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We have studied t h e  dependence of the junction output tr9 f ;;: 
the i .f.  for  applied signals both in the microwave I .,., 
and in the infrared and obtained essentially the 5m-2 ' f S i  

results. ' Infrared measurements at 3.8 TfIz will be ' : 
emphasized here.  The basic e-xperiment involves F5 : :+': 
between the fourth harmonic of the 0.964313-T% (3IA- , 2: 
p )  line from the HCN laser and the fundamental 
3.821774-THz (78-p)  line' of the water-vapor laser 9%- ' ;! 
h g  a beat at 35.479 GHz. By applying an additionst 
f " K y  to the same junction, the 35-GHz beat Ca* 1:s 
down-coverted to our  receivers '  frequencies. The tt@ 
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different receiver front ends that were used a re  Cm* f +:- 
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'- 
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the photopeak hsappears .  

To  attain improved resolution with CdTe, it will be 
necessary to increase the mobility and trapping t ime 
products, especially for  holes. At lower photon ener- 
gies such an increase would not only reduce trapping, 
but would also allow lower biases to be applied and con- 
sequently reduce thermal noise. The resolution at 
higher photon energies appears to be limited by the 
escape of the photoelectron. Therefore, increasing de- 
vice size should result  in  a significant improvement. 
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For mixing in a Josephson junction at infrared frequencies, we have shown that the available 
power from the junction increases as the intermediate frequency is increased. Following 
this result an infrared receiver has been developed incorporating a 9-GHz maser preampli- 
fier at the i.f. Using this system, the beat between the 401st harmonic of a high-quality 
microwave source and a 3.8-THz infrared laser has been obsemed. Also, for low-order 
rrixing at 3.8 THz, a comparison of beat signals from a Josephson junction and a room- 
tempe-rature mixer has been made. 

Our f i rs t  experiments on infrared frequency synthesis 
using Josephson junctions' involved mixing between the 
approximately 100th harmonic of an X-band microwave 
source and the HCN laser at 0.891 THz with a beat fre- 
quency output at 60 MHz. As a significant step in the 
direction of higher frequencies we have improved the 
earlier system and can now produce a 46-dl3 signal-to- 
noise ratio f o r  a beat from the 3.8-THz (78-p) emission 
of the water-vapor laser. The 3.8-THz radiation is only 
a factor of 7 lower in  frequency than the highest c w  
frequency' that has been measured relative to micro- 
wave frequencies. 

The first s tep in improving the Josephson-junction s y s -  
tem was to study the dependence of the output s i g n 1  
level on the output frequency (i.e., the i .f .)  It was first 
pointed out by Josephson3 that these junctions behave as 
parametric inductances, and from the general argu- 
ments of Manley and %we4 f o r  parametric devices i t  is 
well known that in an ideal parametr ic  down-converter 
the  available power from the mixer  follows the relation 

;!&GI 
- I. .. .3 

if negative resistance effects are exciided. The left- 
hand s ide is the ratio of i . f .  and input signal powers 
and the right-hand side is the ratio of their respecti- i 
frequencies. The exact dependence that is observed iz 

tached to the parametric element. For the e.upe;:n:i.c-- 
described here  we have concerned ourselves 
pedance matching only at the i. f .  and at the highest a- 
coming infrared laser frequencf; we have ignored sue 
questions at the remaining multitude of frequencirj 
present in the junction. 

practical case, however, depends on the circuit.. -7 31- 

im- 

; 
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TABLE I. Summary of mixing experiments at  3.8 THz (78 p ) .  

z p f i m e n t  No. Mixr Rcceivcr front Receiver input Obscrvcd Receiver noice Signal power Availnhle 

schcnie‘ ( K) noise rntioC (kliz) input’ a t  junctionf 
( dl3) (X 10- l~  w) (x  IVJ 

4 113 * I - 1’7 a 1S-hlIIZ 650 7 0.047 0.188 

end noise temp. signal-to- bandwidthd a t  receiver signal po\\er And Epthesis  

- 1  Con\ cntional 

-4x6.66515 GHZ nmpli fier 

I1 Conventional 
4b’3 ,1 -V?8  8.6-GIiz 2000 18 - 3x 8.68615 GHZ balnnced nuxer 

Josephson 
I11 junction 9. O-GHZ 

4 1’31 1- v78 Nb-Nb tmwling-nave 75  35 
-gx E. 69560 GHz point inaser 

. 41)3]1-vi3 a t  traveling-nw,c 75 46 
9.0-GHz contact rv 

-26.479 GIIz m a s c r  

8 

1.39 I:{. 9 

2.62 26.2 

33.0 330 

V 9. 0-GHz 
L‘78 traveling-wave 75 17 0.041 0.41 

VI W-Ni point Conventional 

-g:x 9.50817 GHz mase r  

4v;11-*ix contact at 2 2 - h l H ~  650 40 10 69.0 178 
’ - 35.457 GHz room temp. amplifier 

~ 3 e  frequencies of the beat s i g i d s  are  the tabulated algebraic 
“s. The origin of a signal on the spectrum analyzer is con- 
firmed by shifting the frequency of each of the applied oscil- 

- htors in turn and noting whether the corresponding frequency 
&ft of the beat signal is i n  the ratio of the harmonic number 

Tbe tabulated noise temperatures for  the three conventionzl 
amplifiers represent  noise generated in  the amphfiers  o r  
mixer diodes but referred to the input. For the mase r  the 

.: tbe observed noise is not generated i n  the amplifier (noise 
temp. =2 K) but originates i n  thermal sources  in the attached 
microwave circuitry,  p a r t  of which is a t  room temperature. 

. )io change in  noise is observed between having the applied sig- 
+!mls on o r  off the junction. 
T h e  signal-lo-noise ratios a r e  determined from spectra such 
--as Fig. 1. The r m s  noise Ieoel is estimated from the “grass” 
.meither side of the spectral  line and this is then compared 

.Mth  the height of the line. 
F e s e  entries arc the 3-dB widths for  the resolution bandwidth 
*redetection bandwidth) of the spectrum analyzer. The 
spostdetection bandwidth of the analyzer is large compared with 

P d the desired process.  

tbe resolution bandwidth. 
ese results approximate the total signal power of the spec- 

re obtained by estimating the total noise pow- 
B width of the spectral  l ine and then multiply- 
ratio determined from the signal-to-noise- 

I and VI the signal power a t  the junction is 
preceding column simply by multiplying by 

d in Table I. The visual output of the system 
usual oscilloscope display of a spectrum ana- 

. One of the better signals obtained with the mascr  
ted in Fig. 1. From photographs of this type, 
-to-noise ratio for a given experiment can be 

ined, and the best msiclts for each case a r e  
ated in Table I, For all of the listed experiments 

&e Power a t  u,, should be assumed the same, and all 
h e r  signal levels are adjusted to g i v e  the maximum 

. The main result in the table is the las t  column 
g the available signal powers in the junctions for 

,- various experiments. Comparisons of these num- 
rS give the ;dative efiiciencies of the different ex- 

the appropriate impedance mismatch facior obtained by as- 
suming that the junction impedance a t  the i. f. is equal tu its 
dc resistance at  the operating bias point. (Changes in ampli- 
fier noise temperature due to input impedance nlisirLatclng 
are negligible.) For lhe microwave i.f.  the pruvedurr h-as 
different since the junct im is mounted in  a cavity resonan! at  
the i. f. and resist ive losses  i n  the circuitry are significant. 
The junction is mounted in reduced height w a v e s l d e  (i. 5 m:il 
high) with a sliding short  behind the j u c t i o n  formhi: one end 
of the cavity and a sliding stuh tuner outside the Deb.ar form- 
ing the receiver  end of the cavity. R l th  this Lr rmgenwi t  the 
cavity resonances were 114 hlIIz apart  and the cavity could bc 
simultaneously matched on two adjacent resonances, e. g., 
one at 8.800 GHz and the other a t  8.814 GNz. Local oscill3lor 
power a t  17.714 GHz was then directed on the junction, and 
the applied signal level a t  8.914 GHz required to produce a 
given receiver response a t  8. EO0 GHz was measured. The 
receiver response was subsequently calibrated. Using t!lis 
method we found that the conversion loss of the system was 
14 dB with high-impedance junctions (2 60 Q)  and 20 dB with 
low-impedance junctions (e 10 s?). For o u r  infrared mixing 
experimenls, low-impedance junctions are used. We bypothe- 
size that 10 dB of the 20-dB loss occurs by signa! dissipation 
and impedance mismatch going into the junction a t  8.Oi4 GI% 
and the other half or 10-dB loss for the signal con-irig Gut a t  
8.800 GHz. Hence we use  10 d B  as the loss factor to obtain 
the last column from the preceding column fo r  experiments 
II-V. 

periments for producing a beat signal from the 3.8-TKz 
laser. 

From experiments I to XI of the table, the intermediate 
frequency ( v , . ~ . )  is changed by a factor of 489 and re- 
sults in a change in the available signal power by a 
factor of 74. This is clear  evidence for  parametr ic  ac- 
tion in the mixerg and is surprisingly close to the l inear  
u , . ~ .  dependence of Eq. (1). Although day-to-day varia- 
tions of the laser output power, focusing conditions, 
and optimum junction adjustment introduce uncertainties 
of approximately f 3 dB f o r  the signal power in experi- 
ments III-V, no such uncertainties are involved for I 
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FIG. 1. Typical spectral  display of a beat signal. It represents  
data of experiment 1l1 of Table I with sufficient gain for 
measurement of the noise level  adjacent to the spectral line. 
Tha l ine peak is off scale  but has  an equivalent height of 34 cm. 
The scope display is 6 x  10 cm. 

a d  IT. These experiments were done within minutes of 
each other  without changing the above parameters and 
were reproducible within 25%. 

Experiments El-V are all at the same i . f .  but involve 
substantial differences in harmonic numbers. To dis- 
cuss  these results we focus on the number of sidebands 
N which are produced from the primary spectral line. 
The logic here  is to consider v,,, as the signal to be de- 
tected and then to determine over  how many sidebands 
the fundamental power in  v,,, is distributed by the mix- 
ing process. For example, multiplication of vglf by 4 
and mixing with v , ~  takes power from the primary line 
and puts it into sidebands a t  v,,* Iv,,,, where 1 
= 1, . . . ,4, resulting in eight sidebands. lo If, as in ex-  
periment IlI, the fifth harmonic of another signal is also 
added, N =  ( 2 X 5 ) ~ ( 2 X 4 ) = 8 0 .  In Fig. 2 the results of 
experiments III-V are summarized, and it is ascer -  
taincd that within experimental error the maximum beat 
signal power is proportional to N-'. Note that if all fun- 
daxental  power went only into N sidebands, then the 
result would be N-I. The N-' empirical rule is useful fo r  
designing frequency -synthesis experiments. 

Experiment V is unique in that v,, was detected by beat- 
ing it directly with the 401st harmonic of a klystron, 
i. e.,  without a lower-frequency laser .  For the purpose 
of very accurate frequency synthesi-s, the use of a sin- 
gle reference oscillator is much to be preferred if the 
signal-to-noise ratio is adequate. Substantial effort was 
required to develop a microwave source with the requi- 
si te spectral purity for  this experiment. The final ar- 
rangemelit consists of a pr imary reflex klystron s ta-  
bilized by a resonant cavity and, in addition, injection 
locked by a secondary klystron which is electronically 
phase locked to 3. quartz oscillator. In t h i s  mode of 
operation the good long-term stability of a quartz oscil- 
la tor  is transferred to the primary microwave source 
without introducing substantial high-f requency noise. 

Not every Josepiison-junction adjustment gives the re- 
sult of experiment v; in fact, with the present instru- 
mentation it appears that a necessary requirement for  
seeing the beat is observation of the 3 . 8  -THz current 

at 7.9 mV on the dc current-voltage curve. The 

step is not required for  lower-order harmonic mixing 
as in III and IV, presumably because the beat sim+, 
noise ratio is so much better. 

. 

Since most infrared-frequency measurements have i 
been made with room-temperature W-Pji point con&&; 
we did experiment VI of Table I to compare their oper- 
ation with a Josephson junction as in IV, where t h e  
harrnonic order  of the mixing is the same. We found 
that fo r  low-order harmonic mixing the available mper 
f rom the W-Ni device is comparable (= 3 dB less) ttpt 
f rom the Josephson junction, but presumably the ink*- 
s i c  noise in the Josephson device is much less; hence, 
much better signal-to-noise ra t ios  can be obtained in & 
future. It is difficult to compare the intrinsic sensitid- 
ties of the basic physical mechanisms involved in the 
two devices since the W-Ni device uses  a much s" 
diameter whisker (5 p compared with 125 p )  which m q  
give better (or worse) antenna coupling proper tie^,^ a 
because the shunt capacitance of the W-Ni device is 
much l e s s  than for  the Nb-PTt, contact. The estimated 
contact a reas  a r e  0.04 X loe8 cm2 for  W-Ni l3 and 25 - 
x 

' 

, . 

cmz for  the Josephson device. 

In any case the Josephson junction remains unequalled 
in  i t s  ability to generate high-order harmonics of a . 
microwave source. Improvements in impedance match- 
ing and junction capacitance could improve our signal- 
to-noise ratios by 20 dl3 o r  more. 

It is a pleasure to acknowledge the assistance of Nolan 
Frederick in this work and useful discussions with 
David Wait and Donald Halford. We also want to thank 
Gerald Arthur fo r  the loan of the maser  and Ray Stepum 
of Sperry Rand Corp. for  the loan of essential micro- 
wave equipment. -%. 
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FIG. 2. Dependence of availab!e beat signal power on the 
ber of sidebands 1V. The data a r e  from experinlents III-v 4; 
Table I. Uncertainties of t 3 dl) have been assigned to 
data point for  reasons evplnined in the text. 
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pplct:& more power must be  applied to the junction than in  
1s.. x i r o n a v e  case  (see the theory of Ref. l), and therefore 
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did two calibrations of this frequency and obtained 
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lent agreement with K . X .  Evenson, J.S. Wells, L. hl. 
Matarrese,  and L. B. Elnell  [appl. Phys. Le t t c r s  16, 159 
(1970) 1. 
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iOObviously the act1131 physical processes a r e  far more compli- 
catcd than this simple sideband counting scheme suggests. 

"A description of this system will he submitted for publication 
by J. Robert Ashley, X.S. Risley, and Fr"k hI. Pallta [IEEE 
Trans.  hlicrowave Theory Tech. ( to  be published) 1. 

5 FA in a 
junction with a cri t ical  current of 150 pA end a norrnnl state 
resistance of 10 R .  Since the s tep and beat amplitudes in- 
c r ease  with power up to the maztimum 3.6-THz power that is 
available (2 5 m\3 ,  larger  beat signals could be obtained i f  
more laser power were available. It was possible to suppress 
the supercurrent only by a factor of 2 in the junctions normally 
used, i. e . ,  for cri t ical  currents >, 150 pA. 
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Energy t r sns fe r  in LaF,; E r ,  Yb is studied by o b s e n i n g  the lifetimes of E?' in excited 
s ta tes  and the escitation spectra  both at room temperature and a t  77°K. It is found that the 
energy t n c s f e r  f rom E?' (4S3,2-4Ji3$ to Yb> (2F7,2-2F5,7) is  associ-ted uilh the eniis- 
sion of three phonons of about 350 cm- , and that the energy t ransfer  from E$+ (2H3/2-4F9/2) 
to accompanied by the absorption of phonons takes place. 

??c+ntiy, Rhyaka:va and Dexter' proposed a theory for  
3 conresonant energy transfer associated with pho- 
x.: According to the theory, the probability of the 
* rq  tranhfer is given by 

(1) 

7-e? AL; is the energy mismatch (the difference be- 
of a donor and an accep- 
pends on the nature of 

;*?oris of a host lattice and the strength of electron- 
is the probability if OE is 

Frobabillty also depends on the number of excited 
and at temperature T i t  i s  expressed, anal- 

"lsb to a multiphonon relaxation process,* as fol- 

(2 1 

r involving the emission of A pho- 

(3 1 
ns, where Si is the average 
vibrational mode and 1s 

(4 1 
The exponentia1 dependence on A E  i n  Eq. ( 1 )  was ob- 
served in Y,O, . 3  The temperature dependence of the 
energy-transfer probability in Y,O,; Eu3+,Yb3+ was ob- 
served to  be in agreement with Eq. (2), and implies 
that the e n e r s  transfer concerned is associated with 
the emission of phonons. 

We have investigated the energy transfer from Er3+ to  
Yb3+ in LaF,, which is one of the popuinr infrared-to- 
visible converting phosphors. We observed vririous 
kinds of energy transfers frciln Er3' to Yb3' and found 
that they a r e  associated with the emission or the ab- 
sorption of phonons. 

Figure 1 shows the re1:mation ra te  of the 1S3,2 state  and 
that of the 2119t2 state of E?', both at  room temperature 
and at 77 3K, as  a function of 1% concentration. The 
former increases with Yb concentration both at  rooni 
temperature and at 77 'K. This is due to the energy 
transfer from Er3+ (is, t 2  - 41,, , 2 )  to Yb3' (zF7 t 2  - -  ?F, ,,). 
The la t ter  also increases with Yb concentration at rooni 
temperature, whereas it is almost independent of YI-, 
concentration at  77 'K. This fact indicntes that the en- 
ergy transfer from Er3' plf,,2) to Yb3* takes place at  
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