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INTHLLUCTION

The search for efficient and powerful sources of cochorent
radiation spanning the widest possible spectral range is a wajor
tas in the fields of Quantum electronics and Laser spectroscopy.
Until the discovery in 1970 : of the optically pumped Far Infrared
{ It ) lasers, the submillimeter range of the spectrum had been
alriost barren due to the lack of radiation sources. Before 1970,
the FIR portion of the electromagnetic spectrum was only very
sparsely covered by melecular glow discharge lasers ( HCN, DCN,
H,0 )} and the 1list of available lagser lines was rather poor2
Since 1970 more than two thousand aptically pumped FIR laser lines
throughout  the 0.03 to 2 mm region were discovered, some providing
hundreds of Killowatts of peak power in pulsed operation, others
providing o few hundreds of milliwatts of continous power.

The +omission lines are so closely spaced in the wavelength range
Letween L mm and 0.03 mm that these sources of radiation can be
constdured to be step-tunable. Power fluctuation can be limited to
a few nercent and frequency stabilityv can be better than 1 part in
10% . Iy ract the emitted lines are in general homogeneously
brocdened and  the linewidths of the rescnator modes are larger
than the galin curve of the active medium. As a consequence, the
frequency of the emitted radiation is determined by the molecular
trancitions and 1s only slightly perturbed by the cavity tuning
via pulling effects. This makes it possible to use FIR sources in
hiyh resolution spectroscopy without the need of active frequency
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“iale for o the  pulsed  regime other sources { FEL } oare torecast,
sdue opgically pumped FIR laser will remain the aonly pracrical OW
sovreo for some years to come at least in the region 1 oto 1O Thao.
A numizer of  review  npapers were published in the pavit -2 A

critical  review of the laser emissions from 30 of the most useful

melecuies has also been publzshedlo

FIR LASER LYSTEN

Tha FIR lasers need as a pump source a laser emitfing phorons
with an  energy well above the KT in order to excite the molecules
in an empty vibrational state. The laser action takes place
between  the rotational states of this vibrational manifold as

shown tn fig. 1.

excited vibrational slate
m, S

ground vibrational state

FIG. 1

‘The most used pump laser is the CO, , in some cases the isotopic
Oy lasers, the ©0, seguence lines laser and the N30 laser were
d!;u used. A typi~al long pulse or continous-wave optically pumped
FIR laser system 15 shown in fig. 2. The pump source must have an
ounput. nower  wn the 3-60 W range. Only in  the case of very
etficient FIR laser lines the threshold pump power can be as low

e a few hundred milliwarts. The nump laser is line selected by

A

weans of a ditfraction grating  while Luning resonance with the

absorprion line 15 obtained by a P2T tuner
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FIG. 2

[n many cases a waveguide resonator is used for the FIR, A hollow

dielectric cylindrical guide ( a Pyrex tube ) is a popular
solution since the lowest attenuation mode is the EHy;y + linearly
polarized without a preferred directiontl The FIR

electromagnetic field can be excited either parallel or orthogonal
to the polarization of the pump radiation according teo the AJ
selection rule 3!“. In the case of a cylindrical metallic
waveguide the lowest attenuation mode is the TEpy. The electric
freld has a minimum on the axis and a circular polarization that
misfits the pump radiation and causes a lower <conversion
effrciency. The rectangular hybrid waveguide consisting of two
metallic and two dielectric sidewalls is also used since in this
case 3 homogenaous electric field can he easily appl:ed on the FIR
laser active medium. By means of the Stark effect new FIR laser
lines, a significant power enhancement and a moderate frequency
tuning have been obtained for the most powerful CH30H laser
lines 2. .The waveguide resonators are terminated hy flat mirrors
that  must be oriented orthogonal to  the wavegurde axis. Metal
mirrors have a very good reflectivity at FIR wavelengths.

Alon  a confocal mirror cavity can be used. The fundamental mode 1s
the TEM,4 that comblnes very well with the pumo radiation. The
mirrers resonator 1s  convenient for long wavelengrh FIR lasers

(A-0U.5 mm ) stnce  in this  case 1t has a lower threshold wump
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power  than  the W.G. lasers. On the other hand W.G. lasers lave a
better conversion efficiency and  a larger output power. Jo faut
the vibrational relaxation in the FIR laser is dominated by the
wmoluecular diffusion toward the wall wich depends critically upon
the resonator diameter.

The pump laser power 15 coupled in the FIR laser by means of a
small hole ({ d <1 - 3 mm ) at the center of the input mirror. A
larger ([ d = 4 - 15 mm ) hele 1n the output mirror 1s otten used
for wextracting +he FIR power. A varlety of more sophisticated
output devices have been used’ , however a hole of the proper
diameter drilled in a metal mirror can always approach the best
extractron efficiency independently of the FIR wavelength.

Gne mirror must be translatable along the laser axis 1n order to
tune the FIR cavity in resonance with the FIR laser line. In fact
the laser line is much narrower than the cavity free spectral
range. The recording of the FIR output power as a function ot the
cavity length is a simple and convenient method to measure the FIR
laser wavelength with a maximum precision of about one part 1in
104 . Moreover 1in several molecules two, three or more FIR laser
lines are obtained for each pump line. Again the separation of the
different lines is obtained by changing the FIR cavity length.

RATE EQUATION MODEL

A rate equation model has proved to be gquite useful in the
description of the optically pumped FIR lasers?,12,13 | The model
is based on describing the kinetics as the sum of two separate
laser interactions that share a common level and including all the
collisional processes relevant for the relaxation of the perturbed
states toward their equilibrium wvalues. The rate equation model
has proved to be in qualitative agreement with all the relevant
FIR laser features with the obvious exception of effects like the
AC Stark effect and the Raman gain that reguire a gquantum
mechanical treatment. A common lay-out in the description of the
CW FIR laser takes into account that the pump transition 15
Doppler broadened while the FIR transition is homogeneously
broadened (typical pressure broadening ~ 20-30 MHz/Torr). Moreover
it 1s demonstrated experimentally 15,16 that the velocity and M
changing collisions are negligible compared to the AJLA K,ﬁ;ﬁ
charying collisions. As a conséguence of tha Doppler broadening 1in
the CW FIR lasers, only a fraction of the molecules in the level

ny (fig. L) can Dbe simultaneously excited and the velocity

dependent excitation rate 1s
Vvl R Vo, N
WLVJ:L _l X (U)Uk‘"q%zﬁﬁ 1)
RN >
<
Wi re (ngv) 15 the saturated absorption coefficient tor the pump
Lrans it 1Gn, Ip the pump antensity, f;3 the fractiovnal rotaticnal

wijullibrium population and N the ground state vibrational manifold
population.  Since  the IR absorption per transit in the FIR cavity
1% small  we  can assume that the pump radiation 1s propagating in
the cavity with about the same intensity in both directions. In
this case, as & first corder expansion in IP/I§R

T
5 ¢ I. (AVy /2) -4
Ao = A A4 (4 T ; 2)

IR iR 2l V=V BV )
where c{k, 1%, and AV, are the unsaturated absorption, the
saturation intensity and the homogenecus linewidth of the IR
transition respectively. The relaxation between levels is a
consequence of collisions. The rotational relaxation within a
given vibrational state is very fast ( ¥~ 1019 sec“latm'l) while
the relaxation between the vibrational states 1is wmuch slower
([:~105_107 sec-latm~1). aAs a consequence also the wall collisions
contribute significantly te the excited vibrational states
relaxation, with a diffusion rate proporticnal to p~ld=2 (p: gas

pressure, d: FIR resonator diameter). The spontaneous radiative
emission being negligible we have

Moo+ D/ 100004 4 Torn + 10 57 Ton ™

In conclusion in the FPIR laser there is a bottleneck with a fast
thermalization within the vibrational states followed by a slower
relaxation between the wvibrational states.The fraction of
molecules 1n the upper vibrational level is

M= P1h +Me = flﬁ%#!@lﬂ + Me 3
where My s the population at thermal equilibrium. At the steady
state

A’*"t) — 1NW(9J—_(@{”“1) = V{m, {2 I

()=t =-(Z), 7 ¥ ma b
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The unsatarated gain for the PIR lane 15 then
o Now c .
()( — ?\\)F“q ROV j—_‘ﬁ_—+“(+1-£‘ }) 1
Fie - X %3 b

stimulated emission cCross  section and a

re N her
wliere [ ? [3
the FIR tre Ltreon.

homogenrous broadening has been assumed for

The FIR gain 15 positive only when

N wi(v)
‘{“L- (-_ 2 H(‘;ﬁ:‘_%’x,-‘&'a) 31
4 3>
which is a threshold condition for the FIR laser. When Mp>> M,
eq. 6 beromes
¥ hv
12 ‘*(& {'3“%‘1) [r £ 73
M KT

be satisfied without considering the

that in most cases cannot
diffusion relaxation. There is a cutoff pressure given by

m V2
TLC < Z 8)
] +
r (L 19
where X: Yp. ‘a"'
The typical operating pressure, around p, /2, is in the range

0.3-0.03 Torr.
The output
approximately given by
T OI‘-:'
R = Vv A 9
22T

volume of the active medium, T the output mirror
the round trip cavity losses. By using eq. 5

15

power from a homogeneously broadened laser

where V is the
transmission and

-Pfﬁi :%%‘Eﬂ 10 g“im’%b‘]w[‘g-“(i‘]ﬁ & )} 10)
where £NW(V) can be conveniently written as
&'MW T—m—'PR ___ﬁd‘ﬂL ,.,H_Jin 11}
Vo Seadgbl W Vig
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where L is the FIR cavity length and Slﬂthe FIR cavity losses

IR freguency. Since

G&HH ]:ilﬂ - 5,/(‘i-+ —-)

eq. 10) can be finally wratten aslﬁ

E?_".'!f Pir HR dla_lt_w . '1—5("; {'\‘E't}b*["} )412)

v v VIR B dg 6FN+T_ o pE!

The o 1
he above equation represents a guideline for evaluating the

maximur  expected conversion efficiency of an optically pumped FIR
laser. The meaning of the wvarious terms in eqg. 12 g
straightforward. The {requency ratio expresses the quantu;
conversion efficiency multiplied by a factor of order 1/2 since
92 +94 and the rotational lifetime has been assumed equal for all
the levels. Prpp is the pump power injected in the FIR cavity. The
next  two  terms express the cavity efficiency at IR  and FIR
wavelengths respectively. The final bracketed term includes th;
moieuuldr dynanlcs as discussed 1n eqg. 5-B. ‘

IF;{ and d.,m do not appear in eg. 12 as a consequence of
oversimplification of eq. 9, leading to the conclusion that all
the lines of a given molecule would have the same efficiency. iIn
féct it is possible to assume 2 K gl 77 & +T only in the case of
high gain FIR lines. A less approxlmated eq. 2 must be used when
the gain ig low 1. 1t is worth noting that even for the strong IR

lines dhzls of the order of unity in m-l Terct
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FIG. 3- Transferred Lamb dip cbserved in the 0.119 mm FIR laser

line as a function of the €N frequency runing{atter ref. 24}



A7a 0 consesjuence 1t 1s important tor an efricrent conversion to
have a FIR <cavaty with small IR absorption. The rate eguation
model  can explain other observed effects. As an example from eqg. 2
4 saturation pump dip is expected when the pump laser frequency 1is
runcd  In  resonance with IR absorbing line. As a consequence the
FIR laser output must have a corresponding power decrease as is
clearly shown in  fig. 3. This effect is known as the transferred
Lamb dip and is particularly useful for a precise measurement of
the pump offset5,17

SELECTION CRITERIA FOR THE FIR LASER LINES

Up to the present time FIR laser lines have been obtained
from about 100 molecules. However the observed frequencies and the
efficiency are quite different and some further criteria may be
useful for the selection of the molecules.

Frequency

To a first order the rotatiopal eneryy of a4 symmetric top
molecule is '

WQ - BT(T-&&)—’—QQ-—B) Kz 13)

The selection rules for rotational lines are AJ = 1, AK = 0 and
the emitted frequency is glven by Y= 2BJ. Since the B constant is
inversely proporticnal to the moment of inertia the FIR laser
lines are confined in the region 1 =~ 0.4 mm with the only
exception of some special molecules like NH3. In asymmetric as
well as slightly asymmetric top molecules the permanent electric
dipcle moment may have a non vanishing component along all the
principal axes of inertia and transitions with A.K =31 {( or
equivalent for K4 and K_; ) are allowed adding a new energy turm
te the transitions. In the case of lightweight nearly symmetric
top molecules like CHyOH and CH,Fy the FIR laser lines are shifted
mainly in the 0.4 0.1 mm region (fig. d4). A further effect like
inversion or internal rotation may add a new epergy term to the
levels. The most important case 1is that of CH40H where the
internal rotation <f the OH group with respect to the CHy methyl
group needs the lntroduction of two new guantum numbers T, and n.
AS a conseguence the number of levels populated 4t rcoom
temperature 1is increased by about a factor six and the selectiun
rules are relaxed to AJ =%1,0, AK =%1,0, An any. In particular
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FIG. 4 - { after E.J, Danielewiecz in ref. 10 )

the levels with n = 0 and n = 1 have an energy separation of about
150 cm™? and the corresponding FIR laser lines a wavelength in the
0.1 - 0.03 mm region. For this reason the CHgOH and its
1s50toplcally substituted forms are the most important molecules to

obtain FIR laser lines with a wavelength in the 0.3 ~ 0.03 mm
region.

Eff1c1encz

Equation 12) is the starting point for selecting molecules
candidate toro high <conversion efficiency FIR laser lines. In
particular o g must be large, a condition satisfied when the
electric dipole moment of the vibrational transitian [)A ]Ls
lerge and cthe rotational partition function 2 is small. The ;;tio
1" must be on the contrary as small as possible. The permanent
celectric dipole moment 1}4\ must be also large in order to have a
latge gain  ac the FIR transition. In table I are shown the values
of  the significant parameters for some of the most popular FIR
lasing molecules.S 1s the band intensity in cm-2atm-l, 2z the

rotational partition function, X=S/Z, and Y=x= (the data of table
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TADLE T
MOLECULES 5 z X (x107) Y (x108)
CHJI 316 9294 q 3
CHEF 440 2730 161 4.2
C H_F 200 14772 6 30
222
CH)F2 1196 12404 96 159
CH]OH 832 14280 58 1280
020 400 225 2000 390000
NH3 900 210 3000 170000
I are from ref. 7). The numbers in the last column are the

guideline for the molecules selection. In fact the important
molecule CHzF; was successfully selected in this way?.18 However
it must be noted that a large number of coincidences with the CO;
pump lines is possible only when 2 is large. For this reason CHok
and CH30H are very rich in FIR laser lines while the more
promising 14NH3 have no coincidences with the CO, laser. Moreover
not  all the strong absorbing lines of a good molecule may producs
strong FIR laser lines since the effective dipole moment I)Atml is
a function of the quantum numbers J and K and of the selection
rules, As an example in the case of a symmetric top moclecule the
intensity of a IR line with AJ=0 (Q branch) is proportional to K2
while the intensity of the associated FIR laser line i
proportional to J2-X2, In table IT are listed the most efficient
FIR laser lines, The quoted powers have been obtained in different
experimental conditions and are only indicative of the expected
output power in optimized conditions and with an average DUy
power, The experimental evidence shows that the output power
scales  linearly with the pump power and the FIR cavity length. The
conversion eificiency of the lines listed in Table II is of the
order of 10~25%. This figure must be multiplied by the Vhe/2V,
factor which reduces the absolute power proportionally to the FIR

wavelength.

226

MOLECULE C02 LINE FIR POL POWER
{‘um } { miy )
15
N”] 10R 18 152.74 _L 180
13
(" Tco.
cH, 1 109 18 477.15 /s 40
HCOOH 9r 18 393.63 /7 50
cH F, 9R 32 184.30 AL 150
' 9R 20 117.73 1L 70
CH30H 9p 36 118.83 J_ 400
(7502
9R 10 96.52 /7 300
5P 34 70.51 100
9p 32 42.16 s/ 50
9P 16 570,57 yy; 18
co o 19R 18 41 .35 1 60
l3cn30ﬁ 10p & 127.02 1 b

a- High pumping power; see ref. 20
b~ Stronger than the CHBOH 119 pem: see.ref. 29

IMPROVING THE EFFICIENCY OF THE LASERS

The output power of the optically pumped FIR laser can be
improved in several ways.

1- Tavity length, pump power

By 1increasing the FIR cavity length the quantity of lasing
molecules incresases proportionally, thus increasing alsc the
output  power as long as the single pass attenuation of pump power



vemaing o small. Experimentally a power locrvaste proportional to the
vavity length has been observed up to 3-4 m in the case of CHIOH
113 and 71 e laser lines. In this way 1t is possible to bypass
the wvibr.tlonal relaxation bottleneck discussed in the pPrevious
section. The limit in the useful cavity length depends also on the
davailable pump intensity and on the pump saturation effact,

2- CQO; tunability

The gas absorption depends on the frequency detuning of the
€0, laser from the absorbing line center. FIR line emission can be
usually observed only for detunings smaller than the Doppler
linewidth as shown in fig. 3. Since a perfect coincidence with the
€O, line is unlikely, a €Oz laser with a TEMgg mode frequency
tunable over all the free spectral range is more convenient than a
higher power but multimode laser that cannot be tuned as a
consequence of mode hopping. In many cases FIR laser lines
classified as weak were found to be much stronger when pumped by a
short cavity CO3 laser with less power but larger tunability.

3- FIR temperature

From the rate equation model the conversion efficiency 1is
proportional to the number £)N of molecules in the ground state.
The fraction £) is a function of the gas temperature and can be
maximized either by heating or cooling the FIR laser. As an
example both the 496 pm line of CH3F and the 119 pm line of CH30H
have an optimum temperature around 0°C with a power increase of
about 30% with respect to the room temperature 19,20,8,

4~ Buffer gases

The VV and VT relaxation rates can be increased by adding a

buffer gas. A lightweight and transparent buffer gas like Hy, and’

He is wuseful in <cooling the gas that is heated by the absorbed
pump power and by increasing the V-T relaxation rate. In fact a
pbower aincrease of about 30-50% was found in the case of the
119 pm CH30H  laser 20 . On the coatrary no beneficial effect was
observed 1n the case of the 4961pm CH3F laser?l 9 power increase
of about B0 Vv was observed for this laser when 3Fg was used as a
buffer gaszztfiq.SJ. In this case there 1is a very fast near
resonant  VV  transfer Dbetween the two molecules and the SFg has
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FIG. 5 - Relative power emitted by 0.496 mm CH3F FIR laser as a
function of the total gas pressure with SFg as a buffer
gas (| atter ref. 22)

alsc a tast VT deactivation 9. The S§Fg gas has proved to produce
the greatest increase in output among all the buffer gases
reported.Unfortunately it is also a strong abscrber and must be
used only with a fraction of CO, laser lines.

5- Two photon pumping

In some cases the ground state 1s connected to the other
states of the ground vibrational manifeld by wmicrowave or
radiofrequency transitions. The pumping rate can then be increased
by transferring molecules from these levels by means of a resanant
Md or RF pump field (fig. 6). An output power increase was also
observed when the RF field was used to depopulate the lower FIR
laser level (fig. 6). The two effects are cumulative and can be

used to obtain a power increase of the order of 15-30% 23,

6- Hon linear Hanle effect {NLHE}

The molecules candidates for FIR laser sources must be polar
molecules with a large permanent electric dipole momenc. For many
of them, the Stark effect splitting of the M sublevels 1s larger
than the homogenecus Llinewidth even when the appiled electric
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FIG. 7 ~ NLHE power enhancement effect as a function of the applied
electric field ( after ref. 24 )

field intensity 1i1s of the order of a few hundred V/em. In this
case a4  large power enhancement can be obtained for many FIR laser
lines when the polarization of the €0y pump radiation is
arthogonal to the Stark field. Such power increase is explained in
terms of the non linear Hanle effect (NLHE}ﬁﬁzﬁzsthat predicts a
saturated absorption increase for any transition when the
degeneracy between ‘ﬁM=+l and AM=-1 transit_ans 13 removed with
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respect  to  the homogeneous linewidth by an external field., In the
case  of the FIR laser the increase in the pumping rate may be of
the order of 30-40 % and the increase in the FIR ¢mtput power 1§
as  large as 100 % to 500% as shown in fig. 7. The NLHE, being a
coherent effect between the M sublevels, 1s independent of the
frequency tuning of the CO, laser around the IR absorbing line. As
a consequence the power enhancement can be observed independently
of the detuning and the lasing frequency interval i1s increased as
is clearly shown in fig. 3. The NLHE enhancement has been observed
in the case of many laser lines including all the methyl alcohol
lines reported in table II.

It is worth to note that the effects described act independently
of the FIR laser and as a consegquence can be used simultaneocusly
in eorder to obtain a substantial power increase. As an example
methods 3 and 4 nearly doubled the output power of a 2.7 meters
long 119};m CH30H FIR laser2®

FREQUENCY TUNING

The FIR lasers are nearly fixed frequency laser sources.
However the freguency tuning of some lines has been increased by
about two orders of magnitude by using thn linear Stark effect 6
A fast frequency modulation ( 1 MHz} was also obtainedb . For many
powerful methyl alcohol FIR laser lines the Stark effect appears
as a splitting im only two laser lines at respectively lower and

al
TABLE III

Line Pump offset Tuning

(m} C0, pump (MHz) (MHz/XV cm™"} Stark lines
17.9 g-P(32) -16 59 2
70.5 9-P(34) +36 44,2 2
96.5 9-R(I1O} 0 12 2
03.3 9-P{16) -89 29 2
110.8 9-P(36) - 80 4.6 2
118.8 9-P(16) +19 26.4 2
1331 9-P{24} +6 101 2
1931 9-P(38) +13 34 2
205.6 9-P(14) +120 15 4
208.3 9-P(34) =130 135 2
261.5 9-P(12) +85 8.3 2
292.2 9-P(18) +13 20.5 2

a) After ref. 6



higher frequency  than  that  of  the uaperturbed  line, ay  a
conseyquence of the molecular selection rules (transitlons with

H= Ax=l  and XZJ/2).In table III are reported the cobserved sStark
TunLngs.

NEW EFFICIENT FIR LASER LINES

New FIR 1lusing molecules are continuously reported, however
efficient molecules satisfying the selection criteria previously
discussed are very few. New efficient laser lines are more likely

to be found by using isotopic substitutes of already well known

molecules 1like CH30H, NHj3, CHF,. A similar approach is to use the

isotopic CO; laser as a pump source. Recently powerful waveguide

C0; lasers have been developed with an extended tunability with

respect to the conventional one. In this way new coincidences with

strong absorbing lines of “efficient molecules” have
available and a new set of strong FIR
discovered in CH30H, 13 CH,0H,
available in the future29.27)

become
laser lines has been
CHFp and many others will be
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