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Stimulated Emission and Amplification in Josephson Junction Arrays
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We report measurements of mm-wavelength radiation from two-dimensional arrays of underdamped
Josephson junctions. All of our samples emit coherently in a novel synchronized state, which is
triggered by a resonance in the array structure. Measurements of the detected power as a function of the
numberN of active junctions show a threshold, suggesting population inversion. Above threshold, the
power scales wittv?> up to an array size bigger than the free-space radiation wavelength. The highest
measured conversion efficiency from dc to ac power is about 17%. Our data are consistent with stimu-
lated emission causing coherence and cannot be explained by existing classical coupling mechanisms.
[S0031-9007(99)08541-5]

PACS numbers: 78.45.+h, 42.25.Kb, 85.25.Cp

Josephson junctions are natural voltage-to-frequencgtudied in Refs. [4,5]). Moreover, each junction is cou-
transducers. When a dc voltad®. is applied across a pled to a high@ cell resonance, while previous arrays are
junction, the supercurrent oscillates at a frequency [1], low-Q oscillators. Our data provide the first strong evi-

_ dence that an array of many Josephson junctions, which
Vv = 26Vdc/h . (1) . . . . . .
are macroscopic and nonidentical objects, can radiate in a
wheree is the electron charge ards the Planck constant. quantum coherent state in the same manner as atoms in a
In 1970, Tilley [2] predicted that interconnected Josephsotaser.
junctions could self-synchronize with a common radiation In our samples, the array size is comparable to or, in
field and emit coherently. The underlying physical mechasome devices, larger than the free-space radiation wave-
nism suggested for synchronization was a quantum onégngth A = 2 mm [7]. Our emission frequency corre-
completely analogous to the quantum description of aponds to a higl@ resonance in the structure formed by
collection of superradiant atoms in a resonant cavity. On¢he array and the ground plane. The resonance causes
prediction of this paper was that the output power wouldsharp, self-induced steps in the current-voltage character-
scale as the square of the number of active junctions. Iistic of the array. We measure the power coupled to a
general, such &% dependence is a signature of coherenceletector as a function of the number of array junctions bi-
for a system ofV oscillators. The connection between aased on the resonant step. No detectable power is cou-
single Josephson junction and the quantum radiating twapled into the detector if the number of active junctions
level atom was further investigated by Rogovin and Scullyis below a threshol&vr. (A threshold is found in lasers
in 1976 [3]. They found theoretically that spontaneousand occurs when gain exceeds losses, indicating population
emission as well as stimulated emission and absorptiomversion.)
should occur in Josephson junctions [3]. Above N7, the detected power scales with the square

One-dimensional and two-dimensional arrays have beeof the number of active junctions, up to dc-to-ac power
shown to emit coherently (but classically) in previous pa-conversion efficiency of about 17%. By contrast, arrays
pers [4,5]. A necessary requirement for the operation ofvhich synchronize through classical coupling mechanisms
these devices was that they had to be small compared to tiave maximum ac-to-dc conversion efficiency on the order
radiation wavelength. In this case, synchronization wa®f 1% [4,5,9]. To our knowledge, no classical electrody-
understood by classically treating the interaction betweenamical description can account for all our experimental
the junctions and the electromagnetic field. In fact, theresults. However, all the characteristics of the detected
coupling was classically described (via Kirchhoff's laws) radiation can be described in terms of laser systems.
through the ac currents flowing in the external load [4,6],as Figure 1 is a sketch of our samples. The array is
distinguished from a quantum stimulated emission mechamade of underdamped XAl /AIO, /Nb Josephson tunnel
nism involving Cooper pairs and photons. junctions arranged in a square geometry. The spacing

In this Letter we present measurements of 150 GHz rabetween the junctions id3 um. The junction area
diation emitted by two-dimensional Josephson junction aris 16 um? and their critical current density is about
rays. Our arrays are very different from typical arraysl kA/cm?. The array is capacitively coupled to a two-
which are coherent through classical coupling. First, oujunction detector circuit [10]. The distance between the
devices are made of underdamped junctions (no shunt rewray and the detector is abolfi0 um (see Fig. 1).
sistors are present and the dissipation in the arrays is Figure 2(a) shows the current-voltagd/§ character-
orders of magnitude smaller than in the shunted arraystic of a ten column by ten row array (the rows are
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FIG. 1. Sketch of a typical sample (top). The square array,
to the left, is capacitively coupled to a detector circuit, on the
right. A ground plane underlies the entire structure. Picture
of a3 X 36 array (bottom). The length of the array is about

470 pm.

perpendicular to the direction of the bias current), obtained
by sweeping the bias current many times within the range
of values shown in the plot. The curve is very hysteretic
and shows several branches spaced by about 2.7 mV, the
gap voltage of a single junction [11,12]. The first branch
corresponds to a state where only a single row of junctions
in the array is switched to the gap voltage, while all the
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other rows are in the zero-voltage state (the supercurrent
branch). Each higher voltage branch indicates the switch- —~
ing of an additional row to the gap voltage; eventually all §_200
ten rows switch. Because of the hysteresis oflthehar- =
acteristic, it is possible to control the number of junctions
which are at a nonzero voltage.

When we apply an external magnetic field of about 100
40 Oe in the plane of the array [13], sharp steps appear
in the low-voltage region of théV curve [see Fig. 2(Db)].
Their voltage spacing is much smallet0(Q xV in this
sample) and very easily distinguished from the spacing of ot——1—
the gap-voltage branches. Constant-voltage steps in the 1 2 3
1V characteristic of a Josephson junction indicate the pres-
ence of high-frequency radiation, with the frequencye- V (mV)
lated to the voltage spacing of the steps by Eq. (1). Wheg|G. 2. (a) Current-voltage characteristic ol@ x 10 array.
caused by external radiation, they are called Shapiro steach branch corresponds to the switching of an additional row

[14]. The steps in Fig. 2(b) are self-induced (occurringto the gap voltage. (b) Enlargement of the low-voltage region
olid squares). In the presence of an external magnetic field in

in the absence of external radiation). They are due to th o
supercurrent oscillations in junctions locking to a reso-i?nglgngrgreg? arrayf = 40 Oe, sharp resonant steps appear
nance in the array structure (at 200 GHz in this array).

We will refer to these steps as self-induced resonant
steps (SIRS). junctions. (In the following, we will refer to the junctions

Detailed measurements and analysigidfcurves show biased on the SIRS agtivejunctions.)
that the number of steps corresponds to the number of Figure 1 shows & X 36 array, with the ground plane
rows biased in this resonant state. For example, the firgbove (rather than below) the array. This array showed
SIRS corresponds to a single row of the array biased oresonant steps &06 wV, corresponding to a Josephson
the resonant state, while the tenth SIRS corresponds to dilequency of about 148 GHz. This resonance is related to
ten rows in the array biased on this state. The hysteresibe size of the array cell and to the distance between the
of the IV curve allows control of the number @fctive  array and the ground plane and is given to within 10% by
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(1/27)\/1/LC, whereC is the junction capacitance and current-voltage characteristic of such a big array is very
L is the inductance of the transmission line connectingcomplicated and covers a wide voltage range. At a given
adjacent junctions. Similar resonances were previouslpias point, there are three possible stable states for each
found in Josephson interferometers [15]. The resonangenction: (1) the zero-voltage branch, (2) SIRS, and (3) the
shifts to lower frequencies when this distance is increasedap-voltage branch. For such a big array, the complexity
and disappears when the ground plane is removed. Thaf the measuredV curve does not allow us to distinguish
frequency of the resonance is not affected by temperatune@hetherall the non-zero-voltage junctions are biased on
or magnetic field. We also varied the length of the arraythe SIRS or a few of them are on the gap-voltage branch.
in the range300 um to 3 mm and found no measurable We made the assumption that, for a given dc bias, the data
change in the frequency for arrays fabricated on the sameorresponding to the highest emitted ac power [marked
chip. For arrays fabricated on different chips the spreadvith squares in Fig. 4(a)] correspond to all the non-zero-
in emission frequency was within 10% [16]. voltage junctions synchronized on the resonant state. For
Figure 3 shows the detected ac power as a function dhese points, the dc power is proportional to the number
the input dc power for the array in Fig. 1. In the caseof active junctions.
of identical junctions in the array, the input dc power In Fig. 4(b), we plot the ac power corresponding to the
is proportional to the number of junctions which are inpoints selected in Fig. 4(a) as a function of the square of
the same non-zero-voltage dynamical state, since eadhe dc power. The plot shows that the ac power again
junction absorbs the same power from the dc supply.  grows as the square of the number of active junctions, up
When biasing the array on the steps, no detectablto a maximum detected power 0fl122 wW, about 5% of
radiation was coupled into the detector junction up to the
14th SIRS, i.e., up to 14 active rows. Note, however, that 0.14 : —
the SIRS indicate the presence of radiation in the array. 1 1
Above this threshold, the ac power increases as the square 0'12'_ @ ® i
of the dc power, i.e., as the square of the number of active g 10- i
junctions. The maximum detected power in this array is ’;‘ {e— 1
about0.05 wW, about 17% of the input dc power. = 908951 rows - . .
We performed similar measurements on a longer array, Q9 06_' ]
3 X 230, about 3 mm long. In this array the resonant fre- a.” | ]
quency was 160 GHz. The result is shown in Fig. 4(a). 0.04 1 .

No output power is measured below 61 active rows (al- T s U@ 1
though, again, SIRS were present in the afdycharac- 0'02'_ r_ﬁdﬂa%ﬂﬂ . ]
teristic). Above this threshold, the data are scattered in g o
a wide region of the plot for the following reason. The 0.0 0.4 0.8 1.2 1.6 2.0 2.4
Poc (HW)
0.05 0.14
0,044 0.12—_ (b)
— 0.10+
S0 F — < 1
= | 14 rows % 0.08
Q ~ 1
120021 Q 0.06
4 D_ 4
0.01 . 0.04 1
] ] 1 5 u]
oo0lg poa | 0.02—_
0.0 0.1 0.2 0.3 0.00 E—————————
Poc (LW) 0 1 2 , 3 , 4 5 6
Poc (HW)

FIG. 3. Detected ac power as a function of the dc input
power for a3 X 36 array (open squares). If all the non-zero- FIG. 4. (a) Detected ac power as a function of the dc
voltage junctions are on the same dynamical state (resonairiput power for a3 x 230 array (solid circles). No output
step, in this case), the input dc power is proportional to thepower is measured below 61 active rows. The selected data,
number of these junctions. No output power is measuredorresponding to highest emitted ac power for a given dc bias,
below 14 active rows. The solid line is the best quadraticare marked with open squares. (b) Detected ac power as a
fit for the data above 14 rows. For the units used in the plotfunction of the square of the dc input power corresponding to
P, = 0.007 — 0.07Py. + 0.7P,. the data points selected in (a).
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