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Caviry PARAMETERS FOR D-3§tﬁL£l; Ia =6.10""cM™" AT 100 MTORR
N/K 8/1 12/1 16/3
d [m] 2.08 1.25 0.85
R [m] 26.0 36.7 5.0
C (Fig. 4) 4.0 1076 5.7 1076 8.5 1076
a [mm)(ro= 123_) 5.5 10.8 2.25
Pabs / Pol%) 77.05 70.66 64.39

A similar approach can be made for rectangular waveguide
l lasers with curved mirrors using pump beam traces in a
Plane. There is then no restriction in degeneracy values.

OPEN RESONATORS

It is worthwhile to reexamine here open FIR resonators.

¢se offer single transverse mode operation together with
Ossless propagation and with reflections at the mirrors nearly
'€ of coupling losses. There is no restriction to cavities with
d_<R and small d/R values. Because of the larger FIR mode
meter, smaller injection hole diameters result from (3),
::h“:h «':l.gain reduces FIR roundtrip losses. Thus, from the
re:"dpomt of pump efficiency and FIR cavity losses, open

Onators are superior to waveguide cavities.

CONCLUSIONS

The importance of high degeneracy of the FIR cavity for
M efficient use of the IR pump power has been outlined.
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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 FIR 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
FIR mode, FIR gain, and saturation parameter.
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Quantum Counter for Far-Infrared Radiation

H. LENGFELLNER AnD K. F. RENK

l‘::’”racr—Two types of three-level quantum counters, based on the
theilmberg‘en .and the inverted scheme, are discussed with respect to
visibl:P_Phatlon for up-conversion of far-infrared (FIR) radiation to
i"Vertedhght' It is reported on a tunable quantum countfr of the
Yorbeq type: in optically pumped ruby, photons at 29 cm™! are ab-
fluoy by the transition E(2E) — 24(2E) and lead to an increased R,-
the d:%ence radiation. By Zeeman splitting of the 2E levels, tuning of
i ‘_e“ed frequency from 29 cm™! to higher and lower frequencies

Possible (with 1 cm™!/Tesla). Using the 891-GHz radiation of an
Ser we determine for the quantum counter a power conversion
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efficiency of the order of 107 and a frequency bandwidth of 360
MHz. We find the interesting result that phonon bottleneck due to
resonant trapping of 29 cm™! phonons can lead to an increase of the
quantum efficiency by orders of magnitude.

[. INTRODUCTION

UANTUM counters proposed by Bloembergen were real-

ized for the detection of radiation in the near-infrared
frequency region [1] and of 28-u 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 Cr3* in dark ruby.
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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-um
wavelength region to visible light.

II. PrRINCIPLES OF FIR QUANTUM COUNTERS

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
v3;. 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 v, .

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 T is in the order of 107 to 107!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 power P, to FIR
input power P;,) an upper limit is given by

Ty va

M

Mmax T VRIR
where it is assumed that the FIR radiation is completely ab-
sorbed by the transition 2->3. For typical values of
T,=10"1 5, 7=10"% 5, and v3 /vpr =10°, we expect
Tmax = 107*. 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 10%.

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 v,, and v,; with energy densities p,, and
P23, the levels 2 and 3 are excited with occupation numbers
N, and N;. If the system is not saturated the following rate
equations hold:

Ny =-By3012Ny + Ny + N3ya
N3 =B13012Ny = By3paN, + N3v3a - Naya

N3 =B33p23N; ~ N3v3p - N33,

where B;; are the Einstein coefficients for the optical transi-
tions i =7 and v; 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.
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Fig. 1. Principles of three-level quantum counters. (a) The intermediat®
level 2 is populated by the pump radiation. Absorption of
quanta leads to occupation of level 3. (b) The FIR is absorbed bY
transitions from the ground state to the intermediate level. ©
general scheme with the various transition probabilities is shown.

In the case of CW-radiation fields, the time variations of thf
N; are zero and one obtains for the signal rate of the 3~
transition the expression

B12p12 N1 ByspsV
Z3 =N3vy V= y ’

32

<_ + 1) Ya1 + Baapas

Y31

where V is the active volume of the quantum counter. Beci»‘u'se
Bg3p23 << Y21 (Weak FIR 1nput) and Y32 >> Yay, WE obtal?
with the assumption 3, =,; the signal rate

Z31 =B2p12N1By3ps T V. (2)

Equation (2) holds under the condition that the frequency
bandwidths Ap;; of the radiation fields p;; are larger than thf’:
widths Aw;; of the corresponding absorption lines. In exper!
ments where narrow-band lasers are used to generate the pumP
and the FIR radiation (Ay;; < Av;;) the transition probabiliti€s
Bijpi; have to be changed for the pump radiation to
B12p12(Avy2/Avy,) and for the FIR radiation to 323p23(AV23
Av,3). In this case we obtain for the signal rate

The signal power leaving the quantum counter is given by

Pout =Z31hV31 .

. €
For the FIR power incident on the quantum countef w

have the relation
Pin = p23 Bvy3cFpR,

and, for the power of the pump radiation
P, = pl2z-l_)l2CFp-

Frir and F, are the areas where FIR radiation and pumP
radiation pass through and c is the speed of light in the quat’
tum counter volume.

With the approximate relation for the (maximum) absor
coefficients,

ptioﬂ

hv,B;,N -
» = _"12_12_1, for the pump radiation and,
CAVlz
N
- hrnBal, ,  for the FIR radiation,

a =
FIR . CAry
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We obtain for the quantum efficiency (with v;3 = VFIR)
cPou _ploprlrir Ty Pp
Pi N, hVER v’

Where /g = (V/Fgr) is the path length of the FIR beam and

b=(VIF ») the path length of the pump beam in the detector
Volume,

n

3

EOI the Fig. 1(a)-type quantum counter it is reasonable to
Write (3) in the form

- T, P T, P}
n=ayl lerOpr —— & =1 2
plplFIROFIR 3 FIROFIR e V 4)

:lfs expected the efficiency increases proportionally to the
] orbed pump power Pj = (¢,l,Pp), and to the path length
“FII:- In order to have a large efficiency a large relaxation
. e Ty and a large value of the FIR absorption cross section
FIR = (apr/N,) are desired.

sio or the system of Fig. 1(b) approximately the same expres-
assn f0r. the power efficiency [see (3)] is obtained if realistic
tha‘:mptlons on the transition probabilities are made, especially,
. the transition probability of the optical transition 3->1is
lql.lal to or larger than that of the 3 2 transition. The ef-
Clency can then be written

- T, P
M = aFIRIFlRIpap ;V‘; 7"
R

I;‘le telfﬁciency increases linearly with pump power Pp, and path
o gth 7, of pump radiation. Because apr/Fir > 1 may be
ached by suitable crystal doping for this quantum counter, a
puge absorption cross section 0, = (a,/N,) for the optical
mp radiation is desired (and again a long relaxation time 7').
o(t:ﬁmparing the two quantum counter principles we find, for
types, comparable values for 7 if the systems have com-
paffble concentrations N; and similar transition properties
= n, if the product opjrx0, is equal for the two systems).
" € values for 1 can, however, be quite different, depending on
¢ Special system.
. ::lzhould be noted that the quantum counter of Fig. 1(a) has
Procert response time given by the value T, of the relaxation
the hfSS-. For the other type, the response time is governed by
Fo etime T for the optical transition 3 > 1.
it I the Fig. 1(a)-type quantum counter it is, however, more
lcult to discriminate the signal at the frequency v3, against
th: lgl‘llorescem:e radiation at the frequency v; than it is for
18. 1(b)-type.

I11. THE RuBYy QUANTUM COUNTER

iZ:i qu.antum counter similar to that of Fig. 1(a) can be real-

W?th ruby using the metastable E-levels as upper states.

ene1 Principle is shown in Fig. 2. The ruby is pu_xpped at low

effelc’:fatme with a mercury-xenon lamp and the E (®E) level is

abgo I;"ely populated. Incoming FIR-quanta at 29 cm™ are

uof ed by the transition E > 24 and give rise to an R,-
Tescence signal.

is nc”::ontrast to the scheme of Fig. 1(a) the pump radiation

Via g absorbed directly by the 1 - 2 transition, but indirectly

¢ pump bands of ruby. The quantum efficiency of this
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Fig. 2. Ruby FIR quantum counter. FIR photons are absorbed by the
transition £~ 24 and cause an increase of R fluorescence. The
level is populated by radiationless transitions from the absorption
bands. In a magnetic field B the excited state levels split according to
the Landé factors g () = 2.445 and g(24) = 1.47.
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Fig. 3. Experimental arrangement of the FIR ruby quantum counter.

system is still described by (4) in which the value of P; 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 24 is obtained. For
two magnetic fields the system can be tuned to resonance with
the laser frequency as indicated in Fig. 2. The R, radiation
is separated from the strong R, -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 ~
22; transition at the field B, =5 kG. From the signal half-
width of 130 G we obtain a bandwidth Av= 360 MHz
(0.012 cm™). A similar signal is obtained at By ~20 kG,
which leads to the same detector bandwidth. We conclude a
lifetime for the 24 level of T, = (27Av)™" =4.4X 10710 5.
This value is in good agreement with a theoretical estimate of
3X 10719 s [4].

We have measured the dependence of the signal power Pout
as a function of the optical-pump power. The result is shown
in Fig. 5. For the signal at B, =20 kG (E_~ 24)) our mea-



424

[=
T

DETECTOR SIGNAL {ARBITRARY UNITS)
o
@

oly,

50 52
MAGNETIC FELD 8(KG)

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 Pp~=0.1 W. With this value we obtain
from (4) for the power efficiency n =107 with respect to
the transition E - 24 _.

For the signal at the magnetic field B, we find the interest-
ing result that the signal power P,,, increases quadratically
with the optical-pump power. This indicates a strong phonon
bottleneck-[S] for the relaxation of the 24_level. The effec-
tive relaxation time is T, = T;(1 +b)=bT, where b is the
number of reabsorption processes for the resonant 29 cm™
phonons. Replacing T, in (4) by T, and, regarding that b in-
creases proportionally to the concentration of excited Cr**
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_ — 24, transition is at least two orders
of magnitude smaller than that for the £ —>2A_ transition.
This indicates a very small absorption cross section for the

E_—2A4_ transition.

The sensitivity of our present quantum counter is noise-
limited by the R, occupation arising from the pump process
which leads to an occupation of the 24 level given by N; =
(Y31/v32) X N, = 1077, If the R, 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 R, line a minimum signal in
the order of 107! 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 R, radiation
has to be suppressed by a factor of 10'® with interference
filters for which a total transmission of 1073 for the R, radia-
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Fig. 5. Quantum
pump power Pp.

tion is assumed. An additional increase in the sensitivity 1
expected by a multiple pass arrangement for the FIR, thus
effectively enlarging /g in (4).

The Zeeman splitting of the £ and 24 levels can be used t°
tune the FIR frequency at which the quantum counter rer
sponds. Dependent on the Zeeman components, the detecfm
can be tuned from 29 cm™ to higher and lower energies wit
about 1 cm™!/T.
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