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 Molecules - large or small - are attractive academic resources, with numerous 

questions on their chemical behaviour as well as problems in fundamental physics now (or 

still) waiting to be answered: Targeted by high-resolution spectroscopy, a rotating molecular 

top can turn into a laboratory for molecule chemistry or a laboratory for particle physics. 

Once successfully entrained (many species - depending on size and chemical 

composition - have insufficient vapour pressures or are of transient nature, such that 

specifically designed pulsed-jet sources are required for their transfer into the gas phase or in-

situ generation) into the collision-free environment of a supersonic-jet expansion, each 

molecular top comes with its own set of challenges, theoretically and experimentally: Multiple 

internal interactions are causing complicated energy level schemes and the resulting spectra 

will be rather difficult to predict theoretically. Experimentally, these spectra are difficult to 

assess and assign. With today’s broad-banded chirped-microwave techniques, finding and 

identifying such spectral features have lost their major drawback of being very time 

consuming for many molecules. For other molecules, the unrivalled resolution and sensitivity 

of the narrow-banded techniques provide a window to tackle - at the highest precision 

available to date – fundamental questions in physics, even particle physics – potentially 

beyond the standard model. 

Molecular charge distribution, properties of the chemical bond, details on internal 

dynamics and intermolecular interaction, the (stereo-chemical) molecular structure (including 

the possibility of their spatial separation) as well as potential evidence for tiny yet significant 

interactions encode their signature in pure molecular rotation subjected to time-domain 

microwave spectroscopic techniques. Ongoing exciting technical developments promise rapid 

progress. We present recent examples from Hannover, new directions, and an outlook at the 

future of molecular rotation spectroscopy. 
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).
 T

h
e 

tr
en

d
 i

n
 m

ic
ro

w
av

e 
sp

ec
tr

o
sc

o
p

y
 

to
w

ar
d

 m
o

re
 s

o
p

h
is

ti
ca

te
d

 e
x
p

er
im

en
ts

 s
u
c
h
 a

s 
ti

m
e 

d
o

m
ai

n
 s

p
ec

tr
o

sc
o

p
y
 (

T
D

S
) 

in
st

ru
m

e
n
ts

 

w
a
s 

in
it

ia
te

d
 b

y
 t

h
e
 a

im
 t

o
 d

et
ec

t 
th

e 
ro

ta
ti

o
n
a
l 

sp
ec

tr
a 

o
f 

io
n

s 
o

r 
sh

o
rt

-l
iv

in
g
 r

ea
ct

io
n
 

p
ro

d
u
ct

s 
an

d
 t

h
u
s 

th
e 

d
ev

el
o

p
m

en
t 

o
f 

m
o

re
 s

e
n
si

ti
v
e 

d
et

ec
ti

o
n
 s

y
st

e
m

s 
b

ec
a
m

e 
m

a
n
d

at
o

ry
. 

  P
u

ls
ed

 
R

a
d

ia
ti

o
n

 
F

o
u

ri
er

-t
ra

n
sf

o
r
m

 
M

ic
ro

w
a

v
e 

S
p

ec
tr

o
sc

o
p

y
: 

T
h
e 

ti
m

e
-d

ep
en

d
en

t 

b
eh

av
io

r 
o

f 
ab

so
rp

ti
o

n
 a

n
d

 e
m

is
si

o
n
 o

f 
tw

o
-l

e
v
el

 q
u
a
n
tu

m
 m

ec
h
a
n
ic

al
 s

y
st

e
m

s 
en

ab
le

s 
th

e
 

p
o

ss
ib

il
it

y
 o

f 
th

e 
m

ea
su

re
m

e
n

t 
o

f 
ro

ta
ti

o
n
al

 t
ra

n
si

ti
o

n
s 

in
 t

h
e 

ti
m

e
-d

o
m

a
in

, 
an

al
o

g
o

u
s 

to
 t

h
e 

p
io

n
ee

ri
n
g
 

d
e
v
el

o
p

m
en

t 
o

f 
p

u
ls

ed
 

n
u
cl

ea
r 

m
a
g

n
et

ic
 

re
so

n
an

ce
 

(N
M

R
) 

ex
p

er
im

e
n
ts

. 

M
ic

ro
w

a
v
e-

m
o

le
c
u
le

 r
es

o
n
a
n

t 
tr

an
si

e
n
t 

p
h
en

o
m

e
n
a 

ar
e 

ce
n
te

re
d

 o
n
 t

w
o

 m
a
in

 p
ro

ce
ss

e
s:

 

tr
a

n
si

en
t 

a
b

so
rp

ti
o

n
, 

w
h
ic

h
 i

s 
n
o

rm
al

ly
 c

a
ll

ed
 t

ra
n
si

e
n
t 

n
u
ta

ti
o

n
 (

T
N

) 
in

 N
M

R
 e

x
p

er
im

e
n
ts

, 

an
d

 t
ra

n
si

en
t 

em
is

si
o

n
, 

w
h
ic

h
 i

s 
n
o

rm
al

ly
 c

al
le

d
 t

h
e 

fr
ee

-i
n
d

u
ct

io
n
 d

ec
a
y
 (

F
ID

) 
in

 N
M

R
 

ex
p

er
im

e
n
ts

. 
T

ra
n
si

e
n
t 

ex
p

er
im

en
ts

 i
n
 N

M
R

 h
a
v
e 

b
ee

n
 f

a
m

il
ia

r 
fo

r 
tw

o
 d

ec
ad

es
 b

ef
o

re
 t

h
e
ir

 

ro
u
ti

n
e 

in
tr

o
d

u
ct

io
n
 

in
 

M
W

 
sp

ec
tr

o
sc

o
p

y
 

in
 

1
9

7
4

. 
N

o
rm

al
ly

, 
th

e 
re

la
x
at

io
n
 

ti
m

es
 

in
 

m
ag

n
et

ic
 

re
so

n
an

ce
 

ex
p

er
im

en
ts

 
ar

e 
1

0
6
-1

0
7
 

ti
m

e
s 

lo
n

g
e
r 

th
an

 
in

 
g
a
s-

p
h
as

e 
ro

ta
ti

o
n

al
 

sy
st

e
m

s.
 T

h
u
s,

 t
h
e 

ra
d

ia
ti

o
n
 s

w
it

c
h
in

g
 a

n
d

 s
p

ee
d

 o
f 

d
et

ec
ti

o
n
 r

eq
u
ir

e
m

e
n
ts

 i
n
 r

o
ta

ti
o

n
al

 s
ta

te
 

sp
ec

tr
o

sc
o

p
y
 a

re
 m

u
ch

 m
o

re
 s

ev
er

e,
 a

n
d

 t
h
is

 h
as

 l
ed

, 
in

 p
ar

t,
 t

o
 t

h
e 

lo
n
g
 d

el
a
y
 i

n
 d

e
v
e
lo

p
in

g
 

tr
an

si
e
n
t 

e
x
p

er
im

e
n
ts

 i
n

 r
o

ta
ti

o
n
al

 s
p

ec
tr

o
sc

o
p

y
. 

T
h
e 

tr
an

si
e
n
t 

si
g

n
al

 i
s 

re
co

rd
ed

 a
s 

th
e 

b
e
at

 

b
et

w
ee

n
 t

h
e
 r

ad
ia

ti
o

n
 f

ie
ld

 c
o

h
er

en
tl

y
 e

m
it

te
d

 f
ro

m
 t

h
e
 m

o
le

cu
la

r 
sy

st
e
m

 a
n
d

 t
h
e 

si
g
n
al

 o
f 

th
e 

m
ic

ro
w

a
v
e 

o
sc

il
la

to
r 

u
se

d
 f

o
r 

p
o

la
ri

za
ti

o
n
. 

T
h
e 

si
g

n
al

 o
b

ta
in

ed
 i

s 
su

b
se

q
u
en

tl
y
 F

o
u
ri

er
-

tr
an

sf
o

rm
ed

 t
o

 g
iv

e 
th

e 
sp

ec
tr

u
m

 o
f 

th
e 

tr
an

si
ti

o
n
s 

w
h

ic
h
 w

er
e 

p
o

la
ri

ze
d

. 
In

 c
o

m
p

ar
is

o
n
 t

o
 

ab
so

rp
ti

o
n
 m

e
th

o
d

s 
F

o
u
ri

er
 t

ra
n
sf

o
rm

 
m

ic
ro

w
a
v
e 

(F
T

-M
W

) 
te

ch
n
iq

u
e
s 

o
ff

er
s 

th
e 

sa
m

e
 

ad
v
an

ta
g
es

 a
s 

e
x
p

er
ie

n
ce

d
 i

n
 F

T
-N

M
R

. 

 T
h
e 

m
ag

n
it

u
d

e 
o

f 
th

e 
m

ac
ro

sc
o

p
ic

 o
sc

il
la

ti
n
g
 d

ip
o

le
 m

o
m

e
n
t,

 i
.e

.,
 t

h
e 

sa
m

p
le

 p
o

la
ri

za
ti

o
n
 

an
d

 t
h

u
s 

th
e 

a
m

p
li

tu
d

e 
o

f 
th

e
 c

o
rr

es
p

o
n
d

in
g
 m

ic
ro

w
a
v
e 

fi
e
ld

 e
m

it
te

d
 a

t 
th

e 
en

d
 o

f 
a 

M
W

 

p
u
ls

e 
d

ep
en

d
s 

o
n
 t

h
e 

co
u
p

li
n
g

 s
tr

en
g
th

 o
f 

th
e 

m
o

le
c
u
la

r 
d

ip
o

le
s 

w
it

h
 t

h
e 

ex
te

rn
a
l 

ra
d

ia
ti

o
n
 

[4
].

 F
o

r 
a 

tr
an

si
ti

o
n
 b

←
a 

w
it

h
 t

h
e 

el
ec

tr
ic

 d
ip

o
le

 m
at

ri
x
 e

le
m

en
t 

µ
a
b
 o

f 
th

e 
sp

ac
e-

fi
x
ed

 z
-

co
m

p
o

n
e
n
t 

o
f 

th
e 

d
ip

o
le

 o
p

er
at

o
r,

 t
h
is

 c
o

u
p

li
n
g
 s

tr
en

g
th

 i
s 

ch
ar

ac
te

ri
ze

d
 b

y
 t

h
e 

R
ab

i 
an

g
u
la

r 

fr
eq

u
en

c
y
 x

 =
 µ

a
b
 ε

 /
 ħ

, 
w

h
er

e 
ε 

is
 t

h
e 

z-
p

o
la

ri
ze

d
 e

le
ct

ri
c 

fi
el

d
 a

m
p

li
tu

d
e 

o
f 

th
e 

ex
te

rn
a
l 

ra
d

ia
ti

o
n
. 
T

h
e 

p
o

la
ri

za
ti

o
n
 a

ch
ie

v
ed

 d
ep

en
d

s 
o

n
 x

, 
th

e 
M

W
 p

u
ls

e 
le

n
g
th

 τ
p
, 
an

d
 t

h
e 

o
ff

se
t 

Δ
ω

 

=
 ω

a
b
 -

 ω
e 

fr
o

m
 r

es
o

n
an

ce
. 

E
ff

ec
ts

 f
ro

m
 c

o
ll

is
io

n
al

 d
a
m

p
in

g
 a

n
d

 d
ev

ia
ti

o
n

s 
fr

o
m

 r
es

o
n
an

c
e 

d
u
ri

n
g
 t

h
e 

p
u
ls

e 
ca

n
 b

e 
n
eg

le
c
te

d
 f

o
r 

st
ro

n
g
 p

u
ls

es
 (

x 



 Δ
ω

) 
su

ff
ic

ie
n

tl
y
 s

h
o

rt
 w

it
h

 r
es

p
ec

t 

to
 t

h
e 

re
la

x
at

io
n
 t

im
es

 (
τ p

 


 T
2
).

 F
o

r 
th

e 
p

er
io

d
 a

ft
er

 t
h
e 

tr
a
n
si

e
n
t 

ab
so

rp
ti

o
n
, 
th

e 
a
m

p
li

tu
d

e 

|S
a

b
| 

o
f 

th
e 

m
o

le
c
u
la

r 
si

g
n
a
l 

af
te

r 
su

p
er

-h
et

er
o

d
y
n
e 

d
et

ec
ti

o
n

 i
s 

p
ro

p
o
rt

io
n
al

 t
o

 

 |S
a

b
| 


 Δ
1
N

a
b
µ

a
b
 s

in
(x

τ p
) 

ex
p

(-
t/

T
2
) 

 
 

 
 

 
 

 
 

 
(1

) 

 

w
h

er
e 

Δ
1
N

a
b
 i

s 
th

e 
p

o
p

u
la

ti
o

n
 d

if
fe

re
n
ce

 p
er

 u
n
it

 v
o

lu
m

e 
o

f 
th

e 
tw

o
 l

e
v
el

s 
in

v
o

lv
ed

 i
n
 t

h
e 

tr
an

si
ti

o
n
. 
A

cc
o

rd
in

g
 t

o
 E

q
. 
(1

),
 t

h
e 

la
rg

es
t 

si
g

n
al

 a
m

p
li

tu
d

e 
S

a
b
 i

s 
o

b
ta

in
ed

 f
o

r 
a 

‘π
/2

-p
u
ls

e
’,

 

d
ef

in
ed

 b
y
 a

 p
u

ls
e 

a
n

g
le

 x
τ p

 =
 π

/2
. 
T

h
e 

ex
p
o
n
en

ti
al

 d
ec

a
y
 o

f 
th

e 
tr

an
si

e
n
t 

e
m

is
si

o
n
 

ti
m

e
-d

o
m

ai
n
 s

ig
n
al

 d
u
e 

to
 c

o
ll

is
io

n
-i

n
d

u
ce

d
 r

el
ax

a
ti

o
n
 c

o
rr

es
p

o
n
d

s 
to

 a
 p

re
ss

u
re

 b
ro

ad
en

in
g

 

o
f 

th
e
 f

re
q

u
e
n
c
y

-d
o

m
ai

n
 l

in
e 

w
it

h
 a

 h
al

f 
w

id
th

 a
t 

h
al

f 
m

ea
n

 (
H

W
H

M
) 

o
f 

Δ
ν

ab
 =

 1
/2

π
T

2
. 

A
t 

lo
w

 
p

re
ss

u
re

s 
o

th
er

 
b

ro
ad

en
in

g
 

m
ec

h
a
n
is

m
s 

th
a
n
 

in
te

rm
o

le
cu

la
r 

co
ll

is
io

n
s 

b
ec

o
m

e 

im
p

o
rt

an
t 

a
n
d

 t
h
e 

d
ec

a
y
 t

er
m

 i
n
 E

q
. 

(1
) 

h
as

 t
o

 b
e 

m
o

d
if

ie
d

 a
cc

o
rd

in
g
ly

. 
A

s 
se

en
 b

el
o

w
, 

th
e 

se
n

si
ti

v
it

y
 o

f 
F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
 i
s 

in
h
er

e
n
tl

y
 l
ar

g
er

, 
su

ch
 t

h
at

 q
u
it

e 
lo

w
 s

a
m

p
le

 p
re

ss
u
re

s 

ca
n
 o

ft
en

 b
e 

u
se

d
 a

n
d

 p
re

ss
u
re

 b
ro

ad
en

in
g
 b

ec
o

m
es

 r
at

h
er

 u
n
im

p
o

rt
an

t.
 D

u
e 

to
 t

h
e 

la
ck

 o
f 

m
o

d
u
la

ti
o

n
 a

n
d

 s
at

u
ra

ti
o

n
 b

ro
ad

en
in

g
 o

cc
u
rr

in
g
 i

n
 a

b
so

rp
ti

o
n
 t

ec
h
n
iq

u
es

, 
th

e 
re

so
lu

ti
o

n
 i

s 

th
en

 o
n
ly

 l
im

it
ed

 b
y
 D

o
p

p
le

r-
 a

n
d

 w
al

l 
co

ll
is

io
n
 b

ro
ad

en
in

g
, 
w

h
ic

h
 d

ep
en

d
 o

n
 t

h
e 

fr
eq

u
en

c
y
 

ra
n
g
e 

a
n
d

 c
el

l 
g
eo

m
et

ry
, 
re

sp
e
ct

iv
el

y
 [

5
].

 T
h
e 

en
h
an

ce
d

 r
es

o
lu

ti
o

n
 o

f 
F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
 

tr
an

sl
at

e
s 

in
to

 a
 h

ig
h
er

 p
re

ci
si

o
n
 o

f 
o

b
se

rv
ed

 l
in

e 
ce

n
te

r 
fr

eq
u
en

ci
e
s.

 

 T
h
e 

T
D

S
 t

ec
h
n
iq

u
e 

is
 i

n
h
er

e
n
tl

y
 
m

o
re

 s
en

si
ti

v
e 

th
an

 t
h
e 

F
D

S
 m

et
h
o

d
s,

 i
.e

.,
 t

h
e 

in
it

ia
l 

tr
an

si
e
n
t 

e
m

is
si

o
n
 

si
g

n
al

 
a
m

p
li

tu
d

e 
af

te
r 

a 
‘π

/2
-p

u
ls

e
’ 

is
 

la
rg

er
 

th
a
n
 

an
y
 

st
ea

d
y

-s
ta

te
 

ab
so

rp
ti

o
n
 s

ig
n
al

 [
6

].
 T

h
e 

se
n
si

ti
v
it

y
 e

n
h
an

ce
m

e
n
t 

is
 p

ar
ti

c
u
la

rl
y
 p

ro
n
o

u
n
ce

d
 f

o
r 

co
n
d

it
io

n
s 

S
p
 =

 x
T

2
 


 1
, 
en

su
ri

n
g
 t
h
at

 a
n
 ‘

π
/2

-p
u

ls
e
’ 

(x
 τ

p
 =

 π
/2

, 
τ p

 


 T
2
) 

co
n
v
er

ts
 t
h
e 

in
it

ia
l 
p

o
p

u
la

ti
o

n
 

d
if

fe
re

n
ce

 Δ
N

a
b
 e

ff
ic

ie
n
tl

y
 i

n
to

 c
o

h
er

en
ce

 ρ
a
b
. 

C
o

m
p

ar
in

g
 t

h
e 

re
su

lt
in

g
 s

ig
n
al

 a
m

p
li

tu
d

e 

S
a
b
(T

D
S

) 
o

f 
th

e 
F

T
 t

ec
h
n
iq

u
e 

w
it

h
 t

h
e 

si
g
n
a
l 

a
m

p
li

tu
d

e 
S

a
b
(F

D
S

) 
co

rr
es

p
o

n
d

in
g
 t

o
 t

h
e 

st
ea

d
y
-s

ta
te

 p
o

la
ri

za
ti

o
n
 [

4
],

 a
p

p
li

ca
b

le
 t

o
 t

h
e 

C
W

 a
b

so
rp

ti
o
n
 m

et
h
o

d
, 

y
ie

ld
s 

 S
a
b
(T

D
S

) 
/ 

S
a
b
(F

D
S

) 
=

 (
1

 +
 S

p
2
) 

/ 
S

p
  

 
 

 
 

 

 
 

 
(2

) 

 if
 

id
en

ti
ca

l 
d

et
ec

ti
o

n
 

sc
h
e
m

es
, 

e.
g
. 

su
p

er
-h

et
er

o
d

y
n
e 

d
e
te

ct
io

n
, 

ar
e 

em
p

lo
y
ed

 
in

 
b

o
th

 

ex
p

er
im

e
n
ts

. 
A

s 
a 

co
n

se
q

u
e
n

ce
, 

at
 S

p
 


 1
, 

lo
w

 g
as

 p
re

ss
u

re
s 

ca
n
 b

e 
em

p
lo

y
ed

 a
n
d

, 
if

 t
h
e 

in
ci

d
en

t 
M

W
 p

o
w

er
 i

s 
su

ff
ic

ie
n
tl

y
 h

ig
h
, 
tr

an
si

ti
o

n
s 

w
it

h
 r

at
h

er
 w

ea
k
 d

ip
o

le
 m

at
ri

x
 e

le
m

e
n
ts

 

ca
n
 s

ti
ll

 b
e 

in
v
e
st

ig
at

ed
 [

7
].

 T
h
e 

li
n
ea

r 
si

g
n
al

 d
ep

en
d

e
n
ce

 u
p

o
n
 t
h
e 

d
ip

o
le

 m
at

ri
x
 e

le
m

en
t 

µ
a

b
 

in
 F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
 e

v
id

e
n
t 
d

if
fe

rs
 f

ro
m

 t
h
e 

q
u
ad

ra
ti

c 
µ

a
b
2
 d

ep
en

d
en

ce
 o

b
ta

in
ed

 f
o

r 
C

W
 

ab
so

rp
ti

o
n
 s

p
ec

tr
o

sc
o

p
y
 a

t 
lo

w
 M

W
 p

o
w

er
. 

F
o

r 
th

e 
la

tt
er

 m
et

h
o

d
, 

th
is

 m
ea

n
s 

a 
se

v
er

e 

d
is

ad
v
an

ta
g
e 

in
 s

e
n
si

ti
v
it

y
 f

o
r 

sm
al

l 
tr

an
si

ti
o

n
 d

ip
o

le
 m

o
m

e
n

ts
 [

8
].

 

 C
o

v
er

in
g
 t
h
e 

fr
eq

u
en

c
y
 r

a
n
g
e 

fr
o

m
 1

 –
 4

0
 G

H
z 

v
ar

io
u
s 

c
m

 w
av

e 
ra

n
g
e 

p
u
ls

ed
 p

o
w

er
 d

es
ig

n
s 

o
f 

st
at

ic
 g

as
 F

T
-M

W
 s

p
ec

tr
o

m
et

er
s 

ar
e 

e
m

p
lo

y
in

g
 c

o
a
x
ia

l 
(1

 –
 4

 G
H

z)
 a

n
d

 r
ec

ta
n
g
u
la

r 
o
r 

ci
rc

u
la

r 
(4

 –
 4

0
 G

H
z)

 w
a
v
eg

u
id

es
 [

7
-1

0
].

 A
 m

m
 w

av
e
 r

an
g
e 

im
p

le
m

e
n
ta

ti
o

n
 f

o
ll

o
w

s 
th

e 

fr
eq

u
en

c
y
 s

w
it

c
h
in

g
 t

ec
h

n
iq

u
e
 [

1
1

].
 A

t 
su

ch
 s

h
o

rt
er

 w
a
v
el

e
n

g
th

 f
re

e
-s

p
ac

e 
sa

m
p

le
 c

e
ll

s 
ca

n
 

al
so

 b
e 

u
se

d
. 

 P
u

ls
ed

 
R

a
d

ia
ti

o
n

 
F

T
-M

W
 

D
o

u
b

le
-R

es
o

n
a

n
ce

 
E

x
p

er
im

e
n

ts
: 

In
 

ex
te

n
si

o
n
 

to
 

si
n

g
le

 

re
so

n
an

ce
 m

et
h
o

d
s,

 d
o

u
b

le
 r

es
o

n
an

ce
 (

D
R

) 
te

ch
n
iq

u
e
s 

w
er

e 
al

re
ad

y
 i

n
tr

o
d

u
ce

d
 i

n
 t

h
e 

ea
rl

y
 



 p
er

io
d

 o
f 

im
p

u
ls

e 
F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
 o

n
 s

ta
ti

c 
g
as

e
s.

 S
u

ch
 e

x
p

er
im

en
ts

 w
er

e 
fi

rs
t 

o
n
ly

 

e
m

p
lo

y
ed

 t
o

 f
ac

il
it

at
e 

a
n
 e

as
y

 a
ss

ig
n

m
e
n
t 

o
f 

ro
ta

ti
o

n
al

 t
ra

n
si

ti
o

n
s 

b
y
 s

im
p

li
fy

in
g
 t

h
e 

o
n
e
-

d
im

en
si

o
n
al

 (
1

D
) 

sp
ec

tr
a.

 D
R

 m
e
th

o
d

s 
ap

p
ly

in
g
 C

W
 r

ad
ia

ti
o

n
 f

o
r 

a 
se

co
n
d

 r
es

o
n
an

ce
 w

er
e 

so
o

n
 e

x
te

n
d

ed
 t

o
 e

x
p

er
im

e
n
ts

 b
as

ed
 o

n
 e

x
ci

ta
ti

o
n
 p

u
ls

e 
tr

ai
n
s 

fo
r 

b
o

th
 ‘

si
g

n
al

’ 
a
n
d

 ‘
p

u
m

p
’ 

re
so

n
an

ce
 

fr
eq

u
e
n
c
ie

s 
[1

2
].

 
F

u
rt

h
er

 
d

ev
el

o
p

m
e
n
ts

 
o

f 
p

u
ls

ed
 

D
R

 
te

c
h
n

iq
u
es

 
al

lo
w

 
th

e 

si
m

u
lt

a
n
eo

u
s 

d
et

er
m

in
at

io
n
 o

f 
b

o
th

 r
es

o
n
a
n
ce

 f
re

q
u
e
n
ci

es
 b

y
 e

m
p

lo
y
in

g
 t

w
o

-d
im

e
n
si

o
n

al
 

(2
D

) 
sp

ec
tr

a
 
[1

3
].

 
A

 
v
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 0
 d

B
 g

ai
n
; 

(2
5

) 
R

F
 Q

P
S

K
 m

o
d

u
la

to
r,

 4
x
 9

0
°;

 (
2

6
) 

R
F

 V
G

C
 a

m
p

li
fi

e
r,

 

-6
…

2
4

d
B

 g
ai

n
, 

1
3

 d
B

 o
u
tp

u
t 

p
o

w
er

; 
(2

7
) 

R
F

 G
a
A

s 
S

P
D

T
 s

w
it

c
h
, 

4
0

 d
B

 i
so

la
ti

o
n
, 

0
.9

 d
B

 

in
se

rt
io

n
 l

o
ss

; 
(2

8
) 

R
F

 t
er

m
in

a
ti

o
n
, 
5

0
 Ω

 i
m

p
ed

a
n
ce

. 
In

 a
v
o

id
in

g
 c

o
m

p
o

n
e
n
ts

 w
h
ic

h
 o

p
er

at
e 

o
n
ly

 i
n
 o

ct
av

e 
b

an
d

s 
o

r 
o

th
er

w
is

e 
li

m
it

ed
 i

n
 t

h
ei

r 
b

an
d

w
id

th
, 

e.
g
.,

 w
av

e
g

u
id

es
, 

is
o

la
to

rs
, 

ci
rc

u
la

to
rs

, 
p

o
w

er
 d

iv
id

er
, 

et
c.

.,
 a

 v
er

y
 b

ro
ad

b
an

d
 i

n
st

ru
m

e
n
t 

ca
n
 b

e 
co

n
st

ru
ct

ed
 s

u
ch

 t
h
at

 –
 

w
it

h
o

u
t 

an
y
 m

o
d

if
ic

at
io

n
s 

–
 m

u
lt

i-
o

ct
av

e 
o

p
er

at
io

n
 f

ro
m

 2
 –

 2
6

.5
 G

H
z 

is
 p

o
ss

ib
le

 [
2

2
].

 A
ll

 

es
se

n
ti

al
 e

x
te

rn
al

 s
p

ec
tr

o
m

e
te

r 
co

m
p

o
n
e
n
ts

 a
re

 i
n
te

g
ra

te
d

 i
n

to
 t

h
e 

ex
p

er
im

e
n
t 

co
n
tr

o
l,

 d
at

a
-

ac
q

u
is

it
io

n
, 

an
d

 –
a
n
al

y
si

s 
sy

st
e
m

 e
it

h
er

 u
si

n
g

 t
h
e
 g

e
n
er

al
-p

u
rp

u
se

-i
n
te

rf
ac

e
-b

u
s 

(G
P

IB
) 

o
r 

lo
ca

l-
ar

ea
-n

et
w

o
rk

 
(L

A
N

),
 

al
l 

in
te

rn
al

 
co

m
p

o
n
e
n
ts

 
ar

e 
u
si

n
g
 

th
e 

P
C

I-
eX

te
n
si

o
n
s-

fo
r-

In
st

ru
m

e
n
ta

ti
o

n
 (

P
X

I)
. 

W
h
il

e 
u
si

n
g
 t

h
e
 p

la
tf

o
rm

-i
n
d

ep
en

d
e
n
t 

v
ir

tu
al

-i
n
st

ru
m

e
n
ts

-s
o

ft
w

ar
e-

ar
ch

it
ec

tu
re

 
(V

IS
A

) 
an

d
 

in
te

rc
h
an

g
ea

b
le

-v
ir

tu
al

-i
n

st
ru

m
e
n
ts

 
(I

V
I)

 
d

ri
v
er

s,
 

th
e 

e
n
ti

re
 

sp
ec

tr
o

m
e
te

r 
ca

n
 

b
e 

co
n
tr

o
ll

ed
 

v
ia

 
a 

g
ra

p
h
ic

al
 

u
se

r 
in

te
rf

ac
e 

(G
U

I)
 

o
p

er
at

ed
 

ei
th

er
 

in
te

ra
ct

iv
el

y
 o

r 
co

m
p

le
te

ly
 a

u
to

m
a
te

d
 [

2
1

].
 

 T
h
e 

el
ec

tr
ic

 d
ip

o
le

 i
n
te

ra
ct

io
n
 o

f 
th

e 
m

o
le

c
u
la

r 
sa

m
p

le
, 

d
is

cu
ss

ed
 w

it
h
 t

h
e 

o
p

ti
ca

l 
B

lo
ch

 

eq
u
at

io
n
s 

d
es

cr
ib

in
g
 t
h
e 

ti
m

e
-e

v
o

lu
ti

o
n
 o

f 
a 

tw
o

-l
ev

el
 s

y
st

e
m

 i
n
 r

es
o

n
a
n
ce

 o
r 

n
ea

r 
re

so
n
a
n

ce
 

w
it

h
 t

h
e 

e
x
te

rn
a
l 

fi
el

d
, 

is
 b

as
e
d

 o
n
 t

h
e 

e
x
p

o
si

ti
o

n
 t

o
 a

 s
ta

n
d

in
g
 w

av
e 

fi
el

d
 o

f 
th

e 
m

ic
ro

w
a
v

e 

ra
d

ia
ti

o
n
 p

ro
p

ag
at

in
g
 i

n
 a

 T
E

M
p
lq

-m
o

d
e 

o
f 

a 
F

ab
ry

-P
ér

o
t 

ty
p

e 
re

so
n
at

o
r.

 I
t’

s 
g
eo

m
et

ri
c 

an
d
 

el
ec

tr
ic

 p
ar

am
e
te

rs
 h

av
e 

a 
p

ro
fo

u
n
d

 i
m

p
ac

t 
o

n
 t

h
e 

se
n
si

ti
v
it

y
 o

f 
th

e 
sp

ec
tr

o
m

et
er

, 
es

p
ec

ia
ll

y
 

at
 t

h
e 

lo
w

-f
re

q
u
e
n
c
y
 e

n
d

. 
W

h
il

e 
c
y
li

n
d

ri
ca

l 
ca

v
it

y
 d

es
ig

n
s 

u
ti

li
zi

n
g
 t

h
e 

lo
w

-l
o

ss
 T

E
0
1
-m

o
d

e 

h
av

e 
al

so
 

b
ee

n
 

tr
ie

d
 

[2
5

],
 

co
n
si

d
er

ab
le

 
im

p
ro

v
e
m

en
ts

 
w

er
e 

ac
h

ie
v
ed

 
in

 
o

p
ti

m
iz

in
g
 

p
ar

am
et

er
s 

o
f 

th
e 

re
so

n
at

o
r.

 
R

at
h
er

 
ex

tr
e
m

e 
g
eo

m
et

ri
es

 
h
av

e 
b

ee
n
 

u
ti

li
ze

d
 

[2
6

].
 

A
ls

o
 

o
p

er
at

io
n
 t

h
ro

u
g
h
o

u
t 

th
e 

m
m

 w
av

e 
ra

n
g
e 

w
a
s 

so
u

g
h
t 

[2
7

].
 F

u
rt

h
er

 d
ev

el
o

p
m

en
ts

 i
n
cl

u
d

e 

cr
y
o

g
en

ic
 o

p
er

at
io

n
 o

f 
th

e 
re

so
n
at

o
r 

sp
ec

tr
o

m
et

er
 [

2
3

].
 T

h
e 

re
so

n
at

o
r 

ar
ra

n
g
e
m

e
n
t 
d

is
c
u
ss

e
d
 

h
er

e 
p

ro
v
id

es
 a

d
v
an

ta
g
e
s 

in
 
so

m
e 

si
g
n

if
ic

an
t 

p
o

in
ts

 [
2

4
].

 I
t 

is
 a

ls
o

 s
u
it

ed
 f

o
r 

se
n
si

ti
v

e 

d
et

ec
ti

o
n
s 

in
 t

h
e 

lo
w

er
 f

re
q

u
e
n

c
y
 r

an
g
e 

im
p

o
rt

an
t 

fo
r 

th
e 

st
u
d

y
 o

f 
b

ig
g
er

 o
r 

h
ea

v
ie

r 
sp

ec
ie

s,
 

i.
e.

 m
o

le
c
u
la

r 
sy

st
e
m

s 
e
x

h
ib

it
in

g
 l

ar
g
er

 m
o

m
en

ts
 o

f 
in

er
ti

a.
 

 T
h
e 

u
se

 o
f 

an
 e

le
ct

ro
m

ag
n
et

ic
 v

al
v
e 

d
o

es
 n

o
t 

o
n

ly
 r

ed
u
ce

 t
h

e 
g
as

 l
o

ad
 t

o
 t

h
e 

p
u

m
p

 s
y
st

e
m

, 

su
c
h
 t

h
at

 i
ts

 r
eq

u
ir

ed
 c

ap
ac

it
y
 i

s 
re

d
u
ce

d
; 

it
 c

an
 a

ls
o

 i
d

ea
ll

y
 b

e 
co

m
b

in
ed

 w
it

h
 t

h
e 

p
u
ls

e 

ex
ci

ta
ti

o
n
 s

c
h
e
m

e 
o

f 
th

e 
F

T
-M

W
 T

D
S

 t
ec

h
n
iq

u
e.

 S
k
im

m
in

g
 o

r 
co

ll
im

at
io

n
 o

f 
th

e 
e
x
p

an
si

o
n
 



 to
 a

ch
iv

e 
a 

n
ar

o
w

er
 l

in
e 

w
id

th
 l

ea
d

s 
to

 s
er

io
u
s 

in
te

n
si

ty
 l

o
ss

es
 f

o
r 

th
e 

o
b

se
rv

ed
 s

ig
n
al

s 
[2

8
].

 

In
 c

o
n
tr

as
t 

to
 t

h
is

 a
n
d

 i
n
 c

o
m

p
ar

is
o

n
 t

o
 a

 g
as

 m
ix

tu
re

 t
h
at

 i
s 

in
tr

o
d

u
ce

d
 p

er
p

en
d

ic
u
la

rl
y
 t

o
 

th
e 

re
so

n
at

o
r 

ax
is

, 
th

e 
re

so
lu

ti
o

n
 a

s 
w

el
l 

as
 t

h
e 

se
n
si

ti
v
it

y
 o

f 
th

e 
su

p
er

so
n
ic

-j
et

 e
x
p

an
si

o
n
 

F
T

-M
W

 s
p

ec
tr

o
sc

o
p

y
 i

n
 F

ab
ry

-P
ér

o
t-

ty
p

e 
re

so
n
at

o
rs

 c
o

u
ld

 b
e 

si
g
n
if

ic
a
n
tl

y
 i

n
cr

ea
se

d
 w

it
h
 

th
e 

in
tr

o
d

u
ct

io
n
 o

f 
th

e 
‚c

o
ax

ia
ll

y
-o

ri
en

te
d

-b
ea

m
-r

e
so

n
at

o
r-

ar
ra

n
g
e
m

e
n
t‘

 (
C

O
B

R
A

) 
[1

9
, 
2

2
].

 

T
h
e 

se
t-

u
p

 g
iv

e
n
 i

n
 F

ig
. 

2
 e

x
h
ib

it
s 

a
 j

et
 s

o
u
rc

e
 i

n
 t

h
e 

ce
n

te
r 

o
f 

o
n
e 

o
f 

th
e 

re
fl

ec
to

rs
 w

h
ic

h
 

fo
rm

 t
h
e 

re
so

n
at

o
r.

 

 T
h
e 

d
il

u
te

d
 g

as
 m

ix
tu

re
 -

 t
y
p

ic
al

ly
 ≤

 1
%

 i
n
 a

 r
ar

e 
g
as

 a
t 

a 
to

ta
l 

p
re

ss
u
re

 i
n
 t

h
e 

ra
n

g
e 

5
0

 –
 

5
0

0
 k

P
a 

–
 i
s 

ex
p

an
d

ed
 i
n
to

 t
h
e 

ev
ac

u
at

ed
 r

es
o

n
at

o
r 

ch
a
m

b
er

. 
T

h
e 

n
o

zz
le

, i
n
 i
ts

 s
im

p
le

st
 f

o
rm

, 

co
n
si

st
s 

o
f 

a 
2

m
m

 l
o

n
g
 c

o
n
u

s 
th

at
 i

n
cr

ea
se

s 
fr

o
m

 0
.5

 –
 2

.0
 m

m
 d

ia
m

et
er

 t
o

 4
 m

m
 d

ia
m

e
te

r.
 

T
h
e 

p
ro

p
er

ti
es

 o
f 

th
e 

g
as

 e
x
p

an
si

o
n
 a

re
 o

f 
q

u
al

it
a
ti

v
e 

a
s 

w
el

l 
as

 q
u
a
n
ti

ta
ti

v
e 

im
p

o
rt

an
ce

 f
o

r 

th
e 

ro
ta

ti
o

n
al

 
sp

ec
tr

u
m

 
o

f 
m

o
le

cu
la

r 
sy

st
e
m

 
u

n
d

er
 

in
v
es

ti
g
at

io
n
, 

i.
e.

 
th

e 
ef

fe
ct

iv
e 

tr
an

sl
at

io
n
al

, 
ro

ta
ti

o
n
al

, 
an

d
 v

ib
ra

ti
o

n
al

 t
e
m

p
er

at
u
r 

o
f 

th
e
 s

p
ec

ie
s,

 a
s 

w
el

l 
as

 t
h
e
 s

p
at

ia
l 

d
is

tr
ib

u
ti

o
n
 a

n
d

 t
h
e
 c

h
e
m

ic
al

 n
at

u
re

 o
f 

th
e 

sy
st

e
m

s 
p

re
se

n
t 

in
 t

h
e 

je
t.

 

 T
h
e 

fl
o

w
 o

f 
th

e 
g
a
s 

w
h
ic

h
 e

x
p

an
d

s 
th

ro
u

g
h
 t

h
e 

n
o

zz
le

 i
n
to

 t
h

e 
ev

ac
u
at

ed
 r

es
o

n
at

o
r 

ch
a
m

b
er

, 

is
 
su

p
er

so
n
ic

 
ra

th
er

 
th

a
n
 
ef

fu
si

v
e
: 

R
es

u
lt

in
g
 
fr

o
m

 
th

e 
su

d
d

en
 
ad

ia
b

at
ic

 
ex

p
an

si
o

n
, 

th
e 

m
o

le
cu

la
r 

sy
st

e
m

s 
e
x

h
ib

it
 
a
 
v
er

y
 
sm

al
l 

e
ff

ec
ti

v
e 

ro
ta

ti
o

n
al

 
a
n
d

 
u

su
al

ly
 
a
 
si

g
n

if
ic

an
tl

y
 

re
d

u
ce

d
 v

ib
ra

ti
o

n
al

 t
e
m

p
er

at
u

re
. 

E
v
en

tu
al

ly
, 

th
e
y
 a

re
 m

o
v
in

g
 i

n
 a

 c
o

ll
is

io
n

-f
re

e 
e
x
p

an
si

o
n
 

at
 
v
el

o
ci

ty
 
v 

o
n
 
ra

d
ia

l 
tr

aj
ec

to
ri

es
. 

B
ef

o
re

 
th

e 
ex

p
an

si
o

n
, 

th
e 

g
a
s 

as
su

m
es

 
a 

M
a
x

w
el

l-

B
o

lt
zm

a
n

n
 d

is
tr

ib
u
ti

o
n
 a

t 
th

t 
m

o
le

cu
la

r 
v
el

o
ci

ty
 v

0
 w

h
ic

h
 i

s 
d

ef
in

ed
 b

y
 i

ts
 t

e
m

p
er

at
u
r 

T
0
 a

t 

th
er

m
a
l 

eq
u
il

li
b

ri
u

m
. 

A
ft

er
 t

h
e 

ad
ia

b
at

ic
 e

x
p

an
si

o
n
, 

w
e 

h
av

e 
a 

h
ig

h
ly

 d
ir

ec
te

d
 m

a
ss

 f
lo

w
: 

B
in

ar
y
 
co

ll
is

io
n
s 

at
 
th

e 
ea

rl
y
 

st
a
g
es

 
o

f 
th

e 
e
x
p

a
n
si

o
n
 
le

ad
 
to

 
a 

tr
an

sf
o

rm
at

io
n
 
o

f 
th

e 

u
n
d

ir
ec

te
d

 m
o

ti
o

n
 o

f 
al

l 
sp

ec
ie

s 
to

 a
 d

ir
ec

te
d

 t
ra

n
sl

at
io

n
. T

h
e 

in
te

rn
al

 e
n
er

g
y
 o

f 
th

e 
m

o
le

c
u
la

r 

sp
ec

ie
s 

is
 t

ra
n

sf
er

ed
 t

o
 d

ir
ec

te
d

 k
in

e
ti

c 
e
n
er

g
y
. 

A
cc

o
rd

in
g

ly
, 

th
e 

ro
ta

ti
o

n
al

 a
n
d

 v
ib

ra
ti

o
n

l 

en
er

g
y
 o

f 
th

e
 e

x
p

a
n
d

in
g
 m

o
le

cu
le

s 
d

ro
p

s 
ra

p
id

ly
 w

h
il

e 
th

e 
M

ax
w

el
l-

B
o

lt
z
m

an
n
 v

el
o

ci
ty

 

d
is

tr
ib

u
ti

o
n

 n
ar

ro
w

s 
a
n
d

, 
at

 t
h
e 

sa
m

e 
ti

m
e,

 s
h
if

ts
 f

ro
m

 i
ts

 s
ta

rt
in

g
 v

al
u
e 

a 
v 0

 v
er

y
 c

lo
se

 t
o

 i
st

 

li
m

it
 v

∞
: 

 v ∞
 =

 (
2

k B
T

0
/m

 ×
 γ

/γ
-1

)1
/2

  
  

 ,
  

  
 γ

 =
 c

p
/c

v 
 

 
 

 
 

 
 

 
(3

) 

 w
it

h
 t

h
e 

h
ea

t 
ca

p
ac

it
ie

s 
o

f 
th

e 
g
as

 m
ix

tu
re

s 
at

 c
o

n
st

an
t 

p
re

ss
u
re

 a
n
d

 v
o

lu
m

e 
c p

 a
n
d

 c
v,

 

re
sp

ec
ti

v
el

y
, 
th

e 
B

o
lt

z
m

a
n
n
 c

o
n
st

a
n
t 
k B

, 
an

d
 t
h
e 

m
ea

n
 m

as
s 

o
f 

al
l 
sp

ec
ie

s 
m

. 
E

ff
ec

ti
v
el

y
, 
th

is
 

co
rr

es
p

o
n
d

s 
to

 a
 c

o
m

p
le

te
 t

ra
n
sf

o
rm

at
io

n
 o

f 
th

e 
e
n
th

al
p

y
 i

n
 d

ir
ec

te
d

 k
in

et
ic

 e
n
er

g
ie

 f
o

r 
T

0
 

>
>

 T
t ≈

 0
 K

, 
w

it
h
 t
h
e 

tr
an

sl
a
ti

o
n
al

 t
e
m

p
er

at
u
re

 T
t a

ss
u

m
in

g
 t
h
e 

v
al

u
e 

o
f 

th
e 

te
rm

in
al

 v
el

o
ci

ty
 

d
is

tr
ib

u
ti

o
n

. 
In

 v
er

y
 g

o
o

d
 a

p
p

ro
x
im

at
io

n
, 

th
e 

p
ro

p
er

ti
es

 o
f 

th
e 

e
x
p

a
n
si

o
n
 i

s,
 a

t 
v
as

t 
e
x
ce

ss
, 

d
et

er
m

in
ed

 b
y
 t

h
e 

ra
re

 g
as

. 
F

o
r 

a 
d

il
u
te

d
 m

ix
tu

re
, 

m
 a

n
d

 γ
 c

an
 t

h
er

ef
o

r 
b

e 
fi

x
ed

 a
t 

th
e
 r

ar
e 

g
as

 v
al

u
e
s.

 T
h
e 

tr
an

sl
at

io
n
al

 t
e
m

p
er

at
u
re

 o
f 

th
e 

su
p

er
so

n
ic

al
ly

 e
x
p

a
n
d

ed
 r

ar
e 

g
as

 c
an

 b
e 

ca
lc

u
la

te
d

 [
2

9
].

 A
t 

th
e 

co
n
d

it
io

n
s 

d
es

cr
ib

ed
 h

er
e,

 t
ra

n
sl

at
io

n
al

 t
e
m

p
er

at
u
re

s 
o

f 
T

t 


 1
 K

 a
re

 

p
re

d
ic

te
d

. 
T

h
e 

re
su

lt
in

g
 n

ar
ro

w
ed

 v
el

o
ci

ty
 d

is
tr

ib
u
ti

o
n

 c
o

rr
es

p
o

n
d

s 
to

 s
u
ch

 s
m

al
l 

re
la

ti
v

e 

v
el

o
ci

ti
es

, 
th

a
t 

th
e 

m
o

le
cu

le
s,

 o
n
ce

 l
ea

v
in

g
 t

h
e 

re
g
io

n
 o

f 
h
ig

h
 n

u
m

b
er

 d
en

si
ty

, 
ef

fe
ct

iv
el

y
 

m
o

v
e 

co
ll

is
io

n
-f

re
e.

 B
ec

au
se

 o
f 

th
e 

st
il

l 
la

rg
e 

n
u

m
b

er
 o

f 
co

ll
is

io
n
s 

w
h

e
n

 t
h
e 

g
as

 i
s 

ju
st

 

ex
it

in
g
 t

h
e 

n
o

zz
le

 c
h
a
n

n
el

, 
al

so
 v

er
y
 l

o
w

 r
o

ta
ti

o
n
al

 t
e
m

p
er

at
u
re

s 
ar

e 
ex

p
ec

te
d

, 
si

n
ce

 a
 h

ig
h
 

ef
fi

ci
en

c
y
 i

s 
a
ss

u
m

ed
 f

o
r 

ro
ta

ti
o

n
-t

ra
n
sl

at
io

n
 e

n
er

g
y
 t

ra
n
sf

e
r.

 T
h
e 

v
ib

ra
ti

o
n
al

 t
e
m

p
er

at
u
re

s 

o
f 

sp
ec

ie
s 

in
 t

h
e 

su
p

er
so

n
ic

 j
et

 a
re

 h
ig

h
er

 b
u
t 

al
so

 q
u
it

e
 l

o
w

. 
W

it
h
o

u
t 

sp
ec

ia
l 

m
ea

su
re

s,
 s

u
c
h
 

as
, 
e.

g
.,

 i
n
 a

 p
la

sm
a 

g
e
n
er

at
io

n
, 
ro

ta
ti

o
n
al

 t
ra

n
si

ti
o

n
s 

h
a
v
e 

o
n

ly
 b

e 
o

b
se

rv
ed

 i
n
 a

 f
e
w

 c
as

es
 a

t 

- 
an

d
 t

h
en

 o
n

ly
 i

n
 l

o
w

-l
y
in

g
 –

 v
ib

ra
ti

o
n
al

ly
 e

x
ci

te
d

 s
ta

te
s.

 

 T
h
e 

sp
at

ia
l 

d
is

tr
ib

u
ti

o
n
 o

f 
th

e 
m

o
le

c
u

le
s 

ex
it

in
g
 t

h
e 

je
t 

so
u
rc

e
 i

s 
w

e
ll

 d
es

cr
ib

ed
 b

y
 a

 m
a
ss

 

fl
o

w
, 

in
 w

h
ic

h
 a

ll
 m

o
le

c
u

le
s 

m
o

v
e 

w
it

h
 t

h
e 

sa
m

e
 v

el
o

ci
ty

 v
∞
 a

lo
n
g
 r

ad
ia

l 
tr

aj
ec

to
ri

es
 a

t 
an

 

an
g
le

 θ
 w

it
h
 r

es
p

ec
t 

to
 t

h
e
 s

y
m

m
et

ry
 a

x
is

 [
2

4
].

 A
t 

ti
m

e 
t,

 l
im

it
ed

 b
y
 t

h
e 

sp
at

ia
l 

e
x
te

n
si

o
n

 o
f 

th
e 

su
p

er
so

n
ic

 j
et

 g
e
n
er

at
ed

 a
t 

a 
p

u
ls

e 
le

n
g
th

 τ
M

, 
th

e 
m

o
le

cu
la

r 
n

u
m

b
er

 d
e
n
si

ty
 1

N
(r

,t
) 

at
 

d
is

ta
n
ce

 r
 f

ro
m

 t
h
e 

 j
et

 s
o

u
ce

 b
ec

o
m

e
s 

 1
N

(r
,t

) 
=

 (
b

+
1

)N
/2

π
v ∞

τ M
 ×

 c
o

sb
(θ

)/
r2

 
 

 
 

 
 

 
 

 
(4

) 

 w
h

er
e 

th
e 

co
ef

fi
ci

en
t 

b
 c

an
 v

ar
y
 f

ro
m

 1
 t

o
 3

 f
o

r 
an

 i
d

ea
ll

y
 e

ff
u
si

v
e 

an
d

 a
n
 i

d
ea

ll
y
 s

u
p

er
so

n
ic

 

ex
p

an
si

o
n
, 

re
sp

ec
ti

v
el

y
; 

th
e 

to
ta

l 
n
u

m
b

er
 
N

 
o

f 
th

e 
sp

ec
ie

s 
in

 
th

e 
je

t 
is

 
ex

p
er

im
e
n
ta

ll
y
 

d
et

er
m

in
ed

 b
y
 t

h
e 

co
n
su

m
p

ti
o

n
 o

f 
th

e 
k

n
o

w
n
 g

as
 m

ix
tu

re
 o

r,
 i

f 
th

e 
sa

m
p

le
, 
e.

g
.,

 i
s 

g
en

er
at

e
d

 

in
-s

it
u
, 

o
f 

b
y
 s

u
it

ab
le

 d
ia

g
n
o

st
ic

 m
e
th

o
d

s.
 W

it
h
 E

q
. 

(4
) 

it
 b

ec
o

m
e
s 

o
b

v
io

u
s 

th
at

 d
u
e 

to
 t

h
e 

en
h
a
n
ce

m
en

t 
fa

ct
o

r 
κ

p
 =

 (
b

+
1

)/
2

  
th

e 
n
ea

r-
a
x
is

 n
u

m
b

er
 d

en
si

ty
 –

 i
n
 t

h
e 

C
O

B
R

A
 s

et
-u

p
 

co
in

ci
d

in
g
 w

it
h

 t
h
e
 a

ct
iv

e 
re

g
io

n
 o

f 
th

e
 r

es
o

n
at

o
r 

–
 i

s 
in

cr
ea

se
d

 b
y
 a

 f
ac

to
r 

o
f 

tw
o

 f
o

r 

su
p

er
so

n
ic

 j
et

s 
co

m
p

ar
ed

 t
o

 e
ff

u
si

v
e 

ex
p

an
si

o
n

s.
 

 T
h
e 

in
te

ra
ct

io
n

 o
f 

th
e 

m
ic

ro
w

a
v
e 

ra
d

ia
ti

o
n
 a

n
d

 t
h
e 

m
o

le
c
u
la

r 
sy

st
e
m

s 
w

it
h

in
 t
h
e
 s

u
p

er
so

n
ic

-

je
t 

ex
p

an
si

o
n
 r

e
su

lt
s 

in
 r

o
ta

ti
o

n
al

 c
o

h
er

en
ce

 w
h
ic

h
 e

st
ab

li
sh

es
 a

 p
o

la
ri

ze
d

 s
a
m

p
le

 m
o

v
in

g
 

co
ax

ia
ll

y
 a

lo
n
g
 t

h
e 

re
so

n
a
to

r 
ax

is
. 

W
h
il

e 
th

e 
e
x
ci

ti
n
g
 M

W
 f

ie
ld

 i
s 

re
la

ti
v
el

y
 s

h
o

rt
-l

iv
ed

, 
th

e 

p
o

la
ri

za
ti

o
n
 o

f 
th

e 
m

o
le

cu
la

r 
en

se
m

b
le

, 
d

u
e 

to
 t

h
e 

co
ll

is
io

n
le

ss
 e

n
v
ir

o
n

m
e
n
t,

 i
s 

p
er

si
st

e
n

t 

F
ab

ry
-P

ér
o

t 
ty

p
e.

 
T

h
e 

ti
m

e-
ev

o
lu

ti
o

n
 

is
 

d
is

c
u
ss

ed
 

w
it

h
 

th
e 

o
p

ti
ca

l 
B

lo
ch

 
eq

u
at

io
n

s 

d
es

cr
ib

in
g
 o

f 
a 

tw
o

-l
e
v
el

 s
y
st

e
m

 i
n
 a

b
se

n
ce

 o
f 

a
n
 e

x
te

rn
al

 f
ie

ld
. 

W
it

h
 v

er
y
 l

o
n

g
 r

el
ax

a
ti

o
n

 

ti
m

e
s 

T
2
 c

o
ll

is
io

n
al

 b
ro

ad
en

in
g
 d

o
es

 n
o

t 
n
ee

d
 t

o
 b

e 
co

n
si

d
er

ed
. 
In

st
ea

d
, 
th

e 
ex

p
an

si
o

n
 o

f 
th

e 

je
t 

o
n
 t

h
e 

ra
d

ia
l 

tr
aj

ec
to

ri
es

, 
th

u
s 

re
d

u
ci

n
g

 t
h
e
 n

u
m

b
er

 d
e
n

si
ty

 o
f 

th
e 

m
o

le
cu

la
r 

e
n
se

m
b

le
 

co
n
tr

ib
u
ti

n
g
 t

o
 t

h
e 

m
o

le
cu

la
r 

fi
el

d
 i

n
 t

h
e 

re
so

n
at

o
r,

 i
s 

b
ec

o
m

in
g
 t

h
e 

d
o

m
in

a
n
t 

m
ec

h
a
n
is

m
 

fo
r 

th
e 

d
ec

a
y
 o

f 
th

e 
si

g
n
al

. 
T

h
e 

li
n
es

h
ap

e 
d

u
e 

to
 t

h
e 

ti
m

e
-d

ep
en

d
en

t 
n
u

m
b

er
 d

en
si

ti
es

 

ac
co

rd
in

g
 t

o
 i

s 
st

il
l 

cl
o

se
 t

o
 a

 L
o

re
n
tz

ia
n
 i

n
 t

h
e 

fr
eq

u
e
n
c
y
 d

o
m

a
in

 a
ft

er
 F

T
. 

T
h
e 

m
o

le
c
u
la

r 

si
g

n
al

 p
o

w
er

 a
s 

a 
fu

n
ct

io
n
 o

f 
ti

m
e 

is
 f

in
al

ly
 o

b
ta

in
ed

 a
s 

th
at

 f
ra

ct
io

n
 o

f 
th

e 
to

ta
l 

en
er

g
y

, 

st
o

re
d

 b
y
 t

h
e
 f

ie
ld

 o
v
er

 t
h
e 

re
so

n
at

o
r 

v
o

lu
m

e,
 w

h
ic

h
 i

s 
lo

st
 d

u
e 

to
 c

o
u
p

li
n

g
 t

o
 t

h
e 

re
ce

iv
in

g
 

el
ec

tr
o

n
ic

s 
o

f 
th

e 
sp

ec
tr

o
m

et
e
r 

[2
3
].

 T
h
e 

am
p

li
tu

d
e 

|S
a
b
| 

o
f 

th
e 

m
o

le
c
u
la

r 
si

g
n
a
l 

af
te

r 
su

p
e
r-

h
et

er
o

d
y
n
e 

d
et

ec
ti

o
n
 i

s 
p

ro
p

o
rt

io
n
al

 t
o

: 

 



 |S
a

b
|

 Q
L

1
/2

 Δ
N

a
b
 µ

a
b
 s

in
(x

τ p
) 

c
o

s(
kv

∞
t)

 
 

 
 

 
 

 
 

 
(5

) 

 w
h

er
e 

Q
L
 =

 ω
/δ

ω
 i

s 
th

e 
lo

ad
ed

 Q
u
al

it
y
 f

ac
to

r 
o

f 
th

e 
re

so
n
at

o
r 

h
av

in
g
 a

 s
p

ec
tr

al
 m

o
d

e 
w

id
th

 

δ
ω

, 
Δ

N
a
b
 r

ep
re

se
n
ts

 t
h
e 

tw
o

-l
e
v
el

 p
o

p
u
la

ti
o

n
 d

if
fe

re
n
ce

 o
f 

th
e 

to
ta

l 
n
u

m
b

er
 o

f 
sp

ec
ie

s 
in

 t
h

e 

je
t 

an
d

 k
 =

 ω
/c

 i
s 

th
e 

w
a
v
en

u
m

b
er

 o
f 

th
e 

ra
d

ia
ti

o
n
. 

D
u
ri

n
g
 t

o
 t

h
e 

tr
an

si
e
n
t 

e
m

is
si

o
n
, 

th
e 

sp
at

ia
l 

d
is

tr
ib

u
ti

o
n
 o

f 
th

e 
je

t 
ex

p
an

d
in

g
 a

lo
n

g
 t

h
e 

re
so

n
at

o
r 

ax
is

 i
s 

p
ro

je
ct

ed
 o

n
 t

h
e 

T
E

M
p
lq
 

m
o

d
e 

fu
lf

il
li

n
g
 t

h
e 

re
so

n
a
n
ce

 c
o

n
d

it
io

n
 f

o
r 

p
ro

p
ag

at
io

n
 i

n
 t

h
e 

F
ab

ry
-P

ér
o

t 
re

so
n
at

o
r.

 A
s 

a 

re
su

lt
 o

f 
th

e 
je

t 
ex

p
an

d
in

g
 w

it
h
 a

 t
er

m
in

al
 v

el
o

ci
ty

 v
∞
 a

lo
n
g
 t

h
e 

re
so

n
at

o
r 

ax
is

, 
th

e 
m

o
le

c
u
la

r 

fi
el

d
 i

s 
m

o
d

u
la

te
d

 i
n
 t

im
e 

a
s 

g
iv

en
 i

n
 E

q
. 

(3
),

 r
es

u
lt

in
g
 i

n
 

 S
a

b
(t

) 


  
s’

 e
xp

(i
((

ω
a
b
-k

v ∞
)t

+
θ

’ a
b
))

 +
 s

’’
 e

xp
(i

(ω
a

b
+

kv
∞
)t

+
θ
’’

a
b
))

  
 

 

 
 

 
(6

) 

 an
d

 t
h

u
s 

a 
D

o
p

p
le

r 
d

o
u
b

le
t 

co
n
si

st
in

g
 o

f 
fr

eq
u
e
n
c
y
 c

o
m

p
o

n
en

ts
 a

t 
ν a

b
(1

 -
 v

∞
/c

) 
an

d
 ν

a
b
(1

 +
 

v ∞
/c

) 
is

 o
b

se
rv

ed
 i

n
 
th

e 
fr

eq
u
en

c
y
 d

o
m

ai
n
. 

T
h
e 

m
o

le
cu

la
r 

re
so

n
an

ce
 f

re
q

u
en

c
y
 i

s 
th

e
n
 

re
co

v
er

ed
 a

s 
th

e 
ar

it
h

m
e
ti

c 
m

ea
n
 o

f 
th

e 
co

m
p

o
n
e
n
ts

 s
ep

ar
at

ed
 b

y
 Δ

ν a
b
 =

 2
ν a

b
v ∞

/c
. 

T
h
e
 

li
n
e
w

id
th

 (
H

W
H

M
) 

o
f 

th
e 

in
d

iv
id

u
al

 c
o

m
p

o
n
e
n
ts

 i
s 

o
n
 t

h
e 

o
rd

er
 o

f 
1

.5
 k

H
z,

 o
r 

0
.0

0
0

0
0

0
5
 

cm
-1

; 
at

 a
n
 a

p
p

re
ci

ab
le

 S
/N

 r
at

io
 a

 f
re

q
u
e
n
c
y
 a

cc
u
ra

c
y
 o

f 
1

5
0

 H
z,

 o
r 

0
.0

0
0

0
0

0
0
5

 c
m

-1
 i

s 

ac
h
ie

v
ed

 
fo

r 
u

n
b

le
n
d

ed
 

li
n

es
. 

T
h
is

 
e
x
tr

ao
rd

in
ar

y
 

re
so

lu
ti

o
n

 
p

ro
v
id

es
 

su
p

er
so

n
ic

-j
et

 

ex
p

an
si

o
n
 
F

T
-M

W
 
sp

ec
tr

o
sc

o
p

y
 
w

it
h
 
a 

c
h
e
m

ic
al

 
sp

ec
if

ic
 
u
n
ri

v
al

le
d

 
b

y
 
a
n

y
 
an

al
y
ti

c
al

 

m
et

h
o

d
 [

3
0

].
 

 Z
e
ro

-f
ie

ld
 M

o
le

cu
la

r 
C

h
a

ra
ct

er
is

a
ti

o
n

: 
O

w
in

g
 t

h
e 

se
n
si

ti
v
it

y
 l

o
w

-a
b

u
n
d

a
n
t,

 t
ra

n
si

e
n
t,

 o
r 

o
th

er
w

is
e 

e
x
p

er
im

e
n
ta

ll
y
 

c
h

al
le

n
g
in

g
 

sp
ec

ie
s 

ca
n
 

b
e 

st
u
d

ie
d

, 
in

 
p

ar
ti

cu
la

r 
b

ec
au

se
 

su
p

er
so

n
ic

-j
et

 e
x
p

an
si

o
n

s 
ar

e 
co

m
b

in
ed

 w
it

h
, 

e.
g
.,

 h
e
at

ed
, 

L
A

S
E

R
-a

b
la

ti
o

n
- 

[3
1

,3
2

],
 D

C
-

d
is

ch
ar

g
e
-p

la
sm

a 
so

u
rc

es
 [

2
3

,3
3

,3
4

],
 o

r 
ev

en
 a

 c
o

m
b

in
at

io
n
 o

f 
th

e 
la

tt
er

 t
w

o
[3

5
].

 T
h
u

s,
 

m
an

y
 l

ar
g
er

 o
rg

an
ic

 o
r 

in
o

rg
a
n
ic

 s
p

ec
ie

s 
th

at
 h

a
v
e 

lo
w

 v
ap

o
u
r 

p
re

ss
u
re

s 
o

r 
ar

e 
u

n
st

ab
le

 a
t 

n
o

rm
al

 c
o

n
d

it
io

n
s 

ca
n
 t

o
 b

e 
tr

an
sf

o
rm

ed
 i

n
to

 t
h
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v
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at
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p
e 

re
so

n
at

o
r 

[4
2

].
 I

n
 a

n
o

th
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p
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 m
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 b
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p
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h
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ro
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h
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p
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c
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 d

ia
to

m
ic

s[
6

2
],

 a
g
g
re

g
at

io
n
 o

f 
la

rg
er

 r
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at
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 b
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c
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at
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h
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p
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p
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h
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p
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h
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c
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h
e 

v
ar

io
u
s 

F
T

-M
W

 t
ec

h
n

iq
u
es

, 
th

e 
ac

c
u
ra

c
y
 o

f 
S

ta
rk

 e
ff

ec
t 

m
ea

su
re

m
en

ts
 w

as
 a

lw
a
y
s 

li
m

it
ed

 b
y
 t

h
e 

in
h
o

m
o

g
e
n
ei

ty
 o

f 
th

e 
e
m

p
lo

y
e
d

 e
le

ct
ri

c 
fi

el
d

. 
S

in
ce

 t
h
e 

su
p

er
so

n
ic

-j
et

 e
x
p

an
si

o
n
, 

as
 w

el
l 

a
s 

th
e 

M
W

 e
le

ct
ri

c 
fi

el
d

 p
ro

p
ag

at
in

g
 i

n
 a

 l
o

w
-l

o
ss

 T
E

M
p

lq
 m

o
d

e 
o

f 
th

e 
F

ab
ry

-P
ér

o
t 

re
so

n
at

o
r,

 

re
q

u
ir

es
 a

 s
u
b

st
a
n
ti

al
ly

 l
ar

g
er

 f
re

e 
v
o

lu
m

e 
th

a
n
 a

 s
ta

ti
c 

g
as

 i
n
 a

 w
a
v
e
g
u

id
e 

ex
p

er
im

e
n
t,

 t
h

e 

im
p

ac
t 
o

f 
fi

e
ld

 i
n

h
o

m
o

g
en

e
it

ie
s 

b
ec

o
m

es
 m

o
re

 s
e
v
er

e 
h
o

w
e
v

er
. C

o
n
v
e
n
ti

o
n
al

ly
, 
F

ab
ry

-P
ér

o
t 

re
so

n
at

o
r 

sp
ec

tr
o

m
et

er
s 

fo
r 

th
e 

m
ea

su
re

m
e
n
t 

o
f 

th
e 

S
ta

rk
 e

ff
ec

t 
e
m

p
lo

y
 a

 p
ai

r 
o

f 
h
ig

h
-

v
o

lt
ag

e
 e

le
ct

ro
d

es
 t

h
at

 c
o

n
si

st
 o

f 
re

ct
a
n
g

u
la

r 
o

r 
q

u
ad

ra
ti

c 
p

la
te

s 
o

r 
n
et

s 
fa

ci
n
g

 e
ac

h
 o

th
er

 

p
er

p
en

d
ic

u
la

rl
y
 

to
 

th
e 

re
so

n
at

o
r 

ax
is

 
[9

5
].

 
S

ev
er

al
 

ap
p

ro
ac

h
es

 
to

 
in

cr
ea

se
 

th
e 

fi
el

d
 

in
h
o

m
o

g
e
n
ei

ty
 w

er
e 

fo
ll

o
w

ed
: 

O
b

v
io

u
sl

y
, 

a 
m

o
re

 h
o

m
o

g
e
n
eo

u
s 

fi
el

d
 c

an
 b

e 
ac

h
ie

v
ed

 i
n
 

ch
an

g
in

g
 t

h
e 

ra
ti

o
 o

f 
th

e 
el

ec
tr

o
d

es
 d

im
en

si
o

n
s 

w
it

h
 r

es
p

ec
t 

to
 t

h
ei

r 
d

is
ta

n
ce

 [
9

6
].

 H
o

w
ev

er
, 

th
e 

ch
o

ic
e 

o
f 

el
ec

tr
o

d
e 

d
is

ta
n
ce

 a
n
d

 e
x
te

n
si

o
n
 i

s 
li

m
it

ed
 b

y
 t

h
e 

p
ro

p
ag

at
io

n
 o

f 
th

e 
M

W
 

ra
d

ia
ti

o
n
 
if

 
th

e 
se

n
si

ti
v
it

y
 
o

f 
th

e 
sp

ec
tr

o
m

et
er

 
h
as

 
to

 
b

e 
m

ai
n
ta

in
ed

. 
T

h
is

 
is

 
es

p
ec

ia
ll

y
 

im
p

o
rt

an
t 

in
 t

h
e 

lo
w

er
 f

re
q

u
en

c
y
 r

a
n
g
e,

 s
in

ce
 t

h
e 

M
W

 f
ie

ld
 d

is
tr

ib
u
ti

o
n
 i

s 
si

g
n

if
ic

a
n
tl

y
 

w
id

e
n
ed

 t
o

w
ar

d
s 

la
rg

er
 w

a
v
el

en
g
th

. 
A

n
o

th
er

 a
p

p
ro

ac
h
 e

m
p

lo
y
s 

a
n
 a

rr
a
y
 o

f 
w

ir
es

 r
u
n

n
in

g
 

p
ar

al
le

l 
to

 t
h
e 

ed
g
es

 o
f 

th
e 

el
ec

tr
o

d
es

. 
T

h
e 

w
ir

es
 -

 c
o

n
n
ec

te
d

 i
n
 s

er
ie

s 
b

y
 r

es
is

to
rs

 a
ct

in
g
 a

s 

p
o

te
n
ti

al
 d

iv
id

er
s 

- 
h
o

m
o

g
e
n
iz

e 
th

e 
el

ec
tr

ic
 f

ie
ld

 a
t 

th
e 

o
u
te

r 
re

g
io

n
s 

o
f 

th
e 

p
la

te
 e

le
ct

ro
d

es
 

[9
7

].
 S

u
ch

 w
ir

es
 c

an
 o

n
ly

 b
e 

p
la

ce
d

 p
ar

al
le

l 
to

 t
h
e 

ed
g
es

 a
b

o
v
e 

an
d

 b
el

o
w

 t
h
e 

re
so

n
at

o
r 

ax
is

. 

A
ls

o
 

ad
d

it
io

n
al

 
sh

ee
ts

 
o

f 
m

et
al

 
p

la
ce

d
 

at
 

th
e 

ed
g
e
s 

o
f 

th
e 

p
la

te
s 

ca
n
 

in
cr

ea
se

 
th

e 

h
o

m
o

g
en

eo
u

s 
re

g
io

n
 o

f 
th

e 
el

ec
tr

ic
 f

ie
ld

 b
et

w
ee

n
 t

h
e 

S
ta

rk
 e

le
ct

ro
d

es
 [

9
8
].

 

 A
 v

er
y
 h

o
m

o
g
en

eo
u

s 
el

ec
tr

ic
 f

ie
ld

 c
an

 b
e 

o
b

ta
in

ed
 w

it
h
 t

h
e 

re
fl

ec
to

rs
 o

f 
th

e 
F

ab
ry

-P
ér

o
t 

re
so

n
at

o
r 

it
se

lf
 s

er
v
in

g
 a

s 
S

ta
rk

 e
le

ct
ro

d
es

 a
ft

er
 b

ei
n
g
 m

o
u

n
te

d
 e

le
ct

ri
ca

ll
y
 i

n
su

la
te

d
. 

T
h
u
s,

 

th
e 

re
ar

 r
ef

le
ct

o
r 

ca
n
 b

e 
se

t 
to

 a
 h

ig
h
 e

le
ct

ri
c 

p
o

te
n
ti

a
l 

o
f 

u
p

 t
o

 U
z 

=
 2

0
 k

V
, 

w
h
il

e 
th

e 
fr

o
n

t 

re
fl

ec
to

r,
 e

q
u
ip

p
ed

 w
it

h
 t

h
e 

M
W

 a
n
te

n
n
ae

 a
n
d

 t
h
e 

je
t 

so
u
rc

e,
 h

as
 t

o
 b

e 
k
ep

t 
at

 g
ro

u
n
d

 

p
o

te
n
ti

al
. 

A
s 

il
lu

st
ra

te
d

 
in

 
F

ig
. 

5
, 

th
e 

re
fl

ec
to

rs
 
al

o
n
e 

ar
e 

n
o

t 
p

ro
d

u
ci

n
g
 
a 

su
ff

ic
ie

n
tl

y
 

h
o

m
o

g
en

eo
u

s 
el

ec
tr

ic
 f

ie
ld

. 
H

o
w

e
v
er

, 
in

 e
m

p
lo

y
in

g
 a

d
d

it
io

n
al

 c
o

ax
ia

l 
ri

n
g
 e

le
ct

ro
d

es
, 

i.
e.

 

th
e 

u
ti

li
z
in

g
 

th
e 

‘c
o

ax
ia

ll
y
 

al
ig

n
ed

 
el

ec
tr

o
d

es
 

fo
r 

S
ta

rk
-e

ff
ec

t 
ap

p
li

ed
 

in
 

re
so

n
at

o
rs

’ 

(C
A

E
S

A
R

) 
ar

ra
n
g
e
m

e
n
t 
[9

9
],

 t
h
e 

fi
el

d
 i
s 

h
o

m
o

g
e
n
iz

ed
 v

er
y
 e

ff
ec

ti
v
e
ly

. 
In

 t
h
is

 a
rr

an
g
e
m

e
n

t,
 

th
e 

ri
n
g

 
el

ec
tr

o
d

es
 
an

d
 
th

e 
re

fl
ec

to
rs

 
ar

e 
co

n
n
ec

te
d

 
v
ia

 
id

en
ti

ca
l 

re
si

st
o

rs
. 

G
u
id

ed
 
b

y
 

n
u

m
er

ic
al

 s
im

u
la

ti
o

n
s,

 t
h
e 

d
is

ta
n
ce

s 
o

f 
th

e 
id

e
n
ti

ca
l 
ri

n
g
 e

le
ct

ro
d

es
 w

it
h
 a

 d
ia

m
et

er
 m

at
c
h
in

g
 

th
e 

re
fl

ec
to

r’
s 

d
ia

m
et

er
, 

ar
e 

ad
ju

st
ed

 
su

c
h
 
th

at
 
a 

co
n

st
an

t 
p

o
te

n
ti

al
 
g
ra

d
ie

n
t 

al
o

n
g
 
th

e 

re
so

n
at

o
r 

ax
is

 i
s 

p
ro

d
u
ce

d
. 
T

h
e 

re
su

lt
in

g
 e

le
c
tr

ic
 f

ie
ld

 i
s 

h
o

m
o

g
e
n
eo

u
s 

o
v
er

 a
 l

ar
g
e 

v
o

lu
m

e.
 

In
h
o

m
o

g
e
n
ei

ti
es

 i
n
 r

ad
ia

l 
d

ir
ec

ti
o

n
s 

o
cc

u
r 

su
ff

ic
ie

n
tl

y
 f

ar
 a

w
a
y
 f

ro
m

 t
h
e 

re
so

n
at

o
r 

ax
is

 a
n
d

 

th
u

s,
 a

s 
a 

co
n
se

q
u
en

ce
 o

f 
th

e
 G

au
ss

ia
n
 T

E
M

p
lq

 m
o

d
es

 c
o

n
fi

n
in

g
 t

h
e 

ac
ti

v
e 

v
o

lu
m

e 
o

f 
th

e 

re
so

n
at

o
r 

ar
o

u
n
d

 i
ts

 a
x
is

, 
th

e
 i

n
h
o

m
o

g
en

eo
u
s 

re
g
io

n
s 

p
ra

ct
ic

al
ly

 d
o

 n
o

t 
co

n
tr

ib
u
te

 t
o

 t
h
e 

o
b

se
rv

ed
 m

o
le

c
u
la

r 
si

g
n
a
l.

 T
h
e 

C
A

E
S

A
R

 s
et

u
p

 t
h
u

s 
p

ro
v
id

es
 t

h
e 

p
ri

n
ci

p
le

 a
d

v
a
n
ta

g
e
s 

o
f 

a 

C
O

B
R

A
 s

p
ec

tr
o

m
et

er
 f

o
r 

S
ta

rk
 e

ff
ec

t 
e
x
p

er
im

e
n
ts

, 
su

ch
 t

h
at

 t
h
e 

e
x
ce

p
ti

o
n
a
ll

y
 s

h
ar

p
 s

ig
n
al

s 

en
ab

le
 a

 v
er

y
 p

re
ci

se
 d

et
er

m
in

at
io

n
 o

f 
d

ip
o

le
 m

o
m

en
ts

 [
1

0
0

, 
1

0
1
, 

1
0

2
].

 S
in

ce
 t

h
e
 d

ir
ec

ti
o

n
 

o
f 

th
e 

st
at

ic
 e

le
ct

ro
m

ag
n
et

ic
 f

ie
ld

 i
s 

p
ar

al
le

l 
to

 t
h
e 

re
so

n
at

o
r 

ax
is

 a
n
d

 t
h

u
s 

p
er

p
en

d
ic

u
la

r 
to

 

th
e 

M
W

 f
ie

ld
 v

ec
to

r,
 t

h
e 

tr
an

si
ti

o
n
s 

o
b

e
y
 t

h
e 

se
le

ct
io

n
 r

u
le

 Δ
M

 =
 1

. 

 D
u
e 

to
 t

h
e 

e
n
la

rg
ed

 s
e
n
si

ti
v
it

y
 a

n
d

 i
n
cr

ea
se

d
 r

es
o

lu
ti

o
n

, 
n
a
rr

o
w

 s
p

ec
tr

al
 s

p
li

tt
in

g
s 

o
f 

sh
if

ts
 

ca
n
n
o

t 
o

n
ly

 b
e 

o
b

se
rv

ed
 f

o
r 

sp
ec

ie
s 

at
 l

o
w

 c
o

n
ce

n
tr

at
io

n
s 

o
r 

w
it

h
 s

m
al

l 
d

ip
o

le
 m

o
m

en
ts

, 

re
sp

ec
ti

v
el

y
; 

al
so

 
th

e 
c
h
ar

ac
te

ri
za

ti
o

n
 

o
f 

la
rg

er
, 

p
o

ly
c
y
cl

ic
 

ar
o

m
at

ic
 

m
o

le
c
u
le

s,
 

e.
g
. 

co
m

p
o

u
n
d

s 
o

f 
a
st

ro
ch

e
m

ic
al

 i
m

p
o

rt
a
n
ce

 [
3

6
, 

3
7

, 
3

8
, 

3
9
].

 H
er

e,
 f

u
n
d

a
m

e
n
ta

l 
q

u
e
st

io
n

s 
o

n
 

th
e 

n
at

u
re

 a
n
d

 c
o

n
st

it
u
e
n
ts

 o
f 

th
e 

in
te

rs
te

ll
ar

 m
ed

iu
m

 a
n
d

 c
ir

cu
m

st
el

la
r 

en
v
el

o
p

es
 a

ri
se

 a
s 

fa
sc

in
at

in
g
 j

u
n
ct

io
n
 o

f 
as

tr
o

n
o

m
y
, 

sp
ec

tr
o

sc
o

p
y
, 

a
n
d

 c
h
e
m

is
tr

y
. 

T
h
e 

co
m

b
in

at
io

n
 o

f 
h
ig

h
 

p
er

fo
rm

a
n
ce

 l
ab

o
ra

to
ry

 s
p

ec
tr

o
sc

o
p

y
 w

it
h
 h

ig
h
 p

er
fo

rm
an

ce
 r

ad
io

 a
st

ro
n
o

m
y
 o

p
en

 n
e
w

 

v
is

ta
s 

to
 d

et
ec

t 
a
n
d

 i
d

en
ti

fy
 m

o
le

cu
la

r 
k
e
y

-s
p

ec
ie

s 
in

 t
h
e 

in
te

rs
te

ll
ar

 m
ed

iu
m

 (
IS

M
).

 A
t 

th
e 

b
eg

in
 o

f 
th

is
 d

ec
ad

e,
 1

5
1

 c
o

m
p

o
u
n
d

s,
 1

2
5

 i
so

to
p

o
lo

g
s 

a
n
d

 2
 c

o
n
fo

rm
er

s 
w

er
e 

k
n
o

w
n

 t
o

 e
x
is

t 

in
 t
h
e 

in
te

rs
te

ll
ar

 m
ed

iu
m

, 
m

o
st

 o
f 

th
e
m

 f
ro

m
 r

ad
io

 a
st

ro
n
o

m
y
. 
E

ig
h
t 
ad

d
it

io
n
al

 s
p

ec
ie

s 
w

er
e 

fo
u

n
d

 i
n
 c

o
m

et
s.

 H
o

w
e
v
er

, 
d

et
ec

ti
o

n
 b

y
 r

ad
io

 a
st

ro
n
o

m
y
 i

s 
n
o

t 
fe

as
ib

le
 f

o
r 

u
n
p

o
la

r 
o

r 
o

n
ly

 

w
ea

k
ly

 p
o

la
r 

sp
ec

ie
s,

 s
in

ce
 t
h
e
 m

ic
ro

w
av

e
 s

ig
n
al

 i
s 

q
u
ad

ra
ti

c
al

ly
 d

ep
en

d
en

t 
o

n
 t
h
e 

m
o

le
c
u
la

r 

d
ip

o
le

 m
o

m
e
n
t.

 E
v
e
n
 t

h
o

u
g
h
 n

u
m

er
o

u
s 

(p
o

la
r)

 c
ar

b
o

n
-r

ic
h
 m

o
le

cu
le

s 
ex

is
t 

in
 s

p
ac

e,
 s

im
p

le
 

ar
o

m
at

ic
, 

p
o

ly
c
y
cl

ic
 a

ro
m

at
ic

 h
y
d

ro
ca

rb
o

n
s 

(P
A

H
),

 a
n
d

 f
u
ll

er
en

es
 t

u
rn

ed
 o

u
t 

to
 b

e 
ra

th
e
r 

u
n
ac

ce
ss

ib
le

 b
y
 r

ad
io

as
tr

o
n
o

m
y
. 

M
o

le
c
u
la

r 
in

fr
ar

ed
 e

m
is

si
o

n
s 

ar
e 

o
b

se
rv

ed
 i

n
 a

 v
ar

ie
ty

 o
f 

as
tr

o
n
o

m
ic

al
 s

o
u
rc

e
s,

 b
u
t 
IR

 e
m

is
si

o
n
 d

at
a 

ar
e 

n
at

u
ra

ll
y
 l
es

s 
p

re
ci

se
 t
h
a
n
 t

h
e 

h
ig

h
ly

 r
es

o
lv

e
d
 

m
ic

ro
w

av
e 

sp
ec

tr
a 

o
b

ta
in

ed
 f

ro
m

 r
ad

io
 a

st
ro

n
o

m
y
. 

T
h
er

ef
o

r 
th

e 
sp

ec
tr

o
sc

o
p

ic
 d

et
ec

ti
o

n
 o

f 

ar
o

m
at

e
s 

an
d

 P
A

H
s 

(w
it

h
 t

h
e
 p

o
ss

ib
le

 e
x
ce

p
to

n
s 

b
en

ze
n
e,

 C
6
0
/7

0
) 

re
m

ai
n
s 

a
m

b
ig

u
o

u
s 

a
n
d
 

th
es

e 
sp

ec
ie

s 
th

u
s 

re
p

re
se

n
t 

e
m

in
en

tl
y
 i

m
p

o
rt

an
t 

ta
rg

et
s 

fo
r 

th
e 

v
er

if
ic

at
io

n
 a

n
d

 m
o

d
el

li
n

g
 

o
f 

th
e 

k
n
o

w
n
 o

r 
p

re
d

ic
te

d
 c

h
e
m

is
tr

y
 o

f 
th

e 
in

te
rs

te
ll

ar
 m

o
le

cu
la

r 
cl

o
u
d

s 
an

d
 c

ir
cu

m
st

el
la

r 

g
as

 e
n

v
el

o
p

es
. 

H
er

e,
 c

o
ra

n
n

u
le

n
e 

as
su

m
e
s 

a 
sp

ec
ia

l 
k
e
y
-p

o
si

ti
o

n
: 

C
o

ra
n
n

u
le

n
e,

 c
o

n
tr

ar
y
 t

o
 

th
e 

m
o

st
 (

p
la

n
ar

) 
p

o
ly

c
y
cl

ic
 a

ro
m

a
ti

c 
h

y
d

ro
ca

rb
o

n
s,

 w
h
ic

h
 o

n
ly

 e
x

h
ib

it
 a

 s
m

al
l 

o
r 

–
 a

t 
g
iv

e
n
 

sy
m

m
et

ry
 –

 e
v
e
n
 n

o
 d

ip
o

le
 m

o
m

e
n
t.

 i
s 

n
o

t 
p

la
n
ar

, 
se

e 
F

ig
. 
6

, 
d

u
e 

to
 i

ts
 s

tr
u
ct

u
ra

l 
st

ra
in

. 
T

h
e 

st
ra

in
-i

n
d

u
ce

d
 

p
y
ra

m
id

iz
at

io
n
 

o
f 

th
e
 

ce
n
tr

al
 

ca
rb

o
n
 

a
to

m
s 

o
f 

co
ra

n
n
u

le
n
e
 

re
su

lt
s,

 
as

 

p
re

d
ic

te
d

 
b

y
 

q
u
an

tu
m

-c
h
e
m

ic
al

 
M

P
2

 
ca

lc
u
la

ti
o

n
s 

[1
0

3
],

 
in

 
a 

q
u
it

e 
su

b
st

an
ci

a
l 

d
ip

o
le

 

m
o

m
e
n
t.

 T
h
e 

d
et

ec
ti

o
n
 o

f 
is

t 
ro

ta
ti

o
n
al

 s
p

ec
tr

u
m

 a
s 

th
at

 o
f 

an
 e

x
ce

p
ti

o
n
al

ly
 r

ig
id

 s
y

m
m

e
tr

ic
 

ro
to

r 
w

it
h
 f

iv
e
-f

o
ld

 r
o

ta
ti

o
n
al

 s
y
m

m
et

ry
 a

n
d

 s
u
b

se
q

u
en

tl
y
 l

if
ti

n
g
 t

h
e 

M
-d

e
g
en

er
ac

y
, 

F
ig

. 
7

, 

b
y
 t

h
e 

S
ta

rk
 e

ff
ec

t 
ac

co
rd

in
g
 t

o
 H

E
 =

 -
 μ

 ·
 E

 e
n
ab

le
s 

th
e 

ex
p

er
im

e
n
ta

l 
d

et
er

m
in

at
io

n
 o

f 
it

s 

d
ip

o
le

 m
o

m
e
n
t 

μ
 =

 6
.9

0
8

(6
0

) 
1

0
-3

0
 C

m
 (

2
.0

7
 D

) 
[3

6
].

 I
n
d

ee
d

, 
th

is
 i

s 
th

e
 l

ar
g
e
st

 v
al

u
e 

o
f 

a 

p
u
re

 h
y
d

ro
ca

rb
o

n
 m

ea
su

re
d

 t
o

 d
at

e,
 m

a
k
in

g
 c

o
ra

n
n
u

le
n
e 

a 
se

n
si

ti
v
e 

k
e
y

-s
p

ec
ie

s 
fo

r 
th

e 
st

il
l 

m
is

si
n
g
 r

ad
io

as
tr

o
n
o

m
ic

al
 d

et
ec

ti
o

n
 o

f 
a 

P
A

H
. 

 S
u

p
er

so
n

ic
-j

et
 F

T
-M

W
 Z

ee
m

a
n

-e
ff

ec
t 

E
x

p
er

im
e
n

ts
: 

F
o

r 
m

o
le

cu
la

r 
sy

st
e
m

s 
in

 a
 1

Σ
 s

ta
te

, 

m
ag

n
et

ic
 f

ie
ld

s 
o

n
 t

h
e 

o
rd

er
 o

f 
1

 T
 a

re
 t

y
p

ic
al

ly
 n

ec
e
ss

ar
y
, 

to
 o

b
se

rv
e 

a
 Z

ee
m

a
n

-e
ff

e
k

t.
 



 S
p

ec
ie

s 
w

it
h
 e

le
ct

ro
n

ic
 c

o
n
tr

ib
u
ti

o
n
s 

to
 t

h
e
 a

n
g

u
la

r 
m

o
m

e
n

tu
m

 e
x

h
ib

it
 s

ig
n

if
ic

a
n
tl

y
 l

ar
g
e
r 

m
ag

n
et

ic
 m

o
m

e
n
ts

, 
w

h
ic

h
 d

ep
en

d
 o

n
 t

h
e 

o
rb

it
 a

n
g
u
la

r 
m

o
m

e
n
tu

m
 L

 a
n
d

 t
h
e 

sp
in

 S
 o

f 

u
n
p

ai
re

d
 e

le
ct

ro
n
s:

 

 μ
L
 =

 μ
B
 L

  
  

 ,
  

  
  
μ

S
 =

 -
g

e 
μ

B
 S

 
 

 
 

 
 

 

 
 

 
(7

) 

 w
h

er
e 

μ
B
 i

s 
th

e 
B

o
h
r 

m
ag

n
et

o
n
 a

n
d

 g
e 

=
 2

μ
e/

μ
B
 =

2
.0

0
2

3
 i

s 
th

e 
g
-f

ac
to

r 
o

f 
th

e
 f

re
e 

el
ec

tr
o

n
. 

T
y
p

ic
al

ly
, 

th
e 

Z
ee

m
a
n
-e

ff
ek

t 
ac

co
rd

in
g
 t

o
 H

B
 =

 -
 μ

 ·
 B

 o
f 

sp
ec

ie
s 

w
it

h
 u

n
p

ai
re

d
 e

le
ct

ro
n
s 

is
 

fo
u
r 

o
rd

er
s 

o
f 

m
a
g
n
it

u
d

e 
m

o
re

 s
en

si
ti

v
e 

to
 m

a
g
n
et

ic
 f

ie
ld

s 
th

an
 t
h
e 

se
n

si
ti

v
it

y
 o

f 
cl

o
se

d
-s

h
e
ll

 

m
o

le
cu

le
s.

 
T

h
er

ef
o

r,
 

o
b

se
rv

ab
le

 
sp

ec
tr

al
 

sp
li

tt
in

g
s 

ar
e 

al
re

ad
y
 

in
d

u
ce

d
 

b
y
 

th
e 

E
ar

th
’s

 

m
ag

n
et

is
 f

ie
ld

. 

 W
h
il

e 
th

e 
Z

ee
m

an
-e

ff
ec

t 
p

ro
v
id

es
 

v
al

u
ab

le
 

in
fo

rm
at

io
n

 
o

n
 

th
e
 

el
ec

tr
o

n
ic

 
st

ru
ct

u
re

 
o

f 

m
o

le
cu

la
 s

y
st

e
m

s,
 i

t 
o

ft
en

 m
ig

h
t 

st
il

l 
b

e 
d

es
ir

ab
le

 t
o

 a
v
o

id
 t

h
e
 Z

ee
m

an
-e

ff
e
k
t 

w
h

e
n
 s

tu
d

y
in

g
 

sp
ec

ie
s 

w
it

h
 u

n
p

ai
re

d
 e

le
ct

ro
n
s.

 B
y
 s

u
p

p
re

ss
in

g
 t

h
e
 Z

ee
m

a
n

-s
p

li
tt

in
g
, 

n
o

t 
o

n
ly

 t
h
e 

an
a
ly

si
s 

o
f 

co
m

p
li

ca
te

d
 s

p
ec

tr
a,

 w
h
ic

h
 s

ti
ll

 e
x
h
ib

it
 a

n
 a

d
d

it
io

n
al

 h
y
p

er
fi

n
e 

sp
li

tt
in

g
 d

u
e 

to
 s

p
in

 

co
u
p

li
n

g
, 

is
 e

as
ed

. 
M

o
re

 i
m

p
o

rt
an

t 
–

 i
f 

u
n

k
n
o

w
n

 s
p

ec
ie

s 
in

 l
o

w
 c

o
n
ce

n
tr

at
io

n
s 

ar
e 

se
ar

ch
e
d
 

fo
r 

- 
is

 t
h
e 

lo
w

er
 d

et
ec

ti
o

n
 l

im
it

 d
u
e 

to
 t

h
e 

in
cr

ea
se

d
 i

n
te

n
si

ty
 o

f 
th

e 
u

n
sp

li
t 

tr
an

si
ti

o
n

s.
 T

o
 

el
im

in
at

e 
th

e 
E

ar
th

’s
 

m
ag

n
e
ti

c 
fi

el
d

, 
so

-c
al

le
d

 
H

el
m

h
o

lt
z 

co
il

s 
ca

n
 

b
e 

e
m

p
lo

y
ed

. 
A

n
 

ar
ra

n
g
e
m

en
t 

o
f 

th
re

e
 p

ai
rs

 o
f 

H
el

m
h
o

lt
z
-c

o
il

s,
 s

h
o

w
n
 i

n
 F

ig
. 
8

, 
en

ab
le

s 
th

e 
co

m
p

e
n
sa

ti
o

n
 o

f 

al
l 

sp
at

ia
l 

co
m

p
o

n
e
n
ts

. 
T

h
e 

m
ag

n
et

ic
 f

lu
x

-d
en

si
ty

 B
 =

 μ
rμ

0
H

, 
w

h
ic

h
 i

s 
ca

u
se

d
 b

y
 a

 p
ai

r 
o

f 

co
il

s 
ri

n
g

s 
w

it
h
 l
ar

g
e 

d
ia

m
et

er
s 

at
 a

n
 e

le
ct

ri
c 

cu
rr

en
t 

I,
 i
s 

fa
ir

ly
 h

o
m

o
g
en

io
u
s 

is
 t
h
ei

r 
d

is
ta

n
c
e 

d
 e

q
u
al

s 
th

ei
r 

ra
d

iu
s 

R
. 
A

lo
n
g
 t

h
e 

y
-c

o
il

s 
ax

is
, 
th

e 
m

a
g
n
et

ic
 f

ie
ld

 s
tr

en
g
th

 o
f 

y
-d

ir
ec

te
d

 f
ie

ld
 

H
 a

m
o

u
n

ts
 t

o
 

 H
 =

 I
R

2
/2

  
 (

1
/(

R
2
+

(d
/2

 -
 y

)2
)3

/2
  

 +
  

 1
/(

R
2
+

(d
/2

 +
 y

)2
)3

/2
) 

 
 

 

 
 

 
(8

) 

 w
h

il
e 

a 
si

m
il

ar
 d

ep
en

d
en

ce
 e

x
is

ts
 i

n
 t

h
e 

ra
d

ia
l 

d
ir

ec
ti

o
n
. 

If
 s

u
ch

 a
 c

o
il

 a
rr

an
g
e
m

en
t 

is
 

e
m

p
lo

y
ed

 i
n
 c

o
m

b
in

at
io

n
 w

it
h
 a

 F
ab

ry
-P

ér
o

t-
T

y
p

e 
re

so
n
at

o
r,

 a
 s

u
ff

ic
ie

n
tl

y
 h

o
m

o
g
en

eo
u
s 

fi
el

d
 i

s 
o

b
ta

in
ed

 a
t 

a 
co

il
 p

ai
r 

d
is

ta
n
ce

, 
th

a
t,

 a
t 

le
as

t,
 c

o
rr

es
p

o
n
d

s 
to

 t
h
e 

d
is

ta
n
ce

 o
f 

th
e 

 

re
so

n
at

o
r 

re
fl

ec
to

rs
. 

T
h
en

, 
th

e
 l

in
e
-w

id
th

 o
f 

th
e 

C
O

B
R

A
 s

p
ec

tr
o

m
e
te

r 
is

 a
ls

o
 p

re
se

rv
ed

 f
o

r 

ze
ro

-f
ie

ld
 e

x
p

er
im

en
ts

 o
n
 s

p
e
ci

es
 w

it
h
 u

n
g
ep

ai
re

d
 e

le
ct

ro
n
s,

 s
u
c
h
 t

h
at

 –
 a

t 
ex

ce
p

ti
o

n
al

ly
 

sh
ar

p
 s

ig
n
a
ls

 –
 t

h
e
ir

 v
er

y
 p

re
c
is

e 
ch

ar
ac

te
ri

sa
ti

o
n
 s

u
cc

ee
d

s.
 S

ta
rt

in
g
 f

ro
m

 t
h
e 

c
o

m
p

en
sa

te
d
 

E
ar

th
’s

 m
a
g
n
et

ic
 f

ie
ld

, 
th

e 
cu

rr
en

ts
 o

f 
a 

co
il

 p
ai

r 
ca

n
 b

e 
lo

w
er

ed
, 

to
 a

d
ju

st
 f

o
r 

d
ef

in
ed

 

m
ag

n
et

ic
 f

ie
ld

s 
p

ar
al

le
l 

o
r 

p
er

p
en

d
ic

u
la

r 
to

 t
h
e 

m
ic

ro
w

av
e
 f

ie
ld

 f
o

r 
Z

ee
m

an
-e

x
p

er
im

e
n
ts

; 

th
e 

se
le

ct
io

n
 r

u
le

s 
Δ

M
 =

 0
 a

n
d

 Δ
M

 =
 1

, 
re

sp
ec

ti
v
el

y
, 
ar

e 
se

t 
b

y
 t
h
e 

d
ir

ec
ti

o
n
 t

h
at

 w
a
s 

ch
o

se
n

. 

B
ec

au
se

 o
f 

th
e 

v
er

y
 n

ar
ro

w
 s

ig
n
a
ls

, 
th

e 
Z

ee
m

an
-E

ff
ek

t 
is

 p
re

ci
se

ly
 m

ea
su

re
d

 a
ls

o
 a

t 
th

e 

sm
al

l 
fi

e
ld

s 
B

 t
h
at

 c
a
n
 b

e 
ac

h
ie

v
ed

, 
su

c
h
 t

h
at

 a
 v

er
y
 a

cc
u
ra

te
 d

et
er

m
in

at
io

n
 o

f 
m

o
le

cu
la

r 
g

-

fa
ct

o
rs

 i
s 

p
o

ss
ib

le
. 

 

 

T
h
is

 w
a
y
, 
th

e 
e
x
ce

p
ti

o
n
al

ly
 a

c
cu

ra
te

 c
h
ar

ac
te

ri
sa

ti
o

n
 o

f 
–

 f
o

r 
a 

p
o

te
n
ti

al
 m

ea
su

re
m

en
t 

o
f 

th
e 

p
o

st
u
la

te
d

 e
le

ct
ro

n
 e

le
ct

ri
c 

d
ip

o
le

 m
o

m
en

t 
(e

-E
D

M
) 

v
er

y
 i

n
te

re
st

in
g

 –
 l

ea
d

 f
lu

o
ri

d
e,

 P
b

F
, 
in

 

th
e 

2
Π

1
/2

 
st

at
e 

su
cc

ee
d

ed
: 

F
u
n
d

a
m

en
ta

l 
sy

m
m

et
ry

 
le

ad
s 

to
 

an
 

±
M

-d
eg

en
er

ac
y
 

o
f 

an
y
 

m
o

le
cu

le
 

o
r 

at
o

m
, 

w
h
ic

h
 

is
 

p
re

se
rv

ed
 

ev
en

 
at

 
th

e 
p

re
se

n
ce

 
o

f 
an

 
E

-f
ie

ld
 

al
o

n
g
 

th
e 

q
u
an

ti
sa

ti
o

n
 a

x
is

. 
T

h
e 

ex
is

ta
n

ce
 o

f 
an

 e
-E

D
M

, 
h
o

w
e
v
er

, 
w

o
u
ld

 b
re

ak
 t

h
is

 s
y

m
m

et
ry

. 
A

n
 e

-

E
D

M
 t

h
er

ef
o

r 
le

ad
s 

to
 a

n
 e

n
er

g
y
 d

if
fe

re
n
ce

 Δ
U

 =
 U

+
M

 –
U

-M
 i
n
 a

 s
tr

o
n

g
 E

-f
ie

ld
 p

ar
al

le
l 

an
d
 

an
ti

-p
ar

al
le

l 
to

 a
 B

-f
ie

ld
. 

A
t 

th
e 

cu
rr

en
t 

e
x
p

er
im

e
n
ta

l 
u
p

p
er

 e
-E

D
M

 l
im

it
 d

e 
≤

 0
.9

 x
 1

0
-2

8
 e

 

c
m

 [
1

0
4

],
 a

to
m

ic
 s

p
ec

tr
o

sc
o

p
y
 r

eq
u
ir

es
 e

x
tr

e
m

el
y
 h

ig
h

 e
x
te

rn
al

 E
-f

ie
ld

s 
fo

r 
a 

m
ea

su
ra

b
le

 

ef
fe

c
t.

 B
u
t 

th
e 

ef
fe

c
t 

ca
n

 b
e 

se
ar

ch
ed

 f
o

r 
b

y
 m

o
le

k
a
la

r 
sp

e
ct

ro
sc

o
p

y
: 

In
 d

ia
to

m
ic

 s
y
st

e
m

s 

w
it

h
 h

ea
v

y
 n

u
cl

ei
, 

e.
g
. 

P
b

F
, 

u
n
p

ai
re

d
 e

le
ct

ro
n
s,

 d
u
e 

to
 r

el
at

is
ti

c 
o

rb
it

 e
ff

ec
ts

, 
th

e
 s

o
-c

al
le

d
 

L
o

re
n
tz

 c
o

n
tr

ac
ti

o
n
, 

ex
p

er
ie

n
ce

 a
n
 e

ff
ec

ti
v
e 

in
te

rn
al

 E
-f

ie
ld

. 
If

 t
h
e 

d
ia

to
m

ic
 m

o
le

c
u
le

 a
ls

o
 

ex
h
ib

it
s 

(s
y
st

e
m

a
ti

c 
o

r 
ra

n
d

o
m

) 
n
ea

r-
d

eg
e
n
er

at
e 

st
at

e
s 

w
it

h
 

o
p

p
o

si
te

 
p

ar
it

y
, 

co
m

p
le

te
 

p
o

la
ri

si
sa

ti
o

n
 o

f 
th

e 
sy

st
e
m

 c
a
n
 a

lr
ea

d
y

 b
e 

o
b

ta
in

ed
 w

it
h
 m

o
d

er
at

e 
E

-f
ie

ld
s.

 T
h
er

ef
o

r,
 w

it
h
 

th
e 

ra
n
d

o
m

 n
ea

r-
d

eg
e
n
er

ac
ie

s 
o

f 
h

y
p

er
fi

n
e 

le
v
el

s 
fo

u
n
d

 i
n

 2
0
7
P

b
1
9
F

, 
sh

o
w

n
 i

n
 F

ig
. 

9
, 

h
u
g

e 

in
te

rn
a
l 

ef
fe

ct
iv

e 
fi

el
d

s 
o

f 
~

6
0

 G
V

/c
m

 c
an

 b
e 

ac
h
ie

v
ed

 a
t 

e
x
te

rn
al

 f
ie

ld
s 

o
f 

o
n
ly

 2
0

0
V

/c
m

. 

T
h
e 

d
ia

to
m

ic
 c

o
m

p
o

u
n
d

 i
s 

sy
n
th

e
si

ze
d

 i
n

-s
it

u
 b

y
 L

A
S

E
R

-a
b

la
ti

o
n
 [

1
0

5
] 

fr
o

m
 a

 r
o

ta
ti

n
g
 

el
e
m

e
n
ta

ry
 P

b
-r

o
d

 a
t 

p
re

se
n
ce

 o
f 

h
ig

h
ly

 d
il

lu
te

d
 S

F
6
 i

n
 N

e 
a
s 

ca
rr

ie
r.

 F
ie

ld
-f

re
e 

tr
an

si
ti

o
n
s 

(a
n
d

 l
at

er
 a

ls
o

 t
h
ei

r 
Z

ee
m

a
n

-s
p

li
tt

in
g
s)

 o
f 

th
e 

sp
ec

ie
s 

2
0
6
P

b
1
9
F

, 
2
0
7
P

b
1
9
F

, 
an

d
 2

0
8
P

b
1
9
F

 c
an

 b
e 

re
co

rd
ed

 i
n
 n

at
u

ra
l 

ab
u

n
d

an
ce

 a
t 

an
 a

b
so

lu
te

 a
cc

u
ra

c
y
 o

f 
a 

fr
ac

ti
o

n
 o

f 
a
 k

H
z 

w
it

h
in

 s
ec

o
n
d

s 

[1
0

6
] 

–
 a

t 
a 

li
n
e
w

id
th

, 
th

at
 a

p
p

ro
x
im

at
el

e 
co

rr
es

p
o

n
d

s 
to

 t
h
o

se
, 

th
at

 w
h
er

e 
re

p
o

rt
ed

 f
o

r 
e-

E
D

M
 s

en
si

ti
v
e 

ex
p

er
im

e
n
ty

 o
n
 Y

b
F

 [
1

0
7

].
 T

h
e 

p
re

ci
si

o
n
 o

f 
th

e 
2
0
7
P

b
1
9
F

 s
p

ec
tr

a 
re

ac
h
ed

 –
 

w
it

h
o

u
t 

sp
ec

ia
l 

m
ea

su
re

s 
–

 t
h
e 

n
ec

es
sa

ry
 s

e
n
si

ti
v
it

y
 t

o
 o

b
se

rv
e
 t

h
e 

ex
tr

e
m

el
y
 s

m
al

l 
Ω

-

d
o

u
b

le
tt

 d
ep

en
d

en
ce

 o
n
 t

h
e 

n
u

cl
eu

s-
ro

ta
ti

o
n

-i
n
te

ra
ct

io
n
; 

th
e 

p
ro

je
ct

io
n
 q

u
an

tu
n
 n

u
m

b
er

 Ω
 =

 

Λ
 +

 Σ
 g

iv
es

 t
h
e 

to
ta

l 
p

ro
je

ct
io

n
 o

f 
th

e 
el

ec
tr

o
n
 s

p
in

 a
n
d

 e
le

ct
ro

n
ic

 a
n
g

u
la

r 
m

o
m

e
n
tu

m
 o

n
 t

h
e
 

m
o

le
cu

la
r 

ax
is

. 
T

h
e 

ac
cu

ra
cy

 o
f 

th
es

e 
m

ea
su

re
m

e
n
ts

 i
n
 c

o
m

p
ar

is
o

n
 t
o

 p
re

si
o

u
s 

sp
ec

tr
o

sc
o

p
ic

 

st
u
d

ie
s 

o
n
 

th
is

 
m

o
le

c
u

le
 

is
 

im
p

re
ss

iv
el

y
 

d
e
m

o
n

st
ra

te
d

 
in

 
F

ig
. 

1
0

. 
S

ta
n
d

ar
d

 
F

T
-M

W
 

sp
ec

tr
o

sc
o

p
y
, 

as
 s

h
o

w
n
 h

er
e 

in
 c

o
m

p
ar

is
o

n
 t

o
 o

th
er

 t
ec

h
n

iq
u
es

, 
ap

p
ro

ac
h
es

 t
h
e 

le
v
el

 o
f 

ac
cu

ra
c
y
, 

re
q

u
ir

ed
 t

o
 d

et
ec

t 
p
ar

it
y
(P

)-
v
io

la
ti

n
g
 e

ff
ec

ts
 i

n
 e

x
p

er
im

e
n
ts

 a
d

ap
te

d
 f

o
r 

th
is

 t
as

k
. 

W
h
il

e 
a 

ro
ta

ti
o

n
al

 
sp

ec
tr

o
co

p
y
 

d
et

ec
ti

o
n
 

o
f 

th
e 

- 
al

so
 

P
-v

io
la

ti
n

g
 

–
 

so
-c

al
le

d
 

an
ap

o
l-

in
te

ra
ct

io
n
, 

w
h

ic
h

 r
el

ie
s 

o
n
 t

h
e 

p
en

et
ra

ti
o

n
 o

f 
a 

n
u
cl

e
u
s 

b
y
 u

n
p

ai
re

d
 s

-e
le

k
tr

o
n
s,

 i
s 

w
it

h
in

 

im
m

ed
ia

te
 r

ea
ch

, 
th

e 
d

et
ec

ti
o

n
 o

f 
an

 e
-E

D
M

 w
il

l 
re

q
u
ir

e 
a 

le
ap

 i
n
 a

cc
u
ra

c
y
 w

h
ic

h
 m

ig
h
t 

b
e 

ac
h
iv

ed
 b

y
 u

ti
li

zi
n

g
 a

 c
o

m
b

in
at

io
n
 o

f 
sp

ec
ia

l 
te

ch
n
iq

u
e
s 

–
 e

.g
. 

re
co

rd
in

g
 t

h
e
 r

o
ta

ti
o

n
 o

f 
th

e 

p
la

n
ar

 p
o

la
ri

za
ti

o
n
 a

s 
th

e 
sc

ie
n
ce

 s
ig

n
a
l.

 

 C
h

ir
p

ed
 R

a
d

ia
ti

o
n

 F
o

u
ri

er
-t

ra
n

sf
o

r
m

 M
ic

ro
w

a
v

e 
S

p
ec

tr
o

sc
o

p
y

: 

 T
h
e 

T
D

S
 t
ec

h
n
iq

u
e 

h
as

 t
h
e 

fu
rt

h
er

 a
d

v
an

ta
g
e 

o
v
er

 F
D

S
 s

te
ad

y
-s

ta
te

 t
ec

h
n
iq

u
es

, 
th

at
 t
h
e 

ti
m

e 

re
q

u
ir

ed
 t

o
 r

ec
o

rd
 a

 s
p

ec
tr

u
m

 i
n
 t

h
e 

tr
a
n
si

e
n
t 

ex
ci

ta
ti

o
n
 e

x
p

er
im

en
t 

is
 a

-p
ri

o
ri

 i
n
d

ep
en

d
en

t 

o
f 

th
e 

w
id

th
 
o

f 
th

e 
sp

ec
tr

u
m

. 
In

 
p

ri
n
ci

p
le

, 
th

is
 
‘m

u
lt

ip
le

x
 
ad

v
an

ta
g
e
’ 

tr
an

sl
at

e
s 

to
 
an

 

im
p

ro
v
e
m

en
t 

o
f 

th
e 

S
/N

 r
at

io
 i

n
 a

 s
p

ec
tr

al
 b

an
d

 w
h
ic

h
 i

s 
p

ro
p

o
rt

io
n
al

 t
o

 t
h
e 

sq
u
ar

e 
ro

o
t 

o
f 

th
e 

sp
ec

tr
al

 b
an

d
 t

o
 t

h
e 

li
n
e
w

id
th

 r
at

io
 [

9
].

 H
o

w
e
v
er

, 
u
n
li

k
e 

in
 p

u
ls

ed
 N

M
R

 s
p

ec
tr

o
sc

o
p

y
 



 [1
0

8
],

 t
h
is

 S
/N

 i
m

p
ro

v
e
m

e
n
t 

w
a
s,

 u
n
ti

l 
re

ce
n
tl

y
, 

n
o

t 
ex

p
lo

it
ed

 i
n
 F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
, 

in
 

p
ar

ti
cu

la
r 

fo
r 

h
ig

h
-Q

 r
es

o
n
at

o
r 

te
ch

n
iq

u
es

 o
r 

in
 t

h
e 

ca
se

 o
f 

lo
w

 t
ra

n
si

ti
o

n
 d

ip
o

le
 m

o
m

e
n
ts

 

fo
r 

w
av

e
g

u
id

e 
m

et
h
o

d
s,

 b
ec

a
u
se

 o
f 

th
e 

ra
th

er
 l

im
it

ed
 e

x
ci

ta
ti

o
n
 b

an
d

w
id

th
 o

b
ta

in
ed

 s
o

 f
ar

, 

if
 e

x
c
it

at
io

n
 i

s 
ac

h
ie

v
ed

 b
y
 ‘

sh
o

rt
 e

x
p

o
su

re
’ 

(S
E

) 
to

 a
 s

ta
ti

o
n

ar
y
 f

re
q

u
e
n
c
y
 r

ad
ia

ti
o

n
 f

ie
ld

. 

 If
 t

h
e 

fr
eq

u
e
n
c
y
 o

f 
an

 e
le

ct
ro

m
ag

n
et

ic
 f

ie
ld

 i
s 

sw
ep

t 
th

ro
u
g

h
 a

 m
o

le
c
u
la

r 
re

so
n
an

ce
 i

n
 a

 t
im

e 

sh
o

rt
 c

o
m

p
ar

ed
 t

o
 t

h
e 

re
la

x
at

io
n
 t

im
e,

 s
o

-c
al

le
d

 ‘
fa

st
 p

as
sa

g
e’

 (
F

P
) 

ex
ci

ta
ti

o
n
 o

cc
u
rs

. 
E

v
e
n

 

th
o

u
g

h
 t

h
e
 m

o
le

c
u
le

s 
ar

e 
in

 r
e
so

n
an

ce
 o

n
ly

 f
o

r 
a 

v
er

y
 s

h
o

rt
 t

im
e,

 a
 s

u
rp

ri
si

n
g

ly
 l

ar
g
e 

c
h
an

g
e 

in
 
th

e 
p

o
p

u
la

ti
o

n
 
d

if
fe

re
n
ce

 
o

f 
th

e 
st

at
e
s 

in
 
re

so
n
a
n
ce

 
a
n
d

 
co

h
er

en
ce

 
o

f 
th

e 
tw

o
-l

ev
el

 

en
se

m
b

le
 c

an
 b

e 
ac

h
ie

v
ed

, 
re

su
lt

in
g
 i

n
 a

n
 a

p
p

re
ci

ab
le

 o
sc

il
la

ti
n

g
 m

ac
ro

sc
o

p
ic

 p
o

la
ri

za
ti

o
n
. 

F
P

 c
an

 t
h

u
s 

b
e 

ra
ti

o
n
al

iz
ed

 a
s 

tr
an

si
e
n
t 

ab
so

rp
ti

o
n
 d

u
ri

n
g
 t

h
e 

sw
ee

p
 f

o
ll

o
w

ed
 b

y
 t

ra
n
si

e
n

t 

e
m

is
si

o
n
 a

ft
er

 t
h
e 

sw
ee

p
 [

1
0
9

].
 C

o
m

p
ar

in
g
 t

h
e 

re
su

lt
in

g
 s

ig
n
a
l 

a
m

p
li

tu
d

e 
S

a
b
(F

P
) 

o
f 

th
e 

fr
eq

u
en

c
y
 r

a
m

p
 t

ec
h
n
iq

u
e 

w
it

h
 t

h
e 

si
g

n
al

 a
m

p
li

tu
d

e 
S

a
b
(S

E
) 

o
b

ta
in

ab
le

 b
y
 t

h
e 

re
so

n
a
n

t 

st
at

io
n
ar

y
 f

re
q

u
e
n
c
y
 (

x 



 Δ
ω

) 
m

et
h
o

d
 a

t 
a 

g
iv

e
n
 g

eo
m

e
tr

y
 o

f 
a 

sa
m

p
le

 c
el

l 
w

it
h
 f

la
t 

fr
eq

u
en

c
y
 r

es
p

o
n

se
, 

y
ie

ld
s 

 S
a

b
(F

P
) 

/ 
S

a
b
(S

E
) 

=
 x

 (
2

π
/α

)1
/2

 /
 s

in
(x

τ p
) 

 
 

 
 

 

 
 

 
(9

) 

 w
it

h
 t

h
e 

R
ab

i 
an

g
u

la
r 

fr
eq

u
e
n
c
y
 x

 =
 µ

a
b
 ε

 /
 ħ

 o
f 

th
e 

tr
an

si
ti

o
n
 b

←
a 

ch
ar

ac
te

ri
ze

d
 b

y
 t

h
e
 

el
ec

tr
ic

 d
ip

o
le

 m
at

ri
x
 e

le
m

e
n
t 

µ
a

b
, 

th
e 

d
u
ra

ti
o

n
 τ

p
 o

f 
th

e 
re

so
n
an

t 
ra

d
ia

ti
o

n
 p

u
ls

e,
 a

n
d

 t
h

e 

sl
o

p
e 

α
 =

 d
(Δ

ω
)/

d
t 
o

f 
th

e 
fr

eq
u

en
c
y
 r

a
m

p
 o

f 
a 

z
-p

o
la

ri
ze

d
 e

le
ct

ri
c 

fi
el

d
 ω

e 
w

it
h
 t
h
e 

a
m

p
li

tu
d

e 

ε 
at

 o
ff

se
t 

Δ
ω

 =
 ω

a
b
 -

 ω
e 

fr
o

m
 r

es
o

n
an

ce
 ω

a
b
. 
W

it
h
 x

2
/α

 <
<

 2
π

 a
 l

in
ea

r 
F

P
 a

cc
o

rd
in

g
 t

o
 x

/2
π

 

<
<

 α
 /

 x
 =

 d
(θ

(Δ
ω

))
/d

t 
h
as

 b
ee

n
 a

ss
u

m
ed

, 
i.

e.
, 

in
 t

h
e 

B
lo

ch
 v

ec
to

r 
m

o
d

el
 t

h
e 

p
re

ce
ss

io
n

 

fr
eq

u
en

c
y
 i

s 
lo

w
 c

o
m

p
ar

ed
 t

o
 c

h
an

g
es

 d
(θ

(Δ
ω

))
/d

t 
in

 t
h
e 

d
ir

ec
ti

o
n
 o

f 
it

s 
p

re
ce

ss
io

n
 a

x
is

 [
6

].
 

T
h
is

 i
s 

co
n
si

st
e
n
t 

w
it

h
 n

eg
li

g
ib

le
 p

o
p

u
la

ti
o

n
 e

x
ci

ta
ti

o
n
 d

(Δ
N

a
b
)/

d
t 

≈
 0

. 
It

 b
ec

o
m

es
 c

le
ar

 f
ro

m
 

th
e 

B
o

ch
 v

ec
to

r 
m

o
d

el
, 

th
at

 f
o

r 
x/

2
π

 ≈
 α

 /
 x

, 
i.

e.
 t

h
e 

p
re

ce
ss

io
n
 f

re
q

u
e
n
c
y
 i

s 
si

m
il

ar
 t

o
 t

h
e 

re
o

ri
en

ta
ti

o
n
 d

(θ
(Δ

ω
))

/d
t 
o

f 
th

e 
p

re
ce

ss
io

n
 a

x
is

 u
p

o
n
 F

P
, 
al

so
 a

 p
o

p
u
la

ti
o

n
 e

q
u
il

ib
ra

ti
o

n
 Δ

N
a
b
 

≈
 0

 c
an

 b
e 

o
b

ta
in

ed
. 
A

n
y
 m

o
le

cu
la

r 
tr

an
si

ti
o

n
 b

←
a 

in
 t
h
e 

b
an

d
 p

as
se

d
 b

y
 t
h
e 

fr
eq

u
e
n
c
y
 r

a
m

p
 

ω
i ≤

 ω
e(

t)
 ≤

 ω
f w

il
l 

b
e 

p
o

la
ri

ze
d

: 
 

 F
ig

. 
1

1
 s

h
o

w
s 

th
e
 r

es
u

lt
 f

o
r 

a 
fr

eq
u
en

c
y
 r

a
m

p
 o

n
 t

h
e
 e

x
a
m

p
le

 o
f 

d
if

lu
o

ro
p

h
en

o
l 

[1
1

0
].

 T
h
e 

co
m

p
ar

is
o

n
 
w

it
h
 
a
n

 
a
-p

ri
o

ri
 
p

re
d

ic
ti

o
n
 
o

f 
th

is
 
p

ar
t 

o
f 

th
e
 
ro

ta
ti

o
n
al

 
sp

ec
tr

u
m

 
b

y
 
M

P
2
 

ca
lc

u
la

ti
o

n
s 

d
e
m

o
n
st

ra
te

s 
th

e
 i

m
p

o
rt

an
ce

 o
f 

th
e 

IM
P

A
C

T
 m

et
h
o

d
s 

–
 a

s 
d

es
cr

ib
ed

 i
n
 t

h
e 

fo
ll

o
w

in
g
 s

ec
ti

o
n
 -

 f
o

r 
a 

fa
st

 v
is

u
al

 a
ss

ig
n

m
e
n
t 

o
f 

sp
ec

tr
al

 s
ig

n
at

u
re

s 
b

y
 b

ro
ad

b
an

d
 p

at
te

rn
 

re
co

g
n
it

io
n

. 
W

h
il

e 
th

e 
ra

ti
o

 S
a
b
(F

P
) 

/ 
S

a
b
(S

E
) 

o
f 

a 
si

n
g
le

 e
x
p

er
im

en
t 

is
 t

y
p

ic
al

ly
 a

n
 o

rd
er

 o
f 

m
ag

n
it

u
d

e 
sm

al
le

r 
th

a
n
 o

n
e,

 t
h
e 

b
an

d
w

id
th

 ω
f 
 -

 ω
i 
o

f 
th

e 
fr

eq
u
en

c
y
 r

a
m

p
e,

 a
ls

o
 k

n
o

w
n

 a
ls

 

‚c
h
ir

p
‘,

 c
an

 b
e 

se
v
er

al
 o

rd
er

s 
o

f 
m

a
g
n

it
u
d

e 
w

id
er

 t
h
a
n
 t

h
e 

F
o

u
ri

er
-l

im
it

ed
 s

p
ec

tr
al

 c
o

v
er

a
g
e 

o
f 

a 
st

at
io

n
ar

y
 f

re
q

u
e
n
c
y
 ‚

p
u
ls

e’
. 

 In
-P

h
a

se
/Q

u
a

d
ra

tu
re

-P
h

a
se

-M
o

d
u

la
ti

o
n

 
P

a
ss

a
g

e
-A

cq
u

ir
ed

-C
o

h
er

e
n

ce
 

T
ec

h
n

iq
u

e:
 

E
v
en

 
th

o
u

g
h

 
- 

si
n
ce

 
re

so
n
at

o
rs

 
o

f 
h
ig

h
 
q

u
al

it
y
 
ca

n
 
n
o

t 
b

e 
u
ti

li
ze

d
 
- 

m
o

re
 
e
x
p

er
im

e
n
t 

re
p

et
it

io
n
s 

b
ec

o
m

e 
n
ec

es
sa

ry
, 
to

 m
ai

n
ta

in
 t

h
e 

S
/N

 r
at

io
 o

f 
th

e 
S

E
 m

e
th

o
d

 i
n
 F

P
 e

x
p

er
im

e
n
ts

, 

o
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h
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at
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p
ts

 o
f 

th
e 

F
P

 e
x
p

er
im

en
t 

[1
0

9
, 
1

1
1
, 
1

1
2
] 

w
as

 l
im

it
ed

 i
n
 t

h
e 

sl
o

p
e 

an
d

 c
o

v
er

ag
e 

o
f 

th
e
 f

re
q

u
e
n
c
y
 r

a
m

p
, 

w
h

ic
h
 n

ee
d

ed
 t

o
 b
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b
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p
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p
ee

d
 
si

g
n
al

 

ac
q

u
is

it
io

n
 a

n
d

 b
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c
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 f
re

q
u
en

c
y
 r

a
m

p
s 

as
 w

el
l 
as

 a
c
h
ie

v
e 

su
ff

ic
ie

n
tl

y
 f

as
t 
d

ig
it

iz
at

io
n
 a

n
d

 m
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 p
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 c
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h
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e 
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at
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f 

k
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P
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e
n
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 q
u

it
e 
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g
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 c
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y
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b
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p
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at
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e 
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p
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T
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 d
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c
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d
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o
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g
n
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ic
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1
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6
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h
e 
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 d
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n
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n
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d
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n
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n
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n
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al

ly
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st
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e 
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r 
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l 

F
P

 
m

et
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].

 
U
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n

g
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e 
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ig
u
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g
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el

e
g
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n
t 
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-

p
h
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q
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o

d
u
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h
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d
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n
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d
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u
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y
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e 
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n
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p

le
m
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n
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h
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e
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-p

h
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e
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p
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g
e
-
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q

u
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o
h
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c
h

n
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u
e
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M

P
A

C
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h
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p
le

m
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h
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y
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a
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m

p
o

n
e
n
ts
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o
w
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g
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o
r 

fr
eq

u
en
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e
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o

m
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.0
 -

 2
6

.5
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H
z 
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g
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 s
e
tu

p
, 
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y
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ed
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o
r 
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e 
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n
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n
d

 c
h
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o

n
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f 
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 c

o
m
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n
d
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–
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n
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y
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n
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n
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at
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n
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 d
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g
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m
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A

C
T
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m
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u
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n
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o
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 M

W
 

ra
d
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o
n
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q

u
e
n
c
y
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a
m

p
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o
r 
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ti

o
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n
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n
 F
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e 
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m
p

o
n
e
n
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f 
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e
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m

p
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ed
 
to

 
o
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F

T
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W
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m
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v
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y
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m

p
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u
p
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M

W
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n
a
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g
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 d
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W
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P
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w
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c
h
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5

0
 d

B
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n
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 d
B
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n
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n
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o
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; 
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R
F
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ig
n
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a
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x
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5

 G
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g
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n
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5

 b
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o

n
: 
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M
W
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p
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n
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5
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B

 c
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u
p

p
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1

2
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B
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n
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o
ss
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M

W
 c

o
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l 
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b
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; 
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M
W
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y
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h
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h
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o
w
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a
m

p
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>

2
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d

B
 
g
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n
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>
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0
 
d
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o
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u
t 

p
o
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M

W
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n
, 

5
0
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p
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M

W
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a 

w
/ 
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p
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o
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 d
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i 
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M
W
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o

w
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2
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 d
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 d
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 d
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 d
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 d

B
 i

n
se

rt
io

n
 l

o
ss

; 
 (

1
1

) 
M
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p
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C
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d
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W
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u
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X
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 d
at

a
-a

cq
u
is

it
io

n
, 

an
d

 –
an

al
y
si

s 
sy

st
e
m

; 

(1
4

) 
R

u
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u
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re
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c
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p
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h
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v
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 c
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c
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 d
em

o
n
st

ra
te

d
 i

n
 F

ig
. 
1

3
 [

1
1
0

] 
–
 

al
so

 c
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 c
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h
e 

o
rd

er
 o

f 
th
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at
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t 
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ra
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 b
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0
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0
0
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0
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 c
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m
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h
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h
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n
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 d
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b
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e
s 

th
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h
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p
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p
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. 

 W
ID

E
-I
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 d
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e 
m

et
h
o

d
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h
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 t
h
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].
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 b
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v
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 c
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p
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h
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p
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p
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d
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p
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th

e 
fa

st
 

p
ro

d
u
c
ti

o
n
 

o
f 

b
ro

ad
 

1
D

 
o

r 
2

D
 

sp
ec

tr
a.

 
A

rb
it

ra
ry

 

w
a
v
e
fo

rm
 g

e
n
er

at
io

n
 o

f 
th

e 
M

W
 f

re
q

u
en

c
y
 r

a
m

p
 a

n
d

 d
ir

ec
t 

I/
Q

-m
o

d
u
la

ti
o

n
, 

in
 a

v
o

id
in

g
 

su
b

se
q

u
en

t 
m

ix
in

g
 a

n
d

 m
u
lt

ip
li

ca
ti

o
n
 s

ta
g
es

, 
al

lo
w

s 
fo

r 
ex

ac
t 

si
g

n
al

 s
h
ap

in
g
 i

n
 a

m
p

li
tu

d
e 

an
d

 p
h
as

e.
 T

h
u

s 
c
m

 w
a
v
e 

D
R

 e
x
ci

ta
ti

o
n
 s

e
q

u
en

ce
s 

at
 a

lm
o

st
 a

n
y
 c

o
m

p
le

x
it

y
 c

an
 e

as
il

y
 b

e 

g
en

er
at

ed
 a

n
d

 p
ro

v
id

e 
th

e 
p

o
ss

ib
il

it
y
 f

o
r 

D
R

 e
x
p

er
im

e
n
ts

 b
ei

n
g
 e

v
en

 m
o

re
 e

la
b

o
ra

te
 t
h
an

 t
h

e 

se
q

u
en

ce
s 

p
re

se
n
te

d
 f

o
r 

F
T

-M
W

 w
it

h
 s

ta
ti

o
n
ar

y
 g

as
e
s.

 A
d

d
it

io
n
al

 m
m

 w
a
v
e 

an
d

 s
u
b

-m
m

 

w
a
v
e 

D
R

 s
o

u
rc

es
 c

an
 n

o
w

 p
ro

b
e 

co
n
n

ec
ti

v
it

y
 o

f 
re

so
n
a
n
ce

s 
in

 M
W

 s
p

ec
tr

a 
in

 a
 b

ro
ad

b
an

d
 

fa
sh

io
n
. 
F

o
r 

IR
 D

R
 i
n

te
ra

ct
io

n
 t
h
e 

ty
p

ic
al

 b
an

d
w

id
th

 o
f 

an
 I

R
-L

A
S

E
R

 p
u
ls

e 
is

 b
ro

ad
 e

n
o

u
g

h
 

to
 e

x
ci

te
 m

u
lt

ip
le

 q
u
a
n
tu

m
 s

ta
te

s.
 T

h
u
s,

 F
P

 F
T

-M
W

 I
R

-D
R

 s
p

ec
tr

a 
ar

e 
n
o

t 
q

u
an

tu
m

-s
ta

te
 

re
so

lv
ed

. 
T

o
 o

b
ta

in
 s

ta
te

 r
e
so

lv
ed

 s
p

ec
tr

a 
a
n
 F

P
 F

T
-M

W
 M

W
/I

R
-T

R
 e

x
p

er
im

en
t 

ca
n

 b
e 

e
m

p
lo

y
ed

 [
1

2
0

].
 

 T
h
e 

st
at

e 
se

le
ct

io
n
 c

a
n
 b

e 
b

as
e
d

 o
n
 r

ad
ia

ti
v
e 

co
u
p

li
n

g
 o

f 
le

v
e
ls

, 
w

h
ic

h
 c

a
n
 b

e 
se

t 
to

 a
n

y
 p

ar
t 

o
f 

th
e 

M
W

 r
eg

io
n

, 
b

y
 u

ti
li

zi
n

g
 e

it
h
er

 t
h
e
 c

m
 w

av
e 

im
p

u
ls

e
 c

ap
ab

il
it

ie
s 

o
f 

th
e 

F
P

 F
T

-M
W

 

se
tu

p
 o

r 
an

 a
d

d
it

io
n
a
l 

m
m

 w
av

e 
o

r 
su

b
-m

m
 w

a
v
e 

so
u
rc

e.
 2

D
-s

p
ec

tr
a 

ca
n
 t

h
en

 b
e 

o
b

ta
in

ed
 i

n
 

tw
o

 
d

if
fe

re
n
t 

w
a
y
s,

 
i.

e.
 
th

e 
se

co
n
d

 
d

im
e
n
si

o
n
 
o

f 
th

e
 
sp

ec
tr

a 
ca

n
 
sp

an
 
ac

ro
ss

 
d

if
fe

re
n

t 

d
o

m
ai

n
s:

 
B

y
 

ac
ti

v
e 

sc
a
n

n
in

g
 

o
f 

th
e 

IR
-L

A
S

E
R

 
w

av
e
le

n
g
th

, 
2

D
 

M
W

/I
R

 
sp

ec
tr

a 
ar

e 

g
en

er
at

ed
; 

b
y
 

in
cr

e
m

e
n
ti

n
g
 

th
e 

(M
W

,m
m

,s
u
b

-m
m

)-
so

u
rc

e 
fr

eq
u
e
n
c
y
, 

2
D

 

M
W

/(
M

W
,m

m
,s

u
b

-m
m

) 
sp

ec
tr

a 
ar

e 
g
en

er
at

ed
. 

A
 

su
p

er
so

n
ic

-j
et

 
se

tu
p

 
fo

r 
F

P
 

F
T

-M
W

 

d
et

ec
te

d
 (

M
W

,m
m

,s
u
b

-m
m

)/
tu

n
ab

le
-I

R
 t

ri
p

le
-r

es
o

n
an

ce
 i

n
te

ra
ct

io
n
 i

s 
d

ep
ic

te
d

 i
n
 F

ig
. 

1
5

: 

V
ia

 a
 p

er
is

co
p

e 
(2

) 
th

e 
tu

n
ab

le
 m

id
-I

R
 r

ad
ia

ti
o

n
 (

1
) 

o
f 

a 
p
u
ls

e
-N

d
:Y

A
G

-L
A

S
E

R
 p

u
m

p
e
d
 

‚o
p

ti
ca

l-
p

ar
a
m

et
ri

c-
o

sc
il

la
to

r/
o

p
ti

ca
l-

p
ar

a
m

et
ri

c
-a

m
p

li
fi

er
‘ 

(O
P

O
/O

P
A

) 
L

A
S

E
R

-s
y
st

e
m

 i
s 

d
ir

ec
te

d
 i

n
to

 a
 m

u
lt

ip
as

s 
se

tu
p

 (
3

) 
o

f 
tw

o
 c

o
n
ce

n
tr

ic
 s

p
h
e
ri

ca
l 

re
fl

ec
to

rs
 o

f 
h
ig

h
 r

e
fl

ec
ti

v
it

y
, 

h
av

in
g
 t

h
e 

ra
d

ia
ti

o
n
 p

as
sw

a
y
s 

cr
o

ss
 t

h
e 

je
t’

s 
ex

p
an

si
o

n
 v

o
lu

m
e.

 F
o

r 
an

 e
ff

ic
ie

n
t 

o
v
er

la
p

, 
a 

sl
it

-n
o

zz
le

 (
4

) 
in

st
ea

d
 o

f 
a 

ci
rc

u
la

r 
o

ri
fi

ce
 c

an
 b

e 
u
ti

li
ze

d
. 

T
h
e 

m
m

 w
av

e 
o

r 
su

b
-m

m
 w

a
v
e 

si
g

n
al

 (
5

) 
is

 b
as

ed
 o

n
 a

 p
ri

m
ar

y
 c

m
 w

a
v
e 

g
e
n
er

at
o

r,
 m

u
lt

ip
li

ed
 b

y
 a

n
 a

ct
iv

e
 m

m
 o

d
er

 s
u
b

-

m
m

 w
a
v
e 

m
o

d
u
le

 a
n
d

 p
h
as

e
-l

o
ck

ed
 t

o
 t

h
e 

fr
eq

u
en

c
y
 s

ta
n
d

ar
d

 o
f 

th
e 

F
P

 F
T

-M
W

 i
n
st

ru
m

e
n

t 

sh
o

w
n
 i

n
 F

ig
. 

1
4

, 
w

ic
h
 p

o
la

ri
ze

s 
(7

a)
 a

n
d

 d
et

ec
ts

 (
7

b
) 

th
e 

m
o

le
c
u
la

r 
p

ro
b

e 
v
ia

 t
h
e 

h
o

rn
 

an
te

n
n
a/

re
fl

ec
to

r-
se

tu
p

. 
If

 t
h
e 

p
ri

m
ar

y
 g

en
er

at
o

r 
- 

in
te

rn
al

ly
 o

r 
ex

te
rn

al
ly

 –
 a

ll
o

w
s 

fo
r 

it
 a

n
d
 

al
so

 
th

e 
su

b
se

q
u
e
n
t 

si
g

n
al

 
m

o
d

u
le

s 
ar

e 
co

m
p

at
ib

le
 

w
it

h
 
an

 
I/

Q
- 

o
r 

p
h
as

e-
m

o
d

u
la

ti
o

n
, 

co
m

p
li

ca
te

d
 c

o
h
er

en
ce

-e
x
p

er
im

en
ts

 b
ec

o
m

e 
p

o
ss

ib
le

. 
T

h
e 

h
o

rn
 a

n
te

n
n
a 

(6
) 

ir
ra

d
ia

te
s 

th
e 

ex
p

an
d

in
g
 j

et
 w

it
h
 t

h
e 

el
e
k
tr

o
m

ag
n
et

ic
 f

ie
ld

. 

 C
o

n
cl

u
si

o
n

: 
 T

h
e 

d
ev

el
o

p
m

e
n
t 

o
f 

A
/D

- 
an

d
 D

/A
-c

o
n

v
er

te
rs

 i
s 

o
n
e 

o
f 

th
e 

m
o

st
 d

y
n
a
m

ic
 

fi
el

d
s 

o
f 

te
c
h

n
ic

al
 d

ev
el

o
p

m
e
n
t,

 r
es

u
lt

in
g
 i

n
 n

e
w

 d
ev

ic
es

 s
u

ch
 a

s 
th

e 
fa

st
 A

/D
-r

ec
o

rd
er

 a
n
d
 

D
/A

-s
o

u
rc

es
 w

h
ic

h
 a

re
 e

x
p

ec
te

d
 t

o
 o

u
td

at
e 

th
e 

st
il

l 
w

id
el

y
 u

se
d

 a
n
al

o
g

 s
o

u
rc

es
 a

n
d

 s
ig

n
a
l-

p
ro

ce
ss

in
g
 d

ev
ic

es
. 

C
o

n
si

d
er

in
g
 t

h
e 

v
er

sa
ti

li
ty

 c
o

m
b

in
ed

 w
it

h
 e

v
en

 w
id

er
 c

o
v
er

ag
e 

an
d
 

h
ig

h
er

 f
re

q
u
en

ci
e
s 

so
o

n
 t
o

 b
e 

re
ac

h
ed

, 
it

 i
s 

an
ti

ci
p

at
ed

 t
h
at

 F
P

 F
T

-M
W

 i
m

p
le

m
e
n
ta

ti
o

n
s 

li
k
e
, 

e.
g
.,

 W
ID

E
-I

M
P

A
C

T
 d

is
cu

ss
e
d

 a
b

o
v
e 

ar
e 

b
ec

o
m

in
g
 t
h
e
 m

o
st

 i
n
te

re
st

in
g
 i
n

st
ru

m
e
n
ts

 f
o

r 
F

T
-

M
W

 s
p

ec
tr

o
sc

o
p

y
 a

n
d

 w
il

l 
re

v
o

lu
ti

o
n
iz

e 
th

e 
fi

el
d

. 
 

 W
it

h
o

u
t 

ch
ro

m
o

p
h
o

re
, 

si
n
g

le
 r

o
ta

m
er

s,
 c

o
n
fo

rm
er

s 
a
n
d

 i
so

m
er

s 
as

 w
el

l 
as

 i
so

to
p

o
lo

g
s 

c
an

 

b
e 

u
n
a
m

b
ig

u
o

u
sl

y
 i

d
e
n
ti

fi
ed

 s
im

u
lt

a
n
eo

u
sl

y
 a

s 
fr

ee
 s

p
ec

ie
s 

at
 h

ig
h
es

t 
re

so
lu

ti
o

n
 i

n
 a

 s
h
o

rt
 

ti
m

e;
 F

ig
. 

1
6

 d
em

o
n
st

ra
te

s 
th

is
 w

it
h
 a

 s
ec

ti
o

n
 o

f 
th

e 
ro

ta
ti

o
n
al

 s
p

ec
tr

u
m

 o
b

ta
in

ed
 f

ro
m

 

V
it

a
m

ic
 C

 (
m

p
 =

 1
9
0

°C
),

 w
h

ic
h
 r

eq
u
ir

ed
 a

 r
ec

o
rd

in
g
 t

im
e 

o
f 

7
5

 m
in

u
te

s 
in

st
ea

d
 o

f 
>

1
 d

ay
 

in
 a

 c
o

n
v
e
n
ti

o
n
al

 m
ea

su
re

m
e
n
t:

 V
it

a
m

in
 C

 i
s 

a
 γ

-l
ac

to
n
e 

ri
n
g
, 

w
ic

h
 e

x
h
ib

it
s 

tw
o

 h
y
d

ro
x

y
l 

g
ro

u
p

s 
an

d
 a

n
 e

th
y
ld

io
l 

si
d

e-
ch

ai
n
. 

T
h
e 

fo
u
r 

h
y
d

ro
x

y
l 

g
ro

u
p

s 
ca

n
 s

im
u
lt

a
n
eo

u
sl

y
 a

ct
 a

s 

p
ro

to
n
-d

o
n
o

r 
an

d
/o

r 
–

ac
ce

p
to

r,
 t
h
e 

k
et

o
n

- 
a
n
d

 e
th

er
-g

ro
u
p

s 
fu

n
ct

io
n
 a

s 
p

ro
to

n
 a

cc
ep

to
r.

 W
it

h
 

5
 
in

te
rn

a
l 

d
eg

re
es

 
o

f 
fr

ee
d

o
m

 
to

 
co

n
fo

rm
er

iz
at

io
n
, 

1
1

 
in

tr
a-

m
o

le
c
u
la

r 
h

y
d

ro
g
e
n
 
b

o
n

d
s 

b
ec

o
m

e 
ac

ce
ss

ab
le

, 
w

h
ic

h
 c

an
 f

o
rm

 t
h
re

e 
d

if
fe

re
n
t 

ty
p

e
s 

o
f 

b
o

n
d

s:
 O

-H
..

.O
=

C
, 
O

-H
..

.O
 u

n
d

 

O
-H

..
.O

-H
. 

T
h
is

 b
ri

d
g
e 

p
u
zz

le
 c

an
 s

ta
b

il
iz

e 
n
u

m
er

o
u

s 
en

er
g
et

ic
al

ly
 l

o
w

-l
y
in

g
 c

o
n
fo

rm
er

s.
 

In
 f

ac
t,

 M
P

2
/6

-3
1

1
+

+
G

(d
,p

) 
ab

-i
n
it

io
 c

al
cu

la
ti

o
n
s 

p
re

d
ic

t 
u
p

 t
o

 1
7
 c

o
n
fo

rm
er

s 
w

it
h

in
 9

0
0

 

c
m

−
1
 (

n
in

e 
co

n
fo

rm
er

s 
w

it
h
in

 7
0

0
 c

m
−

1
, F

ig
. 1

7
),

 w
h
ic

h
 e

x
h
ib

it
 u

p
 t
o

 f
o

u
r 

si
m

u
lt

a
n
eo

u
s 

in
tr

a-

m
o

le
cu

la
r 

h
y
d

ro
g
e
n
 b

o
n
d

s.
 T

h
e 

sp
ec

tr
al

 t
ra

n
si

ti
o

n
s 

ca
n
 u

n
a
m

b
ig

u
o

u
sl

y
 a

ss
ig

n
ed

 t
o

 e
x
ac

tl
y

 

th
re

e 
ro

ta
m

er
s 

I,
 I

I 
u

n
d

 I
II

 f
o

rm
in

g
 t

h
e 

h
y
d

ro
g
e
n
 b

o
n
d

 n
et

w
o

rk
s 

(1
,3

,6
,8

),
 (

1
,5

,7
) 

b
zw

. 

(1
2

,4
,7

).
 L

ik
el

y
 d

u
e 

to
 t

h
is

 c
o

m
p

le
x
it

y
, 

n
o

 g
as

p
h
as

e 
ex

p
er

im
e
n
ts

 o
n
 v

it
a
m

in
 C

 h
av

e 
b

e
en

 

re
p

o
rt

ed
 b

ef
o

re
 –

 i
n
 a

d
d

it
io

n
, 

th
e 

h
ig

h
 m

el
ti

n
g
 p

o
in

t 
(1

9
0

°C
) 

an
d

 t
h

u
s 

lo
w

 v
ap

o
r 

p
re

ss
u

re
 

m
ak

e 
th

e 
e
x
p

er
im

e
n
t 

e
v
en

 m
o

re
 d

if
fi

c
u
lt

. 
T

o
 d

at
e,

 g
as

p
h
as

e 
ex

p
er

im
e
n
ts

 o
n
 a

n
y
 v

it
a
m

in
s 

w
h

er
e 

li
m

it
ed

 t
o

 p
h
o

to
-e

le
k
tr

o
n
 s

p
ec

tr
o

sc
o

p
y
 o

f 
th

e 
v
it

a
m

in
s 

A
 [

1
2

1
] 

an
d

 D
 [

1
2

2
].

 T
h
e 

re
q

u
ir

ed
 c

o
m

b
in

at
io

n
 o

f 
F

P
 F

T
-M

W
 s

p
ec

tr
o

sc
o

p
y
 w

it
h

 L
A

S
E

R
-a

b
la

ti
o

n
 –

 w
h

il
e 

u
ti

li
zi

n
g
 

th
e 

th
ir

d
 h

ar
m

o
n
ic

 (


=
3

5
5

n
m

) 
o

f 
a
 p

s-
L

A
S

E
R

 -
 f

o
r 

a 
fr

ag
m

en
ta

ti
o

n
-f

re
e 

ev
ap

o
ra

ti
o

n
 o

f 

v
it

a
m

in
 C

 [
1

2
3

] 
o

p
en

s 
a 

w
id

e 
v
is

ta
 f

o
r 

th
e 

ra
zo

r-
sh

ar
p

 c
h

ar
ac

te
ri

za
ti

o
n
 o

f 
la

rg
er

, 
d

el
ic

at
e 

b
io

-o
rg

an
ic

 m
o

le
k

u
le

s.
 

 T
h
e 

m
o

st
 

ex
c
it

in
g
 

p
er

sp
ec

ti
v
e 

fo
r 

F
P

 
F

T
-M

W
 

m
ig

h
t 

b
e 

it
s 

su
it

ab
il

it
y
 

fo
r 

ro
ta

ti
o

n
al

 

sp
ec

tr
o

sc
o

p
y
 d

ir
ec

te
d

 t
o

w
ar

d
s 

th
e 

o
b

se
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