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T A B L E II 
L A V I T Y P A R A M E T E R S F O R D-38 M M A N D a = 6.10~ 4CM" 1

 A T 100 M T O R R 

N / K 8/1 12/1 16/3 

d [n] 2.08 1.25 0.85 

R [m] 26.0 36.7 5.0 

C ( F i g . 4) 4.0 10"6 5.7 10~6 8.5 10"6 

a [mm]Cr0- 5_) 
4 

5.5 10.8 2.25 

p a b S / p

0 m 77.05 70.66 64.39 

A similar approach can be made for rectangular waveguide 
R lasers with curved mirrors using pump beam traces in a 

P arte. There is then no restriction in degeneracy values. 

O P E N R E S O N A T O R S 

It is worthwhile to reexamine here open FIR resonators, 
tose offer single transverse mode operation together with 
sSless propagation and with reflections at the mirrors nearly 

Jee °f coupling losses. There is no restriction to cavities with 
R and small d/R values. Because of the larger FIR mode 

a i a I t i e t e r , smaller injection hole diameters result from (3), 
w ^ c h again reduces FIR roundtrip losses. Thus, from the 
s t andpoint of pump efficiency and FIR cavity losses, open 
reSonators are superior to waveguide cavities. 

C O N C L U S I O N S 

The importance of high degeneracy of the FIR cavity for 
efficient use of the IR pump power has been outlined. 

Such cavities also exhibit a low sensitivity to length adjust­
ment because the separation of the resonance frequencies of 
neighboring transversal modes is proportional to K/N. The 
pump power reflected from such cavities and radiated back 
into the pump source is low. This reduces frequency pulling 
effects in the pump laser and the associated instabilities. A 
procedure to determine all the essential dimensions of highly 
degenerate F I R cavities except the laser tube diameter is given. 
The best choice for the tube diameter depends on a number of 
additional factors such as threshold pump intensity, desired 
F I R mode, F I R gain, and saturation parameter. 
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Quantum Counter for Far-Infrared Radiation 

H . L E N G F E L L N E R A N D K . F. R E N K 

Bloe 5 t r ° C t " T w o types of three-level quantum counters, based on the 
the" m ^ e r S e n and the inverted scheme, are discussed with respect to 

j* application for up-conversion of far-infrared (FIR) radiation to 
is reported on a tunable quantum counter of the 

aortxnT* ^ p e * i n 0 P t i c a l Iy pumpedjruby, photons at 29 cm"1 are ab-
fIuo b y t h e k * 1 1 ^ 0 1 1 E(2Er) ~* 2A(2E) and lead to an increased ^ 2 -
^¾°^ 8 ° 6 " 0 6 r a d i a t i o n * B v Zeeman splitting of the 2E levels, tuning of 
Jg

 e^cted frequency from 29 cm"1 to higher and lower frequencies 
HCN b l e ( W i t h 1 c m " 1 / T e s l a ) - U s i n g t h e 891-GHz radiation of an 

j a S e r we determine for the quantum counter a power conversion 
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efficiency of the order of 10"6 and a frequency bandwidth of 360 
MHz. We find the interesting result that phonon bottleneck due to 
resonant trapping of 29 cm"1 phonons can lead to an increase of the 
quantum efficiency by orders of magnitude. 

I . I N T R O D U C T I O N 

Q U A N T U M counters proposed by Bloembergen were real­
ized for the detection of radiation in the near-infrared 

frequency region [1] and of 28-ju laser radiation [2]. Indica­
tion of far-infrared (FIR) quantum counter action was found 
by Brown et al. [3] using for FIR absorption exchange coupled 
ground state levels of C r 3 + in dark ruby. 



In this paper we first discuss two principles ot three-level 
quantum counters for the FIR. We then report on a tunable 
quantum counter which converts radiation of the 300-jum 
wavelength region to visible light. 

II. P R I N C I P L E S O F FIR Q U A N T U M C O U N T E R S 

Two different principles of three-level quantum counters are 
shown in Fig. 1(a) and (b). The scheme of Fig. 1(b) was first 
proposed by Bloembergen. The FIR radiation is absorbed 
from the ground state giving rise to occupation of the inter­
mediate level 2 which leads to absorption of optical-pump 
radiation and occupation of level 3. The occupation of level 3 
is monitored by the optical signal radiation at the frequency 
V31. In the alternative system of Fig. 1(a) the optical-pump 
radiation is absorbed from the ground state and ions are 
excited to level 2. The FIR radiation is absorbed by the transi­
tion 2 3. The occupation of level 3 is again monitored by 
the fluorescence radiation at P3i. 

Here we want to point to one typical feature common to 
solid-state FIR quantum counters: the energy level which is 
occupied by the FIR absorption process has a very short re­
laxation time for spontaneous phonon emission due to the 
high density of states of the phonons in this frequency region. 
The relaxation time T1 is in the order of 10~9 to IO" 1 2 s de­
pendent on the special system. 

In the following we concentrate on the discussion of the 
quantum counter principle of Fig. 1(a). For the up-conversion 
power efficiency (fluorescent signal output P o w e r f o u t to FIR 
input power P i n ) an upper limit is given by 

(1) 

where it is assumed that the FIR radiation is completely ab­
sorbed by the transition 2 3. For typical values of 
T 1 = I O " 1 0 s, r = 1 0 " 3 s, and J ^ I A ' F I R = IO 3 , we expect 
1 V m a x " IO" 4 . This value can be enlarged by the bottleneck 
factor b if resonant phonons created by the relaxation process 
3-^2 are reabsorbed b times. As will be shown (see Section 
III) b can reach values higher than IO 2 . 

In the more general case where the FIR radiation is not 
completely absorbed, the conversion efficiency has to be de­
rived from the rate equations of the three-level system 
[compare Fig. 1(c)]. Under the influence of two radiation 
fields at frequencies V12 and v23 Withenergydensitiesp12 and 
P 2 3 , the levels 2 and 3 are excited with occupation numbers 
N2 and JV 3 . If the system is not saturated the following rate 
equations hold: 

N1 =-B12P12N1 +N2J21 +N3J31 

N2 =B12P12N1 - B23P23N2 +N3J32 - N2J21 

Ni =B23P23N2 - N3J32 - N3J31y 

where BiJ are the Einstein coefficients for the optical transi­
tions i -» / and Jij- are the total transition rates for radiation 
transitions and radiationless transitions. In these rate equa­
tions thermal occupation processes are neglected; it is sup­
posed that the system is cooled to low temperature. 

&23P23 
N 2 -

B12p12 

(a) (b) (c) 

Fig. 1. Principles of three-level quantum counters, (a) The intermedia 
level 2 is populated by the pump radiation. Absorption of r 
quanta leads to occupation of level 3. (b) The FIR is absorbed W 
transitions from the ground state to the intermediate level. (cJ 
general scheme with the various transition probabilities is shown-

In the case of CW-radiation fields, the time variations of the 
Ni are zero and one obtains for the signal rate of the: 3 -* 
transition the expression 

Z 3 1 =N3J31 V = 
B12P12N1B23P23V 

( — + 1) 72i +B23p23 

where F i s the active volume of the quantum counter. Because 
B23Pis « 7 2 i (weak FIR input) and 7 3 2 » 7 3 i , we obtain 
with the assumption 7 3 1 - J 2 1 the signal rate 

Z 3 1 =B12P12N1B23P23T1V <2) 

Equation (2) holds under the condition that the frequency 
bandwidths AviJ of the radiation fields ptj are larger than the 
widths AviJ of the corresponding absorption lines. In expert 
ments where narrow-band lasers are used to generate the pu^P 
and the FIR radiation ( A J ^ < AvIJ) the transition probabilities 
BiJPiJ have to be changed for the pump radiation^ 
B12P12(AviiIkv12) and for the FIRradiation XoB23Piii^ 
A f 2 3 ) . In this case we obtain for the signal rate 

A ^ 1 2 A ^ 2 3 

Z 3 1 =B12p12 —^lN1B23P23 ^ T 1 V . 
Av12 Av23 

The signal power leaving the quantum counter is given by 

^out = Z 3 1 ^ 3 1 . 

For the FIR power incident on the quantum counter W e 

have the relation 

^ i n = P 2 3 ^ 2 3 cF¥lK, 

and, for the power of the pump radiation 

Pp= p12Av12cFp. 

F f i r and Fp are the areas where FIR radiation and pumP 
radiation pass through and c is the speed of Ught in the Qp^ 
turn counter volume. 

With the approximate relation for the (maximum) absorpti° n 

coefficients, 

A F I R = 

Hv12B12N1 

cAv12 

Hv23B23N2 

cAv23 

for the pump radiation and, 

for the FIR radiation, 



^ E N G F E L L N E R A N D R E N K : F A R - I N F R A R E D R A D I A T I O N 

obtain for the quantum efficiency (with P23 = uFm) 

= ^ o u t

 =

 aP A F I R ^ F I R Tx Pji 

" Pin N2 hvFlR V9 

where / F I R = (VIFFIR) is the path length of the FIRbeam and 
1P = (VIFp) the path length of the pump beam in the detector 
volume. 

For the Fig. l(a)-type quantum counter it is reasonable to 
w r I te (3) in the form 

ABSORPTION-

Ti P 

= V P ' F I R ^ F I R h " ~y = ^FIRtfFIR 

- ^ . (4) 
* ^ F I R V 

expected the efficiency increases proportionally to the 
absorbed pump power P* = (aplpPp), and to the path length 

pIR- In order to have a large efficiency a large relaxation 
m e T1 and a large value of the FIR absorption cross section 

c p I R = (<*FIR/7V2) are desired. 
For the system of Fig. 1(b) approximately the same expres-

s i o H for the power efficiency [see (3)] is obtained if realistic 
Gumptions on the transition probabilities are made, especially, 

a t the transition probability of the optical transition 3 1 is 
^ual to or larger than that of the 3 ^ 2 transition. The ef-

l ciency can then be written 

Ti Pi 

"6= " F I R W ^ F I R V 
ftie efficiency increases linearly with pump power Pp and path 

nSth Ip of p U m p radiation. Because a F I R / F I R — 1 may be 
re^ched by suitable crystal doping for this quantum counter, a 

r S e absorption cross section op =(OtPIN2) for the optical 
p u ^Pradiation is desired (and again a long relaxation time Tx). 

Comparing the two quantum counter principles we find, for 
h types, comparable values for 77 i f the systems have com-

j?arable concentrations TV1 and similar transition properties 
^ Vb i f the product OYIRXOP is equal for the two systems). 

e values for 17 can, however, be quite different, depending on 
l t l e special system. 
a * s^ould be noted that the quantum counter of Fig. 1 (a) has 

s rIort response time given by the value Ti of the relaxation 
tk 0 C e s S * ^ o r t ^ i e o t ^ i e r t y P e > t r i e r e s P o n s e time is governed by 

lifetime r for the optical transition 3 -» 1. 
d ° r the Fig. l(a)-type quantum counter it is, however, more 

the l c i ^ t t 0 ^ i s c r i m i n a t e t r i e s i S n a * a t the frequency ^ 3 1 against 
e fluorescence radiation at the frequency v2i than it is for 

t h e Fig-l(b)-type. 

III. T H E R U B Y Q U A N T U M C O U N T E R 

A quantum counter similar to that of Fig. 1(a) can be real-
^ with ruby using the metastable ZT-Ievels as upper states. 
t

 e Principle is shown in Fig. 2. The ruby is pumped at low 
eff ^ e r a t u r e W 1 t h a mercury-xenon lamp and the E(2E) level is 

eCtively populated. Incoming FIR-quanta at 29 cm" 1 are 
sOrbed by the transition E-+2A and give rise to an ^ 2 -

llJ0reScence signal. 
k contrast to the scheme of Fig. 1(a) the pump radiation 
^ n o t absorbed directly by the 1 ̂  2 transition, but indirectly 

a t f l e pump bands of ruby. The quantum efficiency of this 

B A N D S j 

E 

PUMP 

Fig 2 Ruby FIR quantum counter. FIR photons are absorbed by the 
transition IA and cause an increase of R2 fluorescence. The E 
level is populated by radiationless transitions from the absorption 
bands. In a magnetic field B the excited state levels split according to 
the Lande factors£(F) = 2.445 a n d £ ( 2 J ) = 1.47. 

Fig. 3. Experimentalarrangement of the FIR ruby quantum counter. 

system is still described by (4) in which the value of Pp is 
proportional to the optical-pump power. 

The experimental arrangement is shown in Fig. 3. We used 
the chopped 891-GHz radiation of an HCN laser for FIR 
source. With a magnetic field parallel to the c-axis of the crys­
tal, Zeeman splitting of the levels E and IA is obtained. For 
two magnetic fields the system can be tuned to resonance with 
the laser frequency as indicated in Fig. 2. The R2 radiation 
is separated from the strong R1 -background with interference 
filters, detected with a photomultiplier and registrated using 
lock-in technique. _ 

The quantum counter signal is shown in Fig. 4 for the E_ -> 
2A+ transition at the field B i - S kG. From the signal half-
width of 130 G we obtain a bandwidth ^ 360 MHz 
(0.012 cm" 1 ) . A similar signal is obtained at B2 ^ 2 0 kG, 
which leads to the same detector bandwidth. We conclude a 
Hfetime for the 2A level of Ti ^(2nAp)'1 =4.4 X 10" i 0 s. 
This value is in good agreement with a theoretical estimate of 
3 X IO" 1 0 s [4]. 

We have measured the dependence of the signal power P o u t 

as a function of the optical-pump power. The result is shown 
in Fig. 5. For the signal at B2 ^ 20 kG (E_ -* 2AJ our mea-
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Fig. 4. Response of the ruby quantum counter in a magnetic field for 
the 891-GHz radiation of an HCN laser. 

surements indicate a linear relationship. For our highest pump 
power we estimate P* — 0.1 W. With this value we obtain 
from (4) for the power efficiency 17 — IO" 6 with respect to 
the transition E -> 2A_. 

For the signal at the magnetic field Bi we find the interest­
ing result that the signal power P o u t increases quadratically 
with the optical-pump power. This indicates a strong phonon 
bottleneck* [5] for the relaxation of the 2A+ level. The effec­
tive relaxation time is Tb = 7\(1 +Z?)— bTx where b is the 
number of reabsorption processes for the resonant 29 cm" 1 

phonons. Replacing Tx in (4) by Tb and, regarding that b in­
creases proportionally to the concentration of excited C r 3 + 

ions we find that (for constant FIR input power) the signal 
output varies quadratically with the pump power, in agree­
ment with our experimental curve. We conclude from our 
results that b > 100 for our largest optical-pump power. Our 
result demonstrates that the bottleneck effect can increase the 
efficiency of the quantum detector by orders of magnitude. 

For low optical pump powers (see Fig. 5) the quantum 
counter signal for the E_ -> 2A+ transition is at least two orders 
of magnitude smaller than that for the £^-•2^4, transition. 
Ihis indicates a very small absorption cross section for the 
E^ 2 A+ transition. 

The sensitivity of our present quantum counter is noise-
limited by the R2 occupation arising from the pump process 
which leads to an occupation of the 2A level given by N3 = 
(731/732) X TV2 - I O " 7 . If the level would be directly 
pumped by a dye-laser this problem would vanish and the 
intrinsic noise of the quantum counter should disappear as 
the temperature is low enough. We estimate that with a CW 
dye-laser emitting 0.1 W at the line a minimum signal in 
the order of 1 0 " u W can be detected. In this estimate it is 
assumed that the noise is caused by the photomultiplier with 
about 50 dark counts per second. The strong Ri radiation 
has to be suppressed by a factor of IO 1 6 with interference 
filters for which a total transmission of IO" 3 for the R2 radia-

50 100 
PUMP POWER ImWI 

Fig. 5. Quantum counter signal as a function of the absor 
pump power Pp. 

tion is assumed. An additional increase in the sensitivity l S 

expected by a multiple pass arrangement for the FIR» t ^ u s 

effectively enlarging / F I R in (4). 
The Zeeman splitting of the Fand 2A levels can be used to 

tune the FIR frequency at which the quantum counter r e 

sponds. Dependent on the Zeeman components, the detector 
can be tuned from 29 cm" 1 to higher and lower energies Wi 
about 1 cnT 1 /T . 
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