(szb"xaa—xcc) - (2xcc—xaa—xbb)}' (8)
Discussion For the discussion of Q.. we first transform it to

In our discussion we will concentrate on the
molecular quadrupole moment .. and on the out
of plane component of the so called nonlocal
magnetic susceptibility.

Table 4. Molecular parameters derived from the data pre-
sented in Table 3, from the bulk susceptibility [12] and from
the molecular structure [20]. As discussed in Ref. [6] the
quadrupole moments determined here via (7) of the text
should come close to the vibronic ground state expectation
values. Also listed for comparison are molecular electric
quadrupole moments and dipole moments calculated from
CNDO/2 wavefunctions as described in Refs. [15, 16].

nuclei

S Zya? = (103.65 4 0.1) - 10-16 cm?

v

S Z,b,? = (53.63+0.1) -10-16 cm?

v
Qexp = —( 1.52 + 0.36) - 1026 esu cm?
Q%D = 4 ( 7.34 4 0.48) - 10-26 esu cm?

XD = —( 5.82+0.62)-10-26 esu cm?
QCNDO/2 —— 186 - 1026 esu cm?
ngNDO/2 - 7.49 - 10-26 esu cm?
QchDO/Z = 563 - 10-26 esu cm?
HsNDO/Z - 1.50 - 10-18 esu cm

electrons

O] 3 a?—0b2[0)=
O] S b — 2|0y =  ( 51.80 L 0.24) - 10-16 cm?

( 51.25 4 0.30) - 10-16 cm?

0] 3 ¢ —a2|0) = — (103.05 + 0.22) - 10-16 cm?
€

Xaa N1 = — (41.1 4 5.1) - 10-6 erg/(G2 mol)
Xop NL = — (37.7 + 5.1) - 10-6 erg/(G2 mol)
Xee N1 = — (96.1 4 5.2) - 10-6 erg/(G2 mol)
Qgg&gﬁne = — 8.17 - 10-26 esu cm?2

a coordinate system shifted along the a-axis by
0.49 A into the center of the aromatic ring:

Qec, center = @ee” + Ma* Aa = — (5.82 4+ 0.62)
+1026 esu cm? + 1.66 - 10-18-0.49 - 10-8 esu cm?2
= — (5.01 - 0.62) 1026 esu cm? .

Here pq = (1.66 4-0.03) D is the molecular electric
dipole moment determined from the Stark effect
[13] and we have assumed that the fluorine atom
determines the negative end of the molecule.

As discussed in a previous paper [14], the
Qcc, center Values are better suited for direct com-
parison within the family of fluorosubstituted ben-
zenes. We note that the revised value of Q. center
almost exactly falls on the least squares straightline,
which correlates the Q.. center Values to the number
of fluorine substituents (see Fig. 7 of Ref. [14]). In
our opinion this result lends further credit to the
linear correlation between Q. center and the
number of fluorine substituents.

Next we use (2) to deduce the molecular quadru-
pole moment of benzene from the Qpp- and Qcc-val-
ues of Table 3. The new value is: Qg penzene
= —8.8-10-26 esu cm2. The experimental uncer-
tainties in the fluorobenzene values lead to an ex-
perimental uncertainty of +0.9 - 10-26 esu cm? in
this value. In order to estimate the additional un-
certainty introduced by partial breakdown of as-
sumption b) of Shoemaker and Flygare, we have
calculated the molecular electric quadrupole mo-
ments for fluorobenzene and benzene from CNDO/2
wavefunctions as described in Refs. [15, 16]. They
too are listed in Table 4.
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If we combine the CNDO/2 Qpp- and Q..-values
for fluorobenzene according to (2) we get a predicted
quadrupole moment for benzene: Q¥ — — 8.74
- 10-26 esu cm2. This value should be compared to
the directly calculated value:

QENDO2 — 8171026 esu cm?.

Since CNDO/2 wavefunctions apparently work
fairly well for the comparison of the molecular
quadrupole moments of the closely related family
of fluorosubstituted benzenes [14] we are confident
that the difference of 0.5 10-26 esu cm2, which
corresponds to a 0.1 A2 difference in the (0| > b2

— ¢¢2 |0)-values of benzene and fluorobenzene, is a
reasonable estimate of the extrapolation uncertainty
of (2). We even believe that the CNDO/2-calcula-
tions reproduce the sign of the extrapolation cor-
rection and that the true gas-phase value of
Qce, benzene Should thus be slightly less negative
than the extrapolated value. As final Q.-value we
therefore present:

Qcc, benzene = — (8.5 + 1.4) 10-26 esu cm?
— — (284 +4.7) -10-40Cm?,

where an extrapolation correction of +-0.25
- 10-26 esu cm? has been applied to the result of (2)
and where the uncertainty limit of + 1.4 units is
composed from the experimental uncertainty in the
fluorobenzene quadrupole moments, +0.9 units,
and an extrapolation uncertainty of + 0.5 units.

We now turn to the out of plane component of
the magnetic susceptibility tensor, X.. As has been
discussed in detail by Schmalz et al. [17], X,, may
be broken down into a ‘“nonlocal” (w-electron) ring
current contribution and into a sum of local
(atomic) contributions. With the local values from
Table 5, Ref. [14],i.e. Xpom—y = —2.11, Xppcspry =
—17.11, and X (F-) = — 5.6, all in units of 106 erg/
(Gauss? mol), we obtain X9 — —58.8 - 10-6 erg/
(Gauss2 mol).

If we combine this value with the improved X -
value from Table 3, xnonlocal — __37.3.10-6 erg/
(Gauss2 mol) is obtained. We may now insert this
value into Fig. 4 of Ref. [14], which shows a plot
of Znonlocal versus the calculated “CNDO/2-7-
density alternation” for a whole family of fluoro-
benzenes and fluoropyridines. While the original
value was about two units off, the revised value
closely coincides with the least squares straight line
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which appears to correlate the Z20%o%l values and
the corresponding “CNDO/2-w-density alterna-
tions”. Thus this correlation certainly deserves
further attention both experimentally and theo-
retically.

Appendix

Description of the high resolution Ku-Band
superheterodyne bridge spectrometer.

As discussed earlier by Schwoch and Rudolph
[18], the effects of 1/f detectordiode noise and of
signal oscillator noise can be reduced considerably
by the use of a superheterodyne bridge spectro-
meter.

A detailed block diagram of our system is shown
in Figure 2. At present all waveguide parts except
for the sample cell and the reference cell are Ku-
band (12.4 to 18 GHz). The sample cell and refer-
ence cell are made from standard J-band brass
waveguide (inner cross section 34.85 - 15.80 mm2),
to increase the effective absorption volume at given
length and to reduce the effects of wall collision
broadening.

Both cells contain a teflon supported Stark
septum of 1.80 m length and may be cooled down
simultaneously to approximately — 60 °C by metha-
nol flowing through cooling jackets.

Care has been taken to manufacture the cells as
identical as possible.

The spectrometer needs two microwave sources,
one as signal oscillator and one as local oscillator.
In our setup the local oscillator is phaselocked
to the signal oscillator at a 30 MHz higher fre-
quency.

In operation the frequency of the signal oscillator
is first set to the center of the frequency range to
be investigated and the phase shifters and wave-
guide attenuators in the sample- and reference arms
are adjusted to minimize the microwave power
which enters the detector arm (carrier suppression).
(Residual carrier power is detected as a 30 MHz
IF-signal with the oscilloscope). Ideally complete
destructive interference should be achieved between
the microwave field directly propagating from the
sample cell into the detector arm and the field
coupled in from the reference arm via the 10 db
directional coupler. After this initial setting, the
signal frequency and, phase locked to it, the local
oscillator frequency is slowly swept through the
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frequency range. At frequencies in resonance (or
close) to a molecular transition frequency, the
bridge is slightly thrown out of balance and a small
microwave signal of molecular origin reaches the
double balanced mixer (RHG WM 12—18/15 C),
where it is heterodyned down to an intermediate
frequency of 30 MHz. After 50 db amplification
(20 db in the integrated preamplifier of the mixer),
the signal enters the RF port of a low frequency
mixer (ZAD6 of MINI CIRCUITS Corporation).

With the corresponding reference frequency di-
rectly derived from the stabilization IF, residual
phase noise of either the signal or (and) the local
oscillator cancels in the final “dc-output’” (see
below). To reduce the effects of body noise etc. we
use 3 kHz Stark-effect modulation i.e. the molec-
ular signal is chopped at a rate of 3 kHz and so is
that part of the ZAD6-output which is caused by
the molecules. Standard phase sensitive detection
at 3 kHz is then used for a final improvement of
the signal to noise ratio (PAR-HR 8).

In our experience the remaining noise in our in-
strument is dominated by local oscillator noise,
which is not completely balanced out in the RHG
mixer. We conclude this from the observation that
temporary replacement of the backward wave tube
oscillator by a POLARAD 1108 E signal oscillator
with a phase stabilized Klystron as microwave
source did lead to an improvement of the signal to
noise ratio by a factor of almost three (all power
levels etc. were kept identical in this comparison).
We intend to extend the operating range of the
system to X-band with a POLARAD source as
local oscillator and we expect a further improved
performance of the X-band system.

We may now mention the two effects which
might cause problems in certain applications of the
bridge system. One is, that sufficient carrier sup-
pression may be obtained only over a limited band-
width, typically on the order of +5MHz to
410 MHz about the centerfrequency. The second
effect is, that the presence of a dispersion signal
may distort the overall profiles of partly resolved
multiplets, which in turn might lead to misinter-
pretations.

We first discuss the bandwidth problem. Ap-
parently it is associated with the use of oversized
waveguide absorption cells, since it does not occur,
if the cells are replaced by straight Ku-band wave-
guide sections of equal length.
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In oversized cells higher modes with different
waveguide wavelengths, which might be generated
for instance at the front end of the Starkplates or
by an imperfect alignment of the tapered transitions,
may propagate. Since the generation of such higher
modes will in general be different in the two arms
of the bridge and since the higher modes show
stronger dispersion, they will cause a frequency
dependent optical path difference and the bridge
drifts out of balance with increasing frequency
offset.

We now turn to the discussion of the “dispersion-
problem”. For better understanding we first give
a simplified description of how the final output
signal is generated.

To this end we assume that the IF-outputs of
each of the three mixers are proportional to the
low frequency part in the product of the correspond-
ing incident RF- and local-signals. Then, if the
signal oscillator frequency approaches the resonance
frequency of a rotational transition it will start to
polarize the molecular ensemble [19], and this
polarization in turn leads to a molecular signal at
the detector. This signal is essentially the same as
in the classical model of an ensemble of damped
harmonic oscillators which are dispersed in the ab-
sorption cell and which are driven by the incident
microwave field. At the detector, the corresponding
molecule-generated electric field strength may be

written as:
e(t) = ec(w) cos(wt 4 @)
+ & () sin(wt + @), (A.1)

where
(27/7)
(wo — w)2 + (2 7[7)?

ge(w) ~ — (A.2)

corresponds to the ‘““absorption signal”’, and where
(wo — )
(w0 — )2 + (27[7)?

(o)~ — (A.3)
corresponds to the “dispersion signal”.

In these relations w=2ny corresponds to the
signal oscillator frequency, wo=2nv¢ corresponds
to the resonance frequency of the molecular tran-
sition, and 7 corresponds to the molecular relaxa-
tion time (7 = 71 = T assumed).

Doppler broadening, mode structure and wall
collisions are neglected in this simplified treatment.
We now assume complete carrier suppression. Then
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Fig. 3. Signal flow in the Ku-band superheterodyne bridge spectrograph is illustrated in this simplified diagram. The
local oscillator frequency is phase locked 30 MHz above the signal oscillator frequency. Complete carrier suppression is
assumed and it is assumed that the output of the mixers is proportional to the low frequency component in the product
of the input signals. (At sufficiently high local levels it becomes independent on local power.) Depending on the dp-phase
setting, the ZAD6-output signal traces a linear combination of the absorption curve, ¢.(w), and the dispersion curve,
&s(w). Ideally dg is set to minimize the &s(w) contribution. Improper phase setting causes problems in the analysis of
partly resolved multiplets. However in well resolved multiplets an improper phase setting simply leads to a shift of all
lines by the same amount without any effects on the splittings. In our experience the frequency dependence in the argu-
ment of the cosine and sine is sufficiently low so that the dispersion/absorption ratio does not change measurably over

a + 10 MHz band.

only the molecular signal given in (A.1) is hetero-
dyned in the MW 12—18/15 C mixer against the
local oscillator signal which is proportional to
cos(t+ @) with Q=w+2x-3-10"Hz. As a
result an IF-signal proportional to

ec(w) - cos((2 — w)t + (P — ¢))
— &s(w) - sin(( — w)t + (D — ¢))

will hit the ZAD 6-mixer at port B of the block
diagram.

As shown on the diagram in Fig. 3 this IF-signal
is heterodyned against a reference signal, which is
directly derived from the IF-output of the stabiliza-
tion mixer. Since the phase of this reference signal
may be deliberately set to any value with the
30 MHz phase shifter, we may write it as

cos((2 — )t + (D' — ¢') + d¢) .

The advantage of deriving this 30 MHz reference
signal directly from the stabilization IF becomes
obvious now. Phase fluctuations in the local- (or
signal-) oscillator output affect @ and @’ (or ¢ and
¢') simultaneously and cancel in the final output
signal. The latter is proportional to

gc(w) cos (D" — @) + dp — (P — @)
+ &s(w)sin((@" — ¢') + o — (D — ¢)) .

Depending on the d¢-setting, either the sine- or the
cosine-term may be set to zero as is demonstrated
in Figure 4. In standard operation the phase g is

b)

212_'2 21
v,=15578.816 MHz

Fig. 4. Depending on the phase setting of the 30 MHz phase
shifter, the ZAD-6 output (see also Figs. 2 and 3) traces
the absorption curve, & (w), or the dispersion curve &s(w),
as is demonstrated here with the 2;9 — 29; transition of
formaldehyde in its first excited state of the ws-vibration
(H—C—H bending mode). In case a) the phase in the
trigonometric functions in the output signal was adjusted
to zero. In case b) it was adjusted to —90°. In the dis-
persion curve also a Stark satellite is shown at right.
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set thus, that the output signal traces the absorp-
tion curve, &.(w). To set the phase properly a
single line is recorded several times and the d¢-
phase is adjusted until the line profile is symmetric.
Here the second problem becomes obvious. While in
the case of relatively strong lines the d¢-setting is
done within minutes, it may be extremely time
consuming in the case of weak lines which — even
though within the sensitivity range of the spectro-
meter — need signal averaging for, say, 30 minutes.
We note here, that the proper phase setting is
essential, if only partly resolved multiplets are to
be analyzed, since a superposition of asymmetric
lines i.e. satellites with profiles containing dispersive
contributions, may considerably distort the overall
appearance of the corresponding multiplet pattern.

We note however, that in view of the higher
sensitivity of the bridge spectrometer, as compared
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to a standard Stark-spectrometer, the phase setting
becomes time consuming only in the case of
“really weak” absorption lines.
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