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ABSTRACT 

The theoretical considerations for optimum broad randing 
of a traveling-wave maser have been established. These conalderatlons 
were applied to the construction of a.n open-cycle broad-band maser sys­
tem that provides 2 8 db of galn over an instantaneous bandwldth in excess 
of 200 Mc at a bath temperature of about 2. 2°K. The system includes a 
superconducting magnet operating ln the persistent mode as a aource of 
magnetic field for the maser. 

Design considerations and brea 1board results of a novel 
semiconductpr low-level limiter are also presented. Operation as a 
limiter and as a modulator have been obtained. 

A f easibllity study of auperconducttng thln-fllm tunnel.lag as 
a source of maser RF pump energy lndlcatts that current processes and 
materials preclude the practicability of this technique. 
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IVALUA~ 
J... II'he purpose of this program was to alvanoe the ata!be•of,.tbhe-ari of muer 
teohnigues. The key areas of activU~y 1.nclulel.: 

a. . ll>esign1ng1 ievelop:Lng1 and fabricat.iig a 1rravellQI Wave Maser w1 th a 
broad instantaneous bandwidth in the 5130 to 5670 Mc rarrp, a m1njmmi gain 
of 20 db,. and a noise teq>e:ratll:'e of leas than 250JC. 

b,, ·1tr.westiptl1.ng the p-aet1cabil11ty or using acW.4,•atate power 11m11lera 
t(I) protect the maser from saturat1ng., thus a'VOiding the 1Db.erent !Lomg 
recQ\f.eey t:1mes. 

e. ·inemjJ)QratiDg a auperc0llluct1ng solenoid apemting in the peraiateat 
mode t(I) provide the maser's magnetic fleld. 

4, :lI~st~t:Lng the potential of ua1lllS supel'Cmnbat~ 'hwmeUltl effect■ 
to provi4e RF pump power to the maser. 

a.. The l'nffllns Wave and Maanl.er L1.ne structures were evall.1&1'ed 'to 
determtl.ne :wh:Leh approach wouJ.a y1el4 the optimum ped'mmiance. It was 
ooncll.u4e4 that the taft!l.!Lns . wave atrueture ccnlll!l beat Gb:ta!Ln -the Ae~sn 
parameters of the wo:11k statement. :It was a.110 cona1tare4 that !Ml}V m,,altall.a 
be utlllzel 1n px,eferemce +.o rut1le ceyatall.a in the caab structure u ·'bbl 
4e.a1red badwH.th chan.etertat1c1 1:n the speclfied C-bamd trerpeaqy nmae 
~ould be more easilcy acbleval.;le lttY use of the ailli>y cryat&l.s,, ~-'••4 'll)am 
theae ccmsl14erat1C>.U, a tn.~ wave MAS:s:R structure was fabdo&'bed that 
demonatrattiei feas!LblLJJ. v of th.ts prqgram.. 

b.. A dle'bermll.nat1<Dn waa made ns tc:, the qptlmum :.l.oa&t.:Lon ot the •tad.al 
within the resonant st1n1crtum ~,o bu1l4 UJ> the ·electd.c ft.el'l to the breaik· 
down ve.Jn1e at !I.ow 1mctLlent p:,weir le:v'tt1s, Oenaa.n relationships ·"Jerbween. 
bani!wlclth, luert1on loas ant llm!l t!J)g level ven 4eaire4. The .>retic&l aa4 
exp,r1mental. studie1 were ccmluctd. and the :t1mal 1.- tmqpentun solid llt&te 
lim1te~ f&mr1catet. 

c. In the case of the n,ercomluc~ aclenC1>14 tuff:laient 1811/p a.ta 
exislted so that at&te-at-the-ert techm.!Lquea were utU.1$14 an4 no sptc1all. 
appre>aches ftl'e recau12:1ea. 

,. A tbe0>retlca.l 'l!bwb' -· partor:mei Ntpt'il>J:W; the poplble UN ot eeml,­
c,oaliactl:qg 'bliUlmel .)Wlct1ona u u Bl' JJIIII> ■'U'Ce tar the lMSlllt.. It wa1 ·ccm• 
eluded that thla appraach was not •d.'fic!LentJ.1 practical wt.th px,e■ent ■t&te• 
at-the-art auperem:6lct101'1 .material.a, ,Co.nve1:1.tlf.mmal ~ vei-. ~ 
uan a• the INIDPin& aource .. 

J. P.eault1 Ull Dete--.ttoma 
!1Jh11 ettort 11ea\llted w. an utra•ln nola wi&t baDlllvlltlil NAlllll2 !.a tbe 

C-ban4 trequenq ~on. !he ultra low n0l1e .reoe1Wlt' v1U ban anlictJtS.cm 
la 



to microwave systems that require optimum noise properties associated with wide bandwidths. This task could have application to ground based radars, commnn1cation systems, instrumentation requiring highly sensitive detection equipment, etc. 

4. 13enef'its Derived 

The development of an ultra low noise wide bandwidth MASER will allow the integration of' this device into newly proposed radar systems for extreme improvements in noise properties and bandwidth. The results of' this program can be extrapolated throughout the frequency spectrum and could result in a family of' supercooled low noise receivers . 
• 

fi~lt/.tl~ 
RONAW W. VANDMER 
ProJect Engineer 
Electron Devices Section 
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SECTION 1 

INTRODUCTION 

The purpose of this program was to advance the state-of­the-art of maser techniques. The key areas of activity included: 
1. 

2. 

3. 

4. 

1. 

2. 

3. 

Designing, developing, and fabricating a TWM with a broad instantaneous bandwidth in the 5130 to 5670 Mc range, a minimum gain of 20 db, and a noise temperature of less than 25°K. 
Investigating the practicability of using solid-state power limiters to protect the maser from saturat­ing, thus avoiding the inherent long recovery times. 
Incorporating a superconducting aolenold operating in the persistent mode to provide the maser's mag­netic field. 
Investigating the potential of ustna superconducting tunn&ling effects to provide RF pump power to the maser. 

The program resulted in the following achievements: 
A TWM system was designed, fabricated, and tested (Figure 1}. It had an instantaneous bandwidth in ex­cess of 200 Mc, with a net_galn of 28 db and a noise temperature of less than 90K. The inherent band­width of the maser is In excess of 300 Mc, which could be provided by adding two RF pump sources (reference 1). 
A low-level power limiter using the mechanism of im3ct ionization ln bulk germanium operating at , 4. 2vK has been demonstrated. The limiter pro­vided a 200-Mc bandwidthi with an insertion loss of 1. 5 db and a threshold imit level of -6 dbm. (Efforts to lower the threshold by means of a DC bias were unsuccessful due to semiconductor mate­rial limitations at the operating frequency.) In addi­tion to the limiter, a modulator was developed that used impact iont.zation. The technique has signifi­cant potential for use ln the millimeter wavelength range. 
The magnetic field for the TWM was provided by a superconducting solenoid that can be switched into a persistent mode of opera.tlon. 

1 
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4. A theoretical study was performed regarding the possible use of superconducting twmel junctions as an RF pump source for the maser. It was con­cluded that this approach wa1 not IUfficiently prac­tical with the present state-of-the-art supercon­ducting materials. 

The following sections of thls report present a detailed 
description of the theoretical and experimental aspects of the afore-
mentioned areas. 

S/4 
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SECTION 2 
TRAVELING-WAVE MASER 

A. BROAD-BANDING TECHNIQUES AND CONSIDERATIONS 

The paramagnetic material in a conventional TWM ts uni­
formly distributed in a slow-wave structure located in a homog~neous 
DC magnetic field and cooled to a very low temperature--for examplet 
liquid helium, 4. 2°K (Figure 2). 

The slow-wave structure slows the group velocity of the 
wave to increase the interaction time between signal and paramagnetic 
material. In Figure 2, we see the well-known comb structure, with 
the usual configuration: ruby at one side to amplify the incident wave 
and ferrite isolators at the other side to absorb the reflected wave to 
provide stable operation. Th~ spin distribution-function has a Lorent• 
zian shape that constitutes a fixc~ relationship between gain (db) and 
3-db bandwidth (B3 = Bm J 3/Gdb .. 3). By applying an inhomogeneous 
DC magnetic field, we can overcome this limitation and make gain and 
bandwidth independent variables. 

The amplification bandwidth of the TWM can be increased 
by effectively dividing the paramagnetic material into parallel fila­
ments or series sections, each of which amplifies a separate portion 
of the desired bandwidth (Flpre 3). In the series connection, however, 
it is undesirable, for reasons of noise performance, to have any por-.. 
tion of ·the original spectrum travel through a significant length of the 
structure (where a loss would occur) before receiving some gain. 
Either approach can be realized by properly varying the spatial distri­
bution of the DC magnetic field applied to the paramagnetic material. 
Limited Investigations have been conducted in the past (references 2, 
3, and 4). 

In a TWM. the product, G(db) • B, ls proportional to the 
number of useful net spins. If we define an efficiency factor• a, as the 
ratio between the number of useful net spins and the number of total 

5 
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FIGURE 3. POSSIBLE METHODS FOR SUBDIVIDING PARAMAGNETIC MATERIAL IN STAGGER-TUNED ELEMENTS 
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&YI.liable net 1plna, er• NJlft• then G(db) • B = KcrNt, where K le a 

propottlonallty factor. We can express the gain of a TWM as G(f)db = 

O(f0) db ,i: r (f - f0) where r(f - f0) ls the normalized ll4e-sbape func­

tion tr(o) • 1 J. For high G(fo) db, only a slight change in 1~ (! - f0) 

la necessary to make G(f)db = G(f )db - 3. This is illustrated in Fig­

ure 4 for a homogeneous maser (f.orentzlan shape). We see that the 

eff lclency factor, er, ts poor. 

It will be obvious that to maximize er, the line-shape function has to be 

as close to a rectangle as possible. By applying an inhomogeneous 

magnetic field, each fllament or series section can be regarded as an 

elementary TWM with its own centlr frequency. The total TWM sys-

tem is then the result of a large number of stagger-tuned elementary 

TWM's, each having a Lorentzian shape (Figure 5). We assume that 

the skirts of r(f - f0) ln the maximum flat case are still approximately 

determined by the Lorentzian shape. The relationship between normal­

ized gain (db) and normalized bandwiclh is given ln Figure 6. The trade­

off 'L,etween bandwidth and unstaggered gain (when designing a staggered 

TWM with a certain bandwidth and a predetermined gain) for the case of 

ruby (Bm-= 60 Mc) ls shown ln Figure 7. 

Assuming that the paramagnetic resonance alone determines 

the frequency recponse of the TWM, and realizing that the number of 

spins used for a particular frequency interval (and thus the gain in that 

interval) ts inversely proportional to the gradient of the magnetic field 

at the corresponding Hoc we can calculate the required OC field distri­

bution tn the case of one-dimensional staggering. 

For two characteristic points, e3 - Bm1n/Bm = 0. 7 and 1. 6, 

the required changes of magnetic field as a function of distance, are of 

a simple analytic form: a step and cosine, respectively. 

For larger bandwidths, the required shape becomes more 

linear. Below B3 - Bmin/Bm = 0. 7, it is lmposslb_le to obtain a flat 

8 
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response. The best that is obtainable is the single step. The exact 
shape of the gain-bandwidth curve in this region cannot be given because 
it depends on G(db) max. These results are indicated in Figure 6. 

The relationships described are for the electronic gain (r.11) 
only. If we include the effect of losses, we have (Gnet>db • (Ge)dli, -
Ldb. The losses can be divided into ferrite loss (Li) (from the isolators) 
and structure losses (L

1
). The forward loss is proportional to the re­

quired backward isolation which, for high gain, in turn is about propor• 
tional 'to the net gain. (Lf)db = c(Gnet>db (c is a proportionality constant). 
This relation holds only when the signal level over the total bandwidth 
is gradually increasing in the length direction of the TWM. Thu1: 
Gnetdb = (G

8
)db - (L

8
)cn/(l + c) from which we see that the structure 

losses set the ultimate limit to the bandwidth. 

Since the electronic gain ls about inversely proportional to 
the absolute temperature of the TWM and the structure losses remain 
about constant at very low temperatures, decreasing the temperature 
is an-eff.eotlve means of obtaining extremely wide bands--eapectally 
when 0

8 
approaches i.

8
. 

Until now, we assumed that the paramagnetic material was 
effectively pumptd for the entire bandwidth. One pump-klystron, how­
ever, can cover only a limited frequency range. 

For a 5-Gc TWM with a 1--4 pumping scheme«,- 35 Oc), 
it was found experimentally that one pump klystron ta neeCllld for every 
50-Mc lnstantaneou1 signal bandwidth. 

From considerations of noise performance and minimum 
ferrite loaaes, we conclude that staggering along the x or y axia 11 
superior to staggering along the z axis (Figure 2). 

To minimize the re,qulred gradients, 1taggeri111 alcmc the 
height of the ruby is chosen (b > W). For staggering alonl the z-ullt 
the assumptions made are tolerable. 

For staggering along the x or y uta, however, we mull 
consider that the RF field conflpratlona are functions of. x and y IO tbat 

lS 



tbe DC field distributions, found above, have to be corrected by a proper 
weighting function. For staggering along the height of the ruby, the main 
part of the weighting function is determined by the current distribution 
along the fingers of the comb structure. A typical distribution is given 
in Pip.re 8. Since the gain is proportional to H~ (and thus to 12), it is 
seen that the frequencies, amplified in the bottom part of the ruby, 
are strongly favored compared with those in the top part. 

A special shimming technique has been developed that makes 
lt possible to satisfactorily meet the field requirements in the region 
B3-(BmiJ/B.J > 2. The change of the magnetic field in the vicinity of 
the ruby, for this technique, ls given in Figure 9. 

Three different positions of the ruby with respect to the 
magnetic field are shown. Because of the different distribution of the 
slopes along the ruby, each position ls characterized by fa·voring a dif­
ferent part of the frequency spectrum. 

The C-band TWM with wide instantaneous bandwidth, built 
for this program will be discussed in the next section. 

D. PACKAGED BROAD-BAND MASER SYSTEM_ 

For the final design of a deliverable b1·eadboard system, it 
was necessary to summarize .the knowledge obtained during the course 
of this program and to evaluate how compatible the various results were 
with r'eapect to the original design goals. In doing tl\11, it was not only 
nece1eary to determine what was possible but also what could still be 
regarded as practicable. The primary considerations of practlcabllity 
that governs the design were: 

1. The electronic gain ls inversely proportional to 
the temperature, whereas t~e structure losses 
at very low temperatures tend to remain constant. 
Thia shows that decreasing the temperature ls a 
useful way of increasing the net gain. 

2. One klystron must be used for every 50 Mc of sig­
nal bandwidth. 

3. The total TWM must be subdivided in series sec­
tions to obtain a structure length with reasonable 

14 
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4. 

5. 

gain. The length of each series section ls Umlted 
by the diameter of the coll of the superconductin, 
magnet, which in turn must flt into the helium dewar. 
The dimensions and geometry of the dewar greatly 
determine the heat losses and, consequently, the 
amount of liquid helium conwmed. 
Each TWM section requires a separate waveguide for the pump power. Every pump waveguide intro-duces a certain amount of heat loss. 

Based on these considerations, the final model was designed 
to have a minimum bandwidth of 200 Mc and a net gain of 2:, 25 db. 

A schematic diagram of the final design is given in Fig-
ure 10. Four pump sources are required to obtain the amplification 
bandwidth. The power of each of the four stagger-tuned pump klystrons 
is equally distributed into four pump waveguides via a hybrid arrange­
ment. If Pl, P2, P3, and P4 denote the available powers of klystrons 1, • 2, 3, and 4 respectively, each pump waveguide carries a power • 
(P1 + P2 + ~3 + PJ/4 (assuming matched conditions and no loeae•)-. Tbe 
input waveguides are constructed of 0. 010-lnch thick stainless steel to 
minimize conductive heat losses. The actual TWM is split into four cas­
caded sections. The magnetic shims are an integral t,a.rl of the structure 
package. The input and output coaxial cables are also made of thin wall 
stainless-steel tubing to reduce heat loss; however, the internals of tbe 
cables are gold plated to mlnlmlze RF lo11es. A low-pass ft.lter is i.. ·• corporated into the signal output to keep pump power from entertng Ole 
follow-up receiver. 

The superconducting magnet ts equipped with a persistent 
n1ode switch that increases stability and reduces helium lossea when 
activated. The coll ratings of f leld and current are 4500 puss and 
8. 78 amperes, respectively. The working wlume of the eoU ta a 
7. 5 inch diameter with a 5-lnch long cyllnder. T'he TWM sectlone are 
mounted ln this volume. Since the required field for TWM op ratloa 
(-3900 gauss) ts less than the coil's rated field, a safe operation la 
guaranteed. 

1'1 
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An indicator was constructed that permits a continuous reading of the helium level. The sensing element that indicates the hel­ium liquid level ls a capacitance probe and ls mounted vertically in the dewar. When liquid helium is placed in the dewar, the dielectric con­stant of the helium causes a slight change ln the probe capacitance. The probe forms part of a bridge circuit (Figure llA). The input of the bridge circuit ls co1U1ected to a 3-kc oscillator and the output ls fed into an amplif ler. The amplified slpal is then detected and displayed on a meter with the meter output being directly proportional to the liq­uid level. Figure 11B ls a photograph of the helium level indicator with the helium sensor lying in front of it. The sc!lematle diagram is glven in Figure 12. 

A single vacuum dewar in which helium and nitrogen sec­tions are integrated in one nonseparable unit was chosen for the dewar system. The dewar is of th9 open-neck type, which makes lt possible to lower the whole maser assembly from the top. Figures 13 and 14 show the layout of the dewar system and its appearance. Figure 15 • shows the superconducting magnet that will be lowered to the bottom of the dewar system. 

The actual structure consists of two double structures. Figure 16 shows one assembled and the other disassembled to show its components. The two double structures are mounted side by aide and all structures are connected in series as shown in Figure 17. 
The four structure openings in the front are connected to four pump waveguides. The correspondlng openings in the back are either shorted or interconnected two by two (Flgure 16). 
The pump waveguides in the top section nre attached to a heavy copper plate (Figure 18). When mounted in the dew~,, the rim of this plate is in immediate heat contact with the nitrogtin chambtr so that the copper plate represents a heat station at 71llK. 
Figure 19 shows the dewar top plah,: tht' pump 4.•tr,•uUr~· ls clearly shown. Figure 20 shows the hyb1·id a1·1·an~t~nw11t. tlw hM• lators, and the four pun,p•klysttons. all mount..,d on tl\t\ tt,1, pliu,, . 
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The mag1ult ~ klystron powpr ~upplius, and level indicator are in two 
tnblnt'ts mounted sidt' by stdc,. The overall dimensions are about 
51 inc.·hes high, 45 ittc.·hes wide. and 22 inches deep. Figure 1 is a 
photograph of the ovc1·all system. 

C. EXPERIMENTAL RESULTS 

A detail(~d set. ~f measurements was taken using the equip­
ment described in the preceding sections. The nominal operating char­
acteristics are presented in Table I. 

TABLE I 
OPERA TING CHARACTERISTICS 

Center frequency 5430 Mc 
Instantaneous bandwidth 200 Mc 
(1-db points) 
Net gain 28 db 
Electrom\c gain 53 db 
:=1 temperature 2. 15°K 

Net reverse gatn (isolation) -200 db 
Act1VEJ structure length 16 inches 
Pump power 400 milliwatts 
Pump frequencies 33 to 35 Ge 
Mareetlc field (persistent 
mo e) 

3700 gauss 

The operating characteristics of gain, bandwidth, noise temperature, 
and signal saturation were closely examined with the following results. 

1. GAIN. AND BANDWtm'.H 

Figure 21 is an oscilloscope trace of the instantaneous band­
width the TWM. The net gain ls 28 db, the 1-db bandwlclh ls 200 Mc, 
and the bath te~perature is 2. t5°K. The ripple in the pass band ls less 
than :_(). 5 db and is primarily caused by the imperfect transitions into 
and between the TWM structures. This can be seen from Figure 22, 
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FIGURE 21. GAIN CHARACTERISTIC OF TWM 
(200 Me TO 1 db PTS)



FIGURE 22. LOSS CHARACTERISTIC OF SLOW-WAVE STRUCTURE



which is an oscilloscope trace of the passive maser structure (no pump power, low magnetic field). The passive total structure characteris­tic had a 1-db bandwidth of only 165 Mc though each individual structure was over 250-Mc wide. The narrowing of the passive charactertstlc with cascading is to be expected. The irregularities in the paastve struc-­ture were reproduced in the active gain pattern. Four pump 10Urces were required to obtain the gain pattern of Ptgure 21. The effect of the individual pumps can be seen In the series of photographs of Ptgure 28. The pump sources were turned on one at a time and picture■ of the 01-cllloscope trace were taken. The apparent improved flatness of the com .. polite photograph is clle to •turation effects in the test setup. Wing pumping is obvious from the oecllloscope sequence as well as the fact that the knee of the pump aturatlon curve has been passed. A total of 2. 5 watts of RF energy was avallable from the four pump aource1; how­ever, less than 400 mllllwatta of power was dlsalpated in the atructures. 
The capabilltv of this equipment was limited by the llWDber of available pump sou"' cea. Addltlona.1 meaaurements on the equipment indicate that about ioo M,e of bandwidth with the aam.e net pin could have been obtained lf additional punp aources were aftilable. Thl& la illuatrated graphlc,.lly ln Figure 24 where the four pump aources were spread tn frequency and a bandwidth of 270 Mc at 28 cl> net gain was ob­tained with only a sllgbt clep-adatlon In the flatness of the response. The followlng conchtslona can be drawn from tbe1e resulta: 

1. 

2. 

lxtremely broad-tud travellag-waft masers are practical. 
The bandwidth limitation for a practical TWM ustna ruby tn th.la frecpency range 11 about 500 lie. 

The bandwidth for maier action using the AIL-ploneerecl technique is much larger; however, for nolae r•eou, its practlcabtllty is questionable. Thia will be discuased ln a later aection. 
2. MA§lft N0l81 TIMUMitJRI 

The overall low-noise performance capablllty of tb.e muer bas been prevloualy demonstrated bJ1 many worker•• and may thua appear 
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to be a relatively trivial topic to discuss. However, tn a maser that 
11 operated in a btoad-m.nd mode, formidable noise-temperature deg­
radations can occur if a nonoptlmum magnetic-field staggering tech­
nique la ueed. The broader the instantaneous bandwidth, the more 
aevere the potential degradation. The field staggering approach used 
on the present maser ls a transverse technique that, in theory, should 
not degrade noise performance. In view of this potential degradation, 
epeclal attention was given to the noise-measurement program. 

Table D summarizes the experimental data taken at five 
different frequencies. A series of 15 aeparate measurements were taken 
at each frequency using a hot and cold load generator in a Y-factor tech­
nique. The noise generator was carefully calibrated to minimize errors 
due to stem losses and the physical temperature of these losses. 

TABLE II 
OVERALL MASER NOISE-TEMPERATlJRE MEASUREMENTS 

(INCLUDING SECOND STAGE CONTRmUTION 60K) 

Signal 
Fr~uency Net Galn 

Tov<°K) Tm(°K) ( c) (db) 

5262 29 12.5 6.5 
5301 29 13.5 7.5 
5345 295 13.5 7.5 
5393 28 13.0 7.0 
5435 295 14.5 8.5 

The theoretical noise ft111re of a homogeneous maser (ruby with a 3-db 
bandwidth of 20 Mc) at 2. 15°JC ·is 1. 07°x. However, as Higa pointed 
out (reference 6), a maser's noise performance ts degraded by the pa1-
slve loss of the slow-wave structure. For homogeneous masers, lts 
degradation ls tnslgnlflcant (assuming an adequately constructed struc­
ture); however, as the ratio of the passive loss to electronic pln In­
creases, lts contribution to noisu increases substantially. As a maser's 
bandwidth la broadened by magnetic staggering, the ratio of lo11 to gain 
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increase•. ror the unlt deacrlbed in tbia report, the theoretical nolN temperature should be about a0x. Thl1 agrees well wt.th the m•111rtd data where the maser plus tnp.it line average• 'I. S°X. The ltne1 ha.YI been calculated to contribute 4°x to the effective noise temperature, leavlng 3. 5°K as the mea1ured effective notae temperature of the m&Hr itself. A similar analyala performed at 500 Mc indicate• a maser not.It temperature of about 20°1:. This, of course, would have to be the limit of a practical maser. 

By way of comparlslon between tranaver1e versus loJlll­tudlnal/ ataggeriq, the optimum four-step longitudinal •taa•rlnl would have a varying noise figure from 2°K at one point ln the 200-Mc band to a maximum of a°K also in the band. The noise temperature of trau­verse staggering would be better than. with longitudinal atagprilg over 90 percent of the 200-Mc operating band. 
3. SIGNAL SATURATION 

Measurements were made of the al.pal aturatlon ebas,­acteristic (1lgure 25). From the curve, it can be 1een that 0. 5-p.ln compression takes place at an output-algnal level <I. -50 dbm. Satura­tion ln a maser is a total power effect and la related to the output.power level of the maser and not lta inherent gain. Tkerefore, an operatloaal limiter to protect the maser would have to ;iave a tbrelhold level of at least -50 dbm--ancl preferably, -80 dbm. The slgnUlcanee of tbl1 cbar­acteriattc will be dl1cu11ed la. a later eection. 
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SECTION 3 
LOW-LEVl:L LOOTING U81NO IMPACT IONIZATION IN BULK GERMANIUM AT 4. 20K 

A. INTRODUCTION 

Low-level garnet limiters operattng in the cotnctdence region have previously been reported at 4. 2°K (reference 8). Theee devtcee, however, operate only wlthin an octave frequency ranp, which ts a func­tion of the 4ffM
1 

. (for a YJG sphere at 4. Z°t[. for example. thte ftt• quency range ts 2. 3 to 4. 6 Ge.) The impact iontaation lifflltlng mecha• nlsm has no lower frequency limit but an tncreatJe in limUtq level 11 experienced ,with tnerea1in1 frequency above e1> = f, where , is the collision time. A high-power TR device based on this principle was prevtouly lnveatip.ted (reference '1). 

B. IMPACT IONJZATlQ!r 

The low-temper•ture coaducttvlty of certain impurity doped 1emiconductor1 exhibits a departure from Ohm'• law when electric tteldl are applied, which exceed a critical threahold level. The effect (break­down), which is generally allr11pt1 ta obaerved as a larp tncre .. , in conduettv1ty. When the applied field ls low. the charge carrier• are eeaentially "froaen out" at very low temperatureat and the 1tmicon­ductor has a very hlgh reet,ttvlty (for aermanlwn at •· 2°1. the re■II• tlvlty may be u high as 108 ohm/cm). A• the electrtc field 11 tncreued, there occu.re a free carrier mwUplic&tlon e&\lled by ionllattu of neutral tmpurltlea by thoae ''hot" carrler1 U.t have acquired 1ufflolent energy 1n the field. At the critical field (tntcau,, • to 10 vQlt1/1m Inn-type aermanlum), the bQpact ionization rate eaceede tbe 1eco111ll)t111Uon rate and breakdown occur•· 

Fi1Ure 28 ahowa a typtcal voltap-curNnt cbal\Cterwtlc II ,. a°x for a 0.150-lnch lon1 ar1emc-dQped n•type prmanlum ample. Ohmic contact, were obtained bJ alloytn, areenlc•doped 1older to tN 
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ends of the wafer. The conductivity change is seen to be greater than five orders of magnitude. 

The factors that affect the phenomenon can beat be appre. elated by examining the kinetics of the generation and recombination of free carriers. The rate equation can be written as (reference 8). 

where 
AT = thermal ioniZation coefficient, 
A1 = impact ionization coefficient, 

N0 = donor density, 
NA = acceptor density, 

n = free electron density, 13ir, 8i = reapeeUve inverse rate coefflcients (recombi:nattoa AT• A1)• 

For an n .. type material and to, small current denattle1, n <<NA, ND - NA, and tile n2 term in equation 1 can be nepected. The equUlbl'lW'1 value of current denelty n
0, 11 found uatnc the con«• tton dn/dt = 0: 

<a> 

When the electric field is very small, A1 In the cteaom\llMOr of equation 2 can be ne9lected. At zero electric Ueld. 

($) 
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where 
N0 

== density of states in conduction band, 

Al == donor lonlzation energy, 
k = Bolt1mann'1 con1tant, 
T = temperature. 

Thus, at low temperatures (T < < .Y, ), the ratio ~/BT 
is ve,ry amall, and n

0 
ls very small, resulting in very low conductivity. 

As the electric field on the semiconductor increases, the impact ioniza­
tion cc,efflcient (A1) increases, while the capture coefficient (S,,) 

decreases, causing a rapid increase in n until, finally, the breakdown 

condition, A1·- =.-.&r (N A/N0 - NA), ls reached and an abrupt change ln 

conducttvlty ls experienced. 

Breakdown occurs when the average energy of the free 
carriers approaches the ionization energy (AE) of the impurities. The 
critical electric field can be written as (reference 9) 

v [2AE .. J l/2 
Ec = ;:i kT - 4 (4) 

where 
v = longitudinal velocity of sound, 
µ = mobility of free-charge carriers. 

From equation 4, it is clear that for low critical breakdown 

fields, 6E should be minimized andµ should be maximized. These 
considerations limited the choice of material to germanium doped with 

elements from the m -V periodic columns, which has lower critical 
fields than alllcon doped with these elements. 

In germanium, at the low temperatures being considered, 

the mobility ls no longer limited by lattice scattering. It has been 

shown experimentally that for No - NA> 1015 /cm3, the moblllty is 
limited by r,3utral impurity 1cattertn1, for which (reference 10) 

(5) 
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The breakdown field thus varies directly with N0 • • NA in this range. From the polrt of view of providing high mobllitle1, the 
density of neutral tmpurittes should therefore be kept as small u pol• sible. For ND : NA < 1015; cm3, le. becomes essentially independent of the Impurity concentration indicating a different scattering process. The limitation here ls believed to be ionized impurity scattering. Under this assumption: 

(8) 

Thus, for low lmp~rity concentrations, 1
0 

depends mainly on the compensating impurity density, li A. The lowest breakdown field observed in highly pure n .. type germanium at 4. a°K was 2 volte/em.. 
The results of DC measurements on three n-type prmanium samples doped with varying densities of arsenic are shown in Table m. 

The compensating lmeurity in eich sample was boron, which has 
densities less than 1013 /cm3 . • 

TABLEm 
RESULTS OF DC MEASUREMENTS 

Resistivity (ohm/ cm) 
N0 {impurity atoms 

Breakdown Pltld Sample per cm3) ,oo~ 7'1~ t-Os (vQlS!l cm) I • 

1 3 X 1014 6.50 0.88 8. 7 X 101 8.3 
2 1 X 1015 1.56 0.26 8.3 X 106 8,0 
s 3 X 1015 0.46 0.33 I. 7 X 108 191.0 

Samples 1 and 2 have relatlvel:, low breudOwn ftelda. The hlgh breakdown fleld for sample 3, which ta co111lderablJ higher tuA ll to be expected from neutral impurity 1catterln11 may have been due to a faulty contact. 



To use impact ionization in the limiter, the semiconductor 

must, of course, be placed within a suitable microwave structure. If 

low limtttng ·tevels are to be realized, the material should be located 

within a resonant structure to build up the electric field to the break­

down value at low incident power levels. Certain relationships between 

bandwidth, insertion loss, and limiting level can be derived for a general 

class of limiters conslstlng of a single transmission-cavity containing 

a nonlinear element. 

The resonator can be represented by the equivalent circuit 

of Figure 27A which simplifies to that of Figure 27B. The unloaded and 

loaded Q's are, respecttvely: 

(7) 

(8) 

where 

At resonance, the power to the load, PL is: 

(9) 

where PA= e2/4Zo ls the available power. It can .be seen from equa­

tion 9 that for a given loaded Q, IJ1 + 112 equals a conatant and, con­

sequently, the power to the load is maximum wi.n 11 •Ba. Thus, for 

a given bandwidth, the insertion loss is minimum for symmetric coupUn1. 
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To consider the dependence of the limiting level on the 
insertion loss, the voltage, vL, across the inductor in Figure 2'1 can 
be examined. This voltage ls directly related to the magnitude of the 
electric (or magnetic) field in the cavity. By relating vL toe, and tbua 
to the available power, a relationship between limiting level and lnser­
tton loss is obtained. 

Assuming that n1 = na = n: 

Combining equations 8 and 10 with 11 = s2, the limiting level PAO 
becomes: 

(10) 

(11) 

where vLO corresponds to the magnitude of the appropriate critical 
field. The insertion loss L = P 4/PL ln db ver1us PAO ln relative db 
ls plotted in Figure 28 from equations 9 and 10. PA.o ls seen to have 
a minimum for L = 6 db and rises rapidly below L = 2 db. • The ratio 
Q/ ~ is plotted on the same graph to indicate the variation of the band• 
width. 

D. C-8,\ND LOOTERS 

A cross-sectional view of the liJQlter appears ln Ftp.re ZIA. 
The resonator 18 in alngle-ridged waveguide. Cou.plinC 11 aohlned by 
means of irises. The germanium slabs used were 0. 012 and 0. OSO taoh 
thick. The faces of each slab were previously nickel plated ua1ng u 
eleetrolees process. One face of a slab ls soldered to the rtdp, wbtch 
ts made of kovar, having a coefficient of thermal eXI)ansion clo11 to 
that of germanium. Contact ls made with the other face by prtHure 
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A. CROSS SECTION OP NIDOC WAVESUlOe STRUCTURE

W^^r3,

B. WANESUtOE STRUCTURE DISASSEMBLED
FIGURE 29. RTOGE WAVEGUTOE STRUCTURE
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against the beryllium-copper piece soldered to the top of the structure. 
The ridge ts insulated from the rest of the structure by 0. 001-lnch 
mylar to permit the application of a DC bias voltage. 

Figure 29B ls a photograph of the structure. Because of 
the large capacitive-loading of the thin germanium (the dielectric con­
stant is 16), the cavity ls less than a quarter wavelength long. The 
ridge is split lengthwise. A 0. 100-inch square by 0. 030-inch thick 
germanium wafer ls soldered to each half, which is insulated from the 
waveguide and from the other half by mylar. In this manner, bias 
voltages can be applied in opposite directions across each of the 
two germanium squares. Figure 30 shows the limiting characteristics 
of the device with zero bias, O. 500-volt bias, and 0. 635-volt bias 
across each sample. This latter voltage is the maximum value that 
could be applied under stable conditions. The limiting level in this 
case is seen to be only 6-db lower than that for zero bias. Frequency 
effects are responsible for the small influence of the bias as well a11 for 
the discrepancy between the theoretical and measured ltmit1n1 levels 
of zero bias. The microwave field intensity required for breakdown is 
higher than the DC value, because, at 4 Ge, the colllaion time is longer 
than 1/ w . Thus, on the average, the microwave field reverse before 
ionization takes place. 

In view of the small effect of the bias on llmlt1ng level, the 
structure of Figure 29 was modified to achieve a higher unloaded Q 
necessary for lower insertion loss and threshold level. The higher 
~ was obtained by removing the mylar insulation, which eliminated 
RF leakage. The limiting level was kept low in spite of a lower loaded 
Q by using a thinner (O. 012-inch thick) germanium square aoldered to a 
single ridge. In thie manner, a l. 5-db insertion loss was achieved with 
a 200-Mc bandwidth centered at 3875 Mc. Figure 311how1 the limiUq 
characteristics. Lower insertion loss and wider bandwidth can be 
obtained merely by enlargln, the iris coupling hole■, bu.t this occurs 
at the expense of limiting level according to Figure 28. Unfortunately, 
the dynamic range cr;uld not be measured due to the power limitation 
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of the available source. Since the conductivity of the germanium can 

exceed lta room temperature values when deep tn the breakdown region, 

the insertion loss of the device at room temperature provides a lower 

limit for an estimate of the dynamic range. The measured insertion 

loss at room temperature was greater than 50 db. 

E. SAMPLE PREPARA.1'.JPN 

An electroless plating technique was used to obtain the 

required u.dform, low-resistance contact, to the germanium wafers. 

After careful cleaning, the saniples were immersed in the plating 

aolution, which was maintained at 95°c. A platlr.g time of two or 

three minutes was found to be sufficient to deposit an adherent film that 

was easily tinned with low melting-point solder. In order to obtain 

ohmic contacts at very low temperatures, lt was found necessary to 

anneal the plated samples at eoo0c for 15 to 30 minutes, after which 

they were replated in the electroless solution to permit soldering. 

Since the samples were only 0. 012- and 0. 030-inch thick, 

masking to prevent plating of the edges was lmpractlcal. Instead, a 

large germanium wafer having the required thickness was plated as 

described. This piece was then waxed between two thin glass plates 

with Aplezon wax. The entire sandwich thus formed was then cut up 

into sandwiches of the desired area. T!tese were then dropped Into a 

standard CP-4 etch, which attacked only the edges of the germanium. 

Subsequent immersion in a solvent dissolved the wax, enabling recovery 

of the samples. 

F. FREQUENCY E~FECTS 

It will now be shown that the dlscrepancy between the 

observed limiting level in Figure 31 with zero bias and the value cal­

culated, aaaumlng the microwave breakdown field to be equal to the 

value m•aured at DC, can be attributed to frequency effects. 

52 

• 



The following equation describes ~\e motion of the charge 
carriers: 

(1Z) 
where 

m* = effective mass of carrier, 
vD = drift velocity, 

.,. = collision time, 
q = cmirge of carrier, 
E = electric field intensity. 

Under sinusoidal excitation (E = E
01

jw1' ), equation 12 can be solved 
for v0 : 

(13) 

where 

(14) 

Breakdown occurs when the average energy of the carrier 
reaches a critical value. Thus, the RF breakdown field depends on the 
component of vD in phase with E, whlch leii.da to the following expree .. 
sion: 

(11) 

where Ee is the DC breakdown field and lerf ls the breakdown field at 
the frequency w . For electrons, equation 14 yields 

(18) 
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where f '' in •olt-clll/1ee
1 and m0 18 the free electron mus. U•lnc 

I' = 1,0 at ,, 2°K and m• /m
0 

= 0. 125, the collislon tlme becomes = 
'1.1 ~ 10·11 1econd1. At 4 Ge, wr = l. 8 

The microwave breakdown fleld calculated from the llmitlng 
1,vel observed with the 0. 030--inch thick sample in Fl,ure 30 with no 
bias applied ls 39. 5 volte/cm. From eqlll.tlon 15, with Ee = i vol'-1/cm 
(as measured across this sampl,e at DC), Ecrf = 38. 2 volts/cm. The 
close agreement is perhaps fortuitous in view of the assumption, macle. 

The reason for the limited effectiveness of the bias becomes 
clear from the preeecllng ana.ly1l1, since the bias field could be set no 
higher than le, In fact, with the bias set jut below Ee, one might 
expect the llmltlng level to be lowered by 20 log EcrtfEcrf - Ee= 2. 4 db 
in the case described. The observed improvement of 6 db in F~l\lre 30 
may be due to heating of the sample by the bl.a. 

G. RBSPON'SE Aim RECOVERY TIM~ 

The time required for the current in the germanium to 
increase by impact ionization is a function of the amount by which the 
applied electric field exceeds the breakdown valu.e. The larger the fleld, 
the more energy ls acquired by each of the free carriers before lonlza­
tlon so that thie response time can be expected to decrease (actually, 
tile situation ls complicated becaue the moblllty decreases with 
lacreulng eleetrl1e field ln the reglon of brealcdown). Results of mea­
surements by ltaele, Penaak, and Gold (reference 11) of respcmse time 
as a function of field 18 shown tn Figure 32. 

When the 1ermanium ls ln the breakdown region and the 
electric field ls au.ddEtnly redaced to a value in the ohmlc re1glon, the 
current falls at a slower rate than the. response time. An estimate of 
th.e relaxation time, r r , can be obtained by aolvlng a linearized form of 
equation 1: 

(17) 
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The solution is a decaying exponential having the 't:ime constant: 

(18) 

The dominant term in r r is BrN A si"'lce with the removal of the break­
down fieleil, Ai (NO ... NA) becomes negligible. Thus, .,. r ~ 1/8.rJl A.~ 
which shows that NA is the basic control para.meter of the relaxation 
rate. 

Under puls1ed conditions (100-mw peak, rise time less than 
.o.11i1-sec), the observed spike leakage through the limiter of Figure 31 
was omly 5 x 10·3 erg. This is to be compar,ed with about 0. 5 erg for 
a ferrite coincidence limiter under similar conditions. 

H. OPERATION AS PULSE MODULATOR 

By applying a volta1e to the germanium greater than the 
breakdown vdu.e, the limiter can loo used as a fast switch. To inYesU­
pte the operation of the device as a puls1e modulator or -swttch, mylar 
was in&erted to insulate the ridge of the limiter in Fi1Ure 29 and a ll>i .. s 
terminal was connected. A puls1e jle11ltrator was connected to the bias 
terminal by means of P. matched cable. 

The output waveform obtained from this pulse mod.ulator is 
shown in Figure 33. The rise a.nCll decay times (le11 than 20 nsee) were 
limited by those Cid the pulse gen,erator. 'rhe cirivb1g voltage was found 
not to be critical, but too large a voltage will degrade the decay Ume, 
which depends on the carrier recombination time. 

A modu.lator based on this principle has the advantage of 
low rise and cleeay times, low drivi111g p&arer requi~ement, low insertion 
loss and no f:requency limitations due to the material ,thrP1gh the milli­
meter r,uge). 

l. CONCLUSIONS 

Low-level limiting using lmpact ionization at 4. 2°K has been 
demon1ttated. The llmlters are charactertzecl by a very low 1pike 
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leakage and a large dynamic range. Frequency effects occur when 
WT'> 1, where;~ 7 x 10·11 seconds in then-type germanium samples 
observed. As the frequency increased, the microwave electric field 
intensity required for breakdown increased (as w 2 for w 2.,. 2 >> 1). 
Since the limiting level, Pc , is proportional to E~rf , Pc rx w 4,. 2 

Thus at thest! frequencies, .,. A.nd thus I' should be minimuzed for low 
threshold level. 

Although no measurements have been made at frequencies 
w < 1/T, it is felt that much lower limiting levels can be obtained at 
lower frequencies by biasing the germanium with a DC electric field 
just below Ee , the DC breakdown field. The bias field becomes of 
little significance when w > 1/1 since it must always be less than Ee, 
whereas the microwave breakdown field can be much greater than Ee. 

Finally, using the very short switching time of the germanium 
when the breakdown field is exceeded, the device has been operated as 
a pulse modulator. This technique for pulse modulation offers consider­
able promise at millimeter wavelength~. 
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SECTION 4 

SUPERCONDUCTING THIN-FILM JUNCTION 
TUNNELING EFFECTS 

A. GENERAL 

The majo1· emphasis in this phase of tht~ program was 
directed toward obtaining solid-state oscillators having sufficient power 
to saturate the pump transition of a broad-band maser. The frequency 
required to pump the maser being developed on this program is in the 
30-Gc range. The maser, unlike most negative-resistance amplifiers, 
does not require a frequency stabilized source for a pump. This is a 
result of the incoherence of the signal and pump transitions. n is en­
tirely feasible to use a noise source to saturate the pump transition 
and, in fact, for the present broad-band maser program noise pumping 
has several distinct advantages over coherent pumping. In any event. 
the fact that noise is a satisfactory technique for pumping masers sig­
nificantly broadens the areas of investigation for devices capable of 
actlng as a satisfactory source. 

The approach investigated was the use of superconducting 
thin-film junction tunneling effects. This approach was considered 
wo1-thwhile since: (1) a cryogenic environment ls required by the maser• 
and is thus available and (2) the thin-film approach has promise of. belne 
lightweight and compact. During this study, the practicality of this ap­
proach was investigated. 

B. SUPERCONDUCTING THIN-FILM TUNNELING 

1. GENERAL 
The superconducting tunnel junction conaists of two super­

conducting metals separated by a thin insulating film. When a potential 
ls applied between the two insulated metall, a tunneling curre.nt will 
flow. Reference 12 has made a general analysis of the resulting V •l 
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cbaracterlsttcs of these functions based upon the BCS (Bardeen, Cooper, 

and Schrieffer) simple one-dimensional model of the electron energy 

·apectrum of metals. Three cases of interest were presented. 

Junction Resulting V-1 Characteristics 

1. Both metals in a normal Linear 
state 

2. One metal normal and Nonlinear 
the other in a supercon-
ducting state 

3. Both metals super- Existence of a negative-
conc:mctlng resistance region 

The negative-resistance region of case 3 is of primary 

interest on this program, since for our application we are seeking an 

active device. The details of the nepttve-resiatance region are of ex. 
treme importance since the awing of voltage (AV) and current (61) in this 

~glon determines the maximum available pump power ffOm the junction. 

Por example, maximum available pump power for a linear negative­
resistance region is given by (reference 13). 

P = 1/8 (DV) (DI) 

wber•s for a cubic negative-resistance region, the constant 1/8....,3/18. 

It la clear that the practicality of a superconducting tunnel junction as a 

maser pump source ls contingent up-on realizing large peak-to-peak volt­

age current swings in the negative-resistance region. Consequently, it 
la worthwhile investigating the factors that determine the magnitude of 
these swings, and the maximum that we can expect. 

2. SUPERCONDUCTING JUNCTION V-1 CHARACfERISTIC 

The magnitude of. tunneling current of. a superconducting 

Junction la given by the integral (over all energies) of the product of 

the number of electrons in one metal by the number of holes in the other 
metal at the oorreaponding energy. The current that travels from 

metal 2 to metal 1 of ll. Junction ls given by (reference 12) 
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100 

/ 2,r) 2 i2--.1 = -00 lb IM21I ~).:2(E)_ . .. n1(E) r~- f1,(E)~ dE 

no. of elec- no. of holes 
trons in in metal 1 
metal 2 

where 

I M21 1 = matrix element for an electron transition from an 
occupied state in metal 2 to an unoccupied state in metal 1, 

(19) 

(n1), (n2) = total density of states in metals 1 and 2, respectively, 
f2(E) = Fermi-Dirac probability that a state is filled in metal 2, 

[l - f1 (E)] = Fermi-Dirac probability of an empty state in metal 1. 

Similarly, the current that travels from l to 2 ts given by 

no. of elec- no. of holes 
trons 1n in mdal 2 
metal 2 

Jf we assume that the matrix elements (M12) and (M11) 
are both constant and equal, we obtain as the net current flowina from 
metal 2 to metal 1: 

where A is constant. 

Equation 21 is a general expression that ts valld for nor­
mal a~ well as superconducting metals and is the basic expression that 
determines the resulting form of the V-I characteristic of a given june­
tion. Spec iflcally, the differences in the density ot state functions 
dominate the V-I resultant. Figure 34 shows the V-l characteristlca 
of the three cases of metal combinations stated previously, and their 
respective density of state functions. From Figure 34, it can be seen 
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that for metals in the normal state, the energy has the expected Fertul­Dirac distribution, while ln the superconducting state, an energy gap (2 d exists, centered at the Fermi level. {Thls energy gap ts as postu­lated by the BCS theory.) 

A sketch of the density of state functions of Junction consist­ing of two different metals, each ln the superconducting state, ls shown in Flgur e S4C. The expected width of the energy gaps at O°K, predicted by the BCS thenry, ls 3. 5 KT c• where K ts Boltzmann's constant and Tc ls the critical temperature of the superconductor. The width ,of the smaller gap plays the key role in establlshlng the 6 V swing in the neg­atlve-realstance region. Flgure 35 illustrates the reason for this. Applying a voltage across the Junction is equivalent to sliding the density of states of one metal with respect to the other metal. The effect of a positive voltage, V, on metal 1 (where V < ,2 - , 1, and f2, «1 are half the respective energy gaps of metal 1 and metal 2) la shown ln Figure 35A. The number of unoccupied states (holes) ln metal 1 lnto which electrons from metal 2 can tunnel increases with voltage, until the left-hand edge of each of. the gaps coincide. The coincidence occurs at V • «2 - c1. In this same region, the number of electrons ln metal 1 decreases with voltage until the left-hand edges of the ppa are about , 1 of coinciding, at which point the electrons tn metal 1 apln increase because of the peaking of states. However, the dominant effect ls that of the tncreaa­tng number of holes tn metal 1 because of the Fermi function actlna on the two gaps (equation 21). Thus, the net effect in this region le, as shown in the associated V-1 cbaraetertetlc of Fllure SSA, positive \'Olt­ace versus current charactertstlc wlth current flowing from metal 1 and to metal 2. The positive V-1 cbaracteriatlc continues until the applled voltage increases to V max • , 2 - , 1. At thls point the left-hand edge of both energy gaps coincide and the maximum current ls obtained. When the applied voltage ls increased to a value that is greater than ,2 - , 1, Figure 35B, the left-hand edge of the electron dlatrtbutlon of metal 2 pa.s&es into the energy gap of metal 1, where there are no available states to tunnel to. Thus, the current decr•sea with tncreaatng voltage~ reaultlng ln a neptlve-reatstance r,•glon. The current continues to de . 
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crease with increasing voltage until the applled voltage ls V min = ,2 + 
t 1. At thls point, the left-hand gap edge of metal 2 colncldes with the 
right-hand gap edge of metal 1 and a minimum current in the negatlve­
reslstance region is obtained. Increasing the voltage beyond t2 + t 1 
wlll again present available unoccupied states for the electrons ln 
metal 2, and a positive V-1 characteristic wlll result (Figure 3SC). 

Consequently, the maximum voltage swing in the negatlve­

reslstance region ls given by 6.V = vmln - v,nax' which ls 2,1' the width 
of the smaller superconducting gap. To maximize the output power of a 
given thin-film superconducting junction, the supereoud..t.ctors ha vlng the 
largest energy gaps available should he used. As stated previously, the 
gap widths as predicted by the BCS theory, are directly related to ·the 
transition temperature Tc. Hence, one would expect that in general, 
the higher transltlon temperature superconductors would pre;vlde the 
largest energy gaps and correspondingly the largest outp.at power. 
Table IV ls a 11st of measured gaps ln superconductors and their as10c­
lated transition temperatures. (I should be pointed out that the gap 
values were taken from references 12, 14, and 15.} 

TABLE IV 
MEASURED VALUES OF ENERGY GAPS 

Su~r- 'tc 2( 2( 

con uctor ~ KTc (m volts) 

Niobium 9.1 4.0 3.1 
Lead T.2 4.33 2.69 
Vanadium 5. l 3.6 1. ,59 
Tantalum 4.4 3. 6 1.36 
Mercury 4.2 3. '1 1.33 
Tin 3.7 3.6 1.15 
Indium 3.4 3.5 1.02 
Alumlnum 1.2 3.2 0.358 
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It ls clear from Table IV that the energy gaps vary from 
about 0. 3 mv to 3 mv, the largest gap occurring ln Nb, the supercon­
ductor with the largest Tc. 

Thus, for maximum output power, the superconducting 
Jtmctlon should consist of Nb and Pb. Aesumlng that no junction fabri­
cation problems exist, operation of the junction at 4. 2°K would provide 
a AV of about 2. 5 mv. 

The magnitude of the current swing (61) ls dependent upon 
the thickness of the oxide film lay-,r separating the metals. A compro­
mise has to be made between useful DC resistance and magnitude ~ 
(AI). For an oxide layer thickness that provides Al's of 10 ma and 100 ma, 
the resulting resistance ls 0. 25 and 0. 025 ohm, respectively. If one 
neglects the problem of coupling the energy out of such a low-resistance 
Junction, the expected output power of a single element would be (for a 
cubic negative resistance characteristic) 

Pout _, 5 ,_.watts at O. 25 ohm resistance 
50 ,.iwatts at 0. 025 ohm resistance 

If one further assumes that only 20 mw of 30 Ge power ls 
required to saturate the broad-band masers pump transition (an optl­
mistlc assumption), then a minimum of 400 to 4000 juftctlon elements 
will be required to provide this power. It is thus concluded that the 
auper,condu.ctlng thin-film Junction approach is oot sufficiently practlcal 
wlth presentlv available supercon.ducti.ng metals to provide a solid-state 
maser pumping source. 
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laad.
X RVORT TTTU: Eatar Iha coa*lalo rspoM IHIa Is aU 
cappal lanara. TItlaa la all eaaas skould ba aaelaaalflad.
■ a ■aaaiki^al IMIa caaaol ba salactsd arllhoal classifies. 
Ilois show tlGa elaaalflcMIoa ta all capilala la paraidkasis 
lasaaiHalaly following Ika Ulls.
A DBCRIPTIVB NOTSR tt «proprl«a. aatar tha lypa ol 
rsport, a A, l■arl■. provoaa. auanaarr, aamal. or llaal.
Olrs Ika Iselaslaa dataa iriias a apaclfic raportlag partad U
X AUTHORftk Bmar Iks naaMa) of aMboifa) as akaws sa 
or in Iha ripoM. Rmw la« naaw, fbsl asM, wldAn InHIaL 
If silMarT. aksw rank and braack of aaralea Tbs otmo ol 
Ika priacipsi .ulhar is aa abaointa ■Inknuw la^drawanl.
A RRPORT DAT!:i tmar Iks data ol Iha raport aa day,
SMallk yaar, or wo ink. yaaa If ■ara lhas oaa d^ appsata 
aa Iks raport. aaa data of pabllcalloa.
7a TOTAL HUMBER OP PAGER Tha lolal paga eosai 
shaald follsw nanaal paglnaaloa proesdaraa. La. aniar Iha 
anapar of papas coMalalag laforautlaa 
7b NUIMER or REPEREHCEB Eat* Iha IMal aaaPar af 
lafaaancoa chad bi Ika raport.
ga CONTRACT OR GRAIfr NUMER: If approprlats, aalaa 
Iha appllcabla anwkar of Iha eoatraet or ^aal nadar wkick 
Ika raport was wriltarL
g*. R. b td. PROJECT NUMER Eatar Iha appraptials 
■Hilary dopart^sal Idsallllcallsa, sack as pra|act nawbaa. 
sakpraiact nu^ar. ayslo^ aaakata. task aaaRsr, ala
ga ORKUNATOR-g REPORT HUMERff); EM* tha afB- 
cial raport nwabar by which tha doeawaM wiU ba Idsallfisd 
oral comrollod by Ika original Mg action y. This naaMor oar SI 
ba aalgaa la Ikia raport.
gg OTHER REPORT HUWEIEg): If Iks npaal has basa 
assignad aay otkar raport ainnt wa fartkar by Ika srfplasaar 
sr by Ika apanarrj. also snisr Ikls nawbarfa). 
la .•VAB.ABO.ITT/l.nMTB'nOH HOnCBR Eatar aay ll» 
UatlsM am l«lkjr diasaaPaallsa si Iha rapart. attar Ikaa ibsaw

knpiiaiil by aacarlty daasificatlsa, i

(1) “gadlflad ragaaa
rapart bow DDC‘

(2)

(»

r ahtala capiaa of IMs 
ad dIsaawiMUaa of Rds

rapart by OOC la not aulhoriasA '*
this raport dbaeUy bow DDC. Olhar gaallBsd DDC 
uaara shall rapasat Ikroagk

(4) "U. E adlllary apaaciaa pay obtain eaplaa af this
rapart dbaetly baw DDC Otkar paallflad asara

"AU dlatrttwUoa af this rapart is DontralloA .qaaf. 
iflsd DDC saars ahaU rspasal tttoi«k

If Ika rapsa has baaa farttahad is tha OfBca s' Tachalcal 
garolcsa. Daparanard af Cawwarea. lor aals to tta pittlle. ladb 
oato IMS fact and aaaar tha prtea. If kaaww 
IL gUPPLEMENTART HOTEtt Uss far igRtiaaH aiRlaaa
lory notaa
IX VONgORIlfG mUTART ACT1VITT; Easr tha mbs of 
tta dapartaantal pralscl ofBca sr laboratory aponsaring fpar 
bid lot) Iks rsaaarck aad daaaloppaaL lacluda adttaaa.
13. ABgTRACT; Ea»r aa obslrsel gloiag a brief and facinal 
sawaary of tta dncaaial laoicatioa of Ika raport. aoaa Iboogk 
It way also appaar alcawhara la tta body of Iha tachalcal ra- 
port. If additlaaal spaca la lagairad. a csoriaaatlsa shaal shall 
ha altschsd.

It IS ki^ly daairabla Ikal Iha sbalraci of eUasiflad laporta 
ks uaelasairiad. Rack para^ph of tta skstracl shall aad with 
aa ladlcallsa of tta adlllary aacarity claaalflcatisa of ihr la- 
forwrllqa la Iha psra«gh, laptasaatad sa (TV. (Mi. <C). at (U)

Thara is no I
r. dM aaggaati

I sa tko Isagtt of tta oka tract.
I Is bow ISO IS

14. EETRORDd: Ray w. 
or short phroaas that ck

I IS 22S I 
ally I

lo a rapart aad wap ba naad as 
ladaa snirlaa far cntallgllg tta rapart. Ray words wast ks 
aalaclad so Ikal as aacarlty clasalBcallaa la rapalrad. Idsad- 
nara. suck as agaipwaat awdal daalMUoa. tisda aawa. adUtai 
prajact coda nawo. yographlc locatiM. way ba naad as kay 
words bal arlll ba follawad by aa ladlcallsa of lachaleal coa- 
laat. Tko------,----------of llaha. rwlas. aad waists la opUssal

Unclassified

Seegrity ClsssificaUai
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