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Previous experimen{8Barbaraet al, Phys. Rev. Lett82, 1963(1999; Vasilic et al,, Appl. Phys. Lett.78,
1137 (2001 ] showed that two-dimensional, unshunted Josephson-junction arrays emit radiation coherently
when a threshold number of junctions is switched to a radiating state. Here, we report low-power radiation
being emitted when the number of radiating junctions is smaller than the threshold number. We show that in
this regime the output power is incoherent, i.e., the array behavior is qualitatively different from the coherent
regime.

DOI: 10.1103/PhysRevB.65.180503 PACS nuni®er74.50+r, 85.25.Cp, 07.57.Hm, 42.60.Da

If V is the voltage across a Josephson junctipnthe = GHZ%), significant power outputs and the control over the
gauge invariant phase differendg, the critical current and number of active junctions make them interesting for further

d, the flux quantum, the Josephson relations study.
While shunted JJA arrays are tunable over various ranges

®- d of frequency our unshunted arrays work in a completely
_ 0% and 1=I¢sin(y) (1)  different manner.® The critical current of each junction with
27 dt no applied magnetic field is about 150A. If we suppress
the critical current to about 15«A by applying a magnetic
predict that if there is constant voltage the current will oscil-field parallel to the array, resonant features appear irl\the
late with a frequency proportional to that voltage. Utilizing characteristic. These features are sharp, equally spaced in
this unique property, for the last two decades Josephsorvoltage, self-induced resonant stgsRS.”
junction arrays (JJA) have been studied as microwave Because of the hysteresis, for currents below the critical
sources. The advantages of using arrays as opposed to juna@urrent each row can have either no voltage drop across it
tions are higher power outputs and better impedance maitclithe supercurrent branglor it can have the resonance volt-
ing to typical loads. Arrays used as radiation soufcéwsere  age (/,.c~330 wV) across it(the SIRS. The steps shown
shunted, thus nonhysteretic, which provided tunability to then Figs. 1a and Za), correspond to different numbers of
output radiation. Because of the nonhysteretic nature of theows being switched to this new state. The ground planes are
current-voltage (V) characteristic, all the junctions in these essential for the operation of our arrays, since the SIRS exist
arrays are always oscillating. only when there is a ground plane above or below the array.
In contrast to this standard approach, our previous Work The SIRS are a result of a resonant effect where the junctions
explored unshuntetlystereticJJA that produced millimeter- pump power at a frequency determined by the resonant cav-
wave radiation at a frequency fixed by a resonance. The hysty formed by the array and the ground plane. Only when we
teresis enabled us to control the number of radiating juncbias the array on these steps does it emit power, at a fre-
tions. By studying the radiation output of these arrays as guency that corresponds to the resonance volthge
function of the number of radiating junctions, we observed=V,.,/®, through the Josephson relation. We shall stress
that a certain threshold number of oscillating junctions waghe two main features of our arrays that are important in their
necessary for the array to emit coherently. Below this threshewn right, and are absent in the standard unshunted JJA:
old no power could be detected. (a) Because of the highly hystereti®&/ characteristic of
In this work we present more sensitive measurements thajur arrays we can switch a desired number of rows onto an
reveal that our arrays radiate even when the number of radSIRS. This gives us control over the number of radiating
ating junctions is below the threshold number. However, ascillators in our devices, as opposed to shunted JJA, where
qualitative change is observed when the number of radiatingll junctions are always in the oscillating, nonzero voltage
junctions is increased above the threshold. state. A row that is biased on a SIRS will be calkective
Our arrays are made of unshunted Nb/AIBb  while a row biased on the supercurrent or resistive branch
junction€ and there is a ground plane above each of thawill be calledinactive
arrays. At one end of each array there is a detector circuit to (b) Once the array is biased on an SIRS we can control
measure radiation from the array. The other end is shorted tthe input dc power by varying the dc bias current. This fea-
the ground plane. The arrays are current biased and we daire allows us to examine the array operation for different
fine rows to be perpendicular to the bias current. Eveninput powers with the number of active rows being fixed.
though these devices are essentially operating at a single fre- In order to better understand the radiating state we mea-
quency, the high efficienciefup to 32% from dc to 165 sured the output powe? ¢ as a function of the input power
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FIG. 2. (Color Graphs(a) and(b) show plots analogous to the
ones shown in Fig(1) for an array with four columns and 36 rows.
The color coding is different. Graphs) and(d) are enlargements
of the low power region. The plot ift) shows steps number 6, 7, 8,

o 11, and 12. For all of ther® ,¢ saturates as a function B, . The

FIQ. 1. (Colon (a) Cur_rent-voltage characteristics and corre- plot in (d) shows steps 9 and 10. Each step has two data sets cor-
sponding(b) outputPc vs inputPpc power curves are shown for - eqhonding to it. For both steps the two data sets display different
an array with two columns and 36 rows. The numbers of actlvepAC vs Ppe dependences.
rows to which certain self-induced resonant steps correspond are

marked and color coded on the characteristics. For example, the . . o
red curves on all graphs in this figure correspond to five active”bc for a fixed number of active rows. After biasing on a

rows. () Enlargement of the low dc power region, showing stepsgiven SIRS, corresponding td, active rows, by varying the

number 4 through 9. The inset {h) showsP ¢ as a function of the  bias current we could vary the input powePpc

dc power,P5 . supplied only to the supercurrent channel. The inset=lpjasVpc . FoOr each pointin Figs. 1 and 2 we recorded the
in (c) is a schematic of a simple model of the arrays. bias current, the dc voltage at that bias current, and the cor-

180503-2



RAPID COMMUNICATIONS

DIRECT OBSERVATION OF A THRESHOLD FOR . .. PHYSICAL REVIEW B5 180503R)

respondinglV characteristic of the detector circuit. The From Eq.(3) we solve for the ac amplitudé,c as a function
power radiated by the array could be estimated by numerief the input dc power,

cally modeling the photon-assisted tunneling process in the
detector circuit.

For each SIRS, data were taken consecutively: Once we
biased near the bottom/top of the step, we would increase/
decrease the bias current and take data, making sure that the
array stayed in the same dynamical state.

Before we analyze the data let us see what one woul
expect from an array in which all the junctions are frequency
locked. We will assume that the frequency is independent of

©)

ubstituting this expression only in the term R in Eq.
2) and solving forP,c we get

the bias current, which is a good approximation when the pAC:—ng, (6)
array is biased on the very steep, top part of the SIRS’s. For E Reff
simplicity, we will consider a one-dimensional array Nf ¢ NR

identical junctions, shown in the inset in Figc), connected
in series with a load of impedan@e=R, +iX. Each junction

carries a dc bias curremt;,5 that gets split into a resistive I h locked. i d Ed6) imolies th
channel, representing the quasiparticle leakageand into a are also phase locked,is constant and Eq6) implies that

supercurrent channel, which supports a dg, current be- Pac _is a linear function oP3. If_the phases are scrambled,
cause of the resonant effect. Also, there will be an ac currerff’@kingé smaller, the slope of this dependence is smaller and
flowing through the junction. We assume that each activ&/IC€ Versa. For a given junction resistance and load imped-
junction has a dc voltagepc/N, across it, wherdl, is the ~ @nce the distribution of a given input DO_WE"SC depends
number of active junctions, and that all junctions have an a@nly on the relative phases of the oscillating voltages across
component with amplitud®,c and a phase shifs,. We  the junctions. For example, for a fixeRl3, if & is de-
assume the phase shif@ to be different from junction to ~creased, decreasing the power delivered to the Mgg will
junction while restrictingV s to be constant. grow, as given in Eq(5), to increase the dissipation in the
The bias current supplies the system with dc power equdHnction resistors and satisfy power conservation in (4.
to Vpclr+ Vpcls. The first term is the dc power dissipated This argument does not depend on the particular wave form
in the resistors. The second term is the dc pOWéE that Of the oscillating voltage across the junctions, so it is model

gets converted into ac power, which we will denote v, ~ independent.

that is,P3-=P3 . There are only two sources of dissipation Wg recofrde?.:’Ac Vs P'?Cz.lf?‘asv'?tc curvesvl‘lor dr:fferlgnt N
in the system, the junction resistors and the load. Followin UMDBErS of active rows In different arrays. vve shouid note

this power conservation argument, we find that the total aFr:?t Pﬁc |pcluci|es ;he quaS|part|cIedd|SS|pat|0nS§s OpEOSSIthg
power supplied to the systen®:., has to be completely pc thatis only the supercurrent dc power. Since the

dissipated in the junction resistorBy., and in the load are fairly steep, and the subgap resistance laRg, and

resistor ad> 5¢ that is our measured power. We are interestecﬁ nc differ by an approximately constant power when we are

in how PR is distributed between the power dissipated inPIaSIQSr\;aéosngngtilgiglgofrtsglo?gmgsculrvaer;dfozr th owa&rr\és s
the array,PR., and the power dissipated in the lod@)c, D P Y

N . ith 36 rows, one two-columns wide and the other four-
and how this distribution depends on the relative phases o

. . . oo olumns wide.
the junctions. Assuming harmonic time dependence of the

. . . ) There are two striking properties of i ¢ vs Ppc func-
voltages across the junctions and using power conservatlolﬂOnS_ First, when the number of active rows is low, the out-

As mentioned before, this derivation assumes frequency
locking of the junctions. In the case in which the junctions

we obtain put power saturates and does not grow with the input power.
5 For a large number of active rows the output power always
NV . . . .
S S _ MR ~ NVac grows with the input power and becomes linear for high
PBc=Pac=PactPac= 2R VLI, 2 powers. We define théhreshold as the number of active
rows where this qualitative change in tRg vs Ppc de-
V2 V2 pendence occurs. For the array with two columns the thresh-
S _pS _pnAC 2_"AC old is eight rows and for the array with four columns it is 13
P3c=PRc=No5 +éN , 3 . . .
2R 2Rett rows. As mentioned previously, only at high powers the dc

voltage (ac frequency becomes nearly independent of the
where(- - -) denotes a time average over one perdand  bias current and we can use E@) to conclude that the
I, are the voltage across the load resistor and the currerifrrays then become phase locked. The insets in Figs. 1
through it, with the following definitions of the effective re- and 2b) show P,c as a function ofpgc, with ch

sistanceRq¢; and the coherence factgr =Vpc(lpias—Ir). We estimatd  as the quasiparticle leak-
age current obtained from thi/ characteristics. All the
2 N curves above threshold lie on the same line as predicted by

1+ =

1
, &= E cogS,— 6m). (4) Eq. (6), while the ones below threshold lie below this linear
1
L

Refr=RL =—
2 - Ly .
N n,m= dependence indicating loss of coherence.
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The threshold transition is shown in Figdcll 2(c), and  five times more ac power when biased on step number 9,
2(d). For example, even though on step number 11 in Figcompared to when it is biased on step number 5, for the same
2(c) the input power reaches levels similar to when the arraynput dc power of 35nW.
is biased on step number 1B, is much lower and does not There is extensive theoretical work describing the interac-
show the same dependenceRs . For these small number tion of single junctions alnsd arrays with resonant cavitiés.
of active junctions, the output power often decreases wheAhe most recent wofR*®is aimed toward understanding
the input power increases. experimental re_sql?é on underdamped arrays. Theoryehas

We have also noticed that below threshold, the power outProvided descriptions of frequency locking to a C‘ﬁ}'}éﬁr%"’?
put on given bias points is not always the same. This is th@Tay !V curves that can be compared with experimert,
case with steps number 9 and 10, shown in Figl.2For ~and descriptions of the coherent radiating staté’ includ-
each of these two SIRS there are two overlapping sets 9 the degree of cohererf®é”and power along a given step

N o “asl g is varied’ Theory has thus successfully reproduced
points in thelV characten;hc. However, _the power depen most of the observed phenomena. As discussed by Barbara
dence for these two sets is completely different, asRhe

P lot sh Thi hat the ) had diff et al,}” however, one outstanding problem remains.
Vs Ppc plot shows. This means that the junctions had differ- e ot recent theory predicts coherent radiation as soon

ent relative phases each time we biased changing the powgE ihe array is biased on a SIRS, that is, there is no threshold

delivered to the load. _ _ _for coherent radiation. By contrast, our experiments show
Second, even though there is a drastic change in thgistinctly different behavior below and above threshold, as

amount of power that the array is delivering to the detectoryiscussed above and in our previous wotkae task remain-

the steps in théV characteristic do not show any change jng for theory is to explain the threshold, and to characterize

going from below to above threshold. Both the step heighthe degree of coherence and the radiation output both above
(in curreny and shape remain approximately the same agnq pelow threshold.

shown in Figs. 1 and 2. For example, step number 5 in Fig.
1(a) reaches bias currents greater than any of the bias cur- This work was supported by the AFOSR under Grant No.
rents at which the other steps exist. Yet, the array radiateB49620-98-1-0072.
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