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We present experimental results on elementary phase-mode Josephson circuits whose
combinations enable us to construct a total data processing system which is expected to be
superior to the ordinary voltage-mode Josephson computer in several respects. In the phase-
mode system a device depends for its operation on the existence of many stable states differing
from one another by integer multiples of 27 in the phase plane. The total system is considered
10 be a prototype of quantum computer systems where physical quantum states are employed
as logic states of information processing. By using the fabricated elementary circuits composed
of SQUIDs and two types of branching points we have experimentally confirmed AND, FAN-
OUT, FAN-IN operations, etc. We have also proposed an INHIBIT circuit, and presented the

experimental results on the INHIBIT circuit.

L INTRODUCTION

A superconducting Josephson computer system has
great potential as one of the future computer systems be-
cause of its high-speed switching time ( ~ 10 ps) and low-
power dissipation { ~ 500 nW per circuit).! To realize uitra-
high-performance computers dense packaging is required to
avoid the propagation delay of signals due to the maximum
light velocity. A problem in dense packagings with current
and projected semiconductor large-scale integration (LSI)
circuits of sufficiently high performance arises due to the
high levels of power dissipated on chips during circuit oper-
ation. Although future miniaturization of semiconductor
circuits will reduce power dissipation per circuit, it will not
alleviate this problem in semiconductor technology, since
the density of circuits would go up faster than the rate with
which the power per circuit decreases, thus causing the chip
power density to remain high, especially when higher
switching speed is demanded.

Since the power dissipation of Josephson circuits, for
current experimental circuits, is more than three orders of
magnitude smaller than for semiconductor devices, they
may not suffer from: this problem. Low dissipation also per-
mits resistive termination of all strip lines on-chip. The low
operating temperature of Yosephson circuits allows the use
of superconducting strip lines and ground planes with zero
electrical resistance. The therma] energy is about 100 times
smaller at 4 K than at 360-380 K where semiconductor cir-
cuits are operated. This corresponds to a smaller thermally
induced electrical noise, and helps to maintain a good signal-
to-noise ratio even when signal bandwidth is increased and
signal energy is reduced.

We have presenied a phase-mode system, a model of
Josephson computer systems in which quantized vortices ac-
companied by magnetic flux (fluxcns) are employed as in-
formation bits, and in which all logic functions are achieved
by interactions between fluxons.” In contrast, ordinary vol-
tage-mode system operations are based on the existence of
two stable current carrying states at V=0 and V=1V, '
{V,.p is the voltage correspording to the superconducting
gap energy.) The phase-mode system is superior in power
dissipation by more than two orders to the voltage-mode
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system, and it has z faster switching time than that of the
voltage mode.” The veltage-mode circuits are used in the so-
called “latching” mode of operation in which they have ta be
reset in each cycle by reducing bias currents. On the other
hand the phase-mode operation does not require any reduc-
tions of the bias currents, and therefore is free from punch-
through phenomena.* The voltage-mode logic gates are cur-
rent-controlled devices which are switched by currents
through their control windings. These circuit operations in
the voltage-mode might lead to complex changes of current
paths and therefore complex changes of magnetic fields sur-
rounding the circuits. These changes of magnetic fields, the
main cause of the circuit errors, induce the fiux trappings in
the circuits. On the other hand the phase-mode logic gates
are fluxon-controlled devices, which are switched by flux-
ons. This circuit operation does not induce complex changes
of current paths. The voltage-mode systemn requires the gap
voltage ( ~mV)} to distinguish logic states, whiie the phase-
mode system does not require any dc voltage. Logic states
are distinguished by the pumber of fluxons in the phase-
mode system. The fluxon number is conserved inside the
superconducting circuits. A biased Josephson {ransmission
line (JTL) is an active transmission line for fluxon propaga-
tions, and propagating directions of fluxon are decided by
the bias current direction and the polarity of the fluxon when
a fluxon propagates on this line. A propagating fluxon
causes a ~ 10-ps and ~ 100-4V voltage pulse. But in static
states no voltage and thus no power dissipation is associated
with the fiuxon because it consists of the superconducting
current vortex. The use of these particielike characteristics
on the active transmission lines {(JTLs) would remove the
uncertainty of the binary identity in a data processing sys-
tem. Also, one can easily construct storage circuits or mem-
ory circuits with them. To achieve complete phase-mode
operaticns, at least two kinds of branches of the JTL and a
universal operator constructed by ITLs is required.”® We
have already reported the experimental results for a fluxon-
antifluxon annihilation on a JTL® and a FAN-OUT operation
(fluxon creation) of one kind of FTL branch.”

In this paper we present experimental results of two
kinds of branch circuits composed of discrete Josephson
transmission lines which show AND, FAN-OUT, FAN-IN oper-
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ations, and switching operations for propagating direction of
fluxons. Next we discuss the ICF (INHIBIT controlied by a
fluxon) gate which is one of the universal operators in Boo-
lean algebra. We also present preliminary experimental re-
sults for the ICF gate composed of the two kinds of branch
circuits. These experimental results show that the phase-
mode logic elements perform expected functions, and the
combinations of the elements would enable us to construct a
total logic system. The phase-mode Josephson LSI circuit
chips, although quite different in their principle of oper-
ation, can be fabricated similarly to the voltage-mode Jo-
sephson LSI chips.®” A data processor of the phase mode is
estimated to be superior in processing speed, information
density, and power loss to the ordinary voitage-mode sys-
tem.'® The total system is considered to be a prototype of the
future quantum computer systems where physical quantum
states are employed as logic states of information processing
in a molecular device, the ultimate device of miniaturization.

. TWO BRANCHES AND THEIR COMBINATION

In order to achieve all necessary logic functions by using
interactions between fluxons, one has to investigate the var-
ious characteristics of fluxons on the Josephson transmis-
sion lines (JTLs). The JTL we use is discrete as shown in
Fig. 1, because the discrete JTL is convenient for construct-
ing line branches. We have already proposed’ the two kinds
of branch circuits shown in Fig. 1. All logic functions can be
made by using the two branch circuits.? The following phase
relations hold, respectively, at the first and the second
branch points in Fig. 1,

¢l}bp:¢2lbp:.“:¢N,bp? (1)

N

> @ily, =2mn  (nis an integer) , {2)

i==1
where ¢, is the phase difference of the /th line branch, and N,
the number of branches, is 3 in the following experiments.
From these equations we call the first branch the “phase-
conserving branch (p.c. branch),” and the second branch
the “phase-distributing branch (p.d. branch).”

The expected behavior of a fluxon at the p.c. branch
circuit is as follows.

(1) The propagating fluxon stops at the p.c. branch
point, when the speed of the fluxon is below a critical value.®
The resting fluxon can be reset by the second fluxon which is
sent to the branch point through the second line. Then two
fluxons combine with each other, and propagate on the third

(% Josephson
junction

FIG. 1. Discrete Joseph-
son transmission line (&},
phase-conserving branch
(b}, and phase-distribut-
ing branch (c}.
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iine as one fluxon (*SET and RESET” operation or “AND”
operation ).

(2) The single fuxon propagating into any one branch
of the p.c. branch point will initiate a single fluxon on each of
the two connected branches under the requirement of the
magnetic fiux continuity, when the fluxon has enough kinet-
ic energy {“FAN-OUT” operation or fluxon creation). We
have already reported the experimental results confirming
the second expected behavior (“FAN-cUT”).” In that experi-
ment our Josephson sampler caught the fluxon waveform
and confirmed that a single fluxon input initiated a single
fluxon on each of the other two branches. These characteris-
tics can be used as a FAN-OUT operation or a bit creation in
logic systems.

The expected behavior of a fluxon at the p.d. branch
circuit is as follows.”

{1)YWhen a single fluxon of an intermediate kinetic en-
ergy propagates on any one line toward the p.d. branch
point, it will initiate a single fluxon on only one of the con-
nected lines. Namely, the initial fluxon will be led to only one
of the connected lines (“line selection” ). This behavior can
be used as a switching operation for propagating directions
of fluxons or a FAN-IN operation in iogic systems.

(2). When the initial fluxon has a small kinetic energy
(a small line bias current), it stops at the branch point.

(3) When the initial fluxon has a large kinetic energy (a
large line bias current), it will initiate a single fluxon on each
of the two connected branches, and an antiffuxon will be sent
back tc the input line (a pair creation). Namely a fluxon-
antiffuxon pair is created under the requirement of the quan-
tum mechanical condition.

The nonlinear switching device which is used in our log-
ic circuits (phase mode) is a Josephson junction. But the
switching operations of the devices are different from those
of the ordinary voltage-mode system. In the phase-mode sys-
tem the Josephson junction is used as a gate controlling the
transit of a single magnetic flux quantum or a single fluxon
which is localized in space and conserved as a whole. The
propagating fluxon causes ~ 10-ps voltage pulse. It might
lock difficolt to have synchronization among plural signals
of such a short duration to realize logic operations. How-
ever, this is not the case. Since a fluxon can be held at a
particular point of space, such as a branching point during
an arbitrary time interval, the fluxon may wait at the point
for other fluxons to arrive for the interaction with it. This
particlelike character would remove the uncertainty of the
binary identity. It also means that a storage circuit or 2 mem-
ory circuit can be easily constructed. The phase-mode cir-
cuits possess the advantages that they do not require a main-
tepance of accurate voliage levels at various inter-
connections nor a precise coincidence of the pulses for the
logical AND operation. So they have advantages in both de
coupled and ac coupled logic circuits. They also have the
permanent storage property of fluxons which provides a per-
manent delay and a bit storage.

We have aiready reported the experimental and the nu-
merical results on the construction of basic logic circuits, for
example AND, OR, and NOT, in our previous papers.” But
the combinations of the AND, OR, and NOT basic circuits are
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not always desirable to make a large phase-mode system in
terms of the practical circuit construction. It seems that one
should take an INHIBIT circuit as the most basic circuit in the
phase-mode system for the circuit simplicity. Of course it is
clear that all logical functicns can be constructed by the
combination of INHIBIT circuits, because INHIBIT as well as
NAND, NOR, and IMPLICATION are universal operations in
terms of Boolean algebra. An INRIBIT circuit shown in Fig. 2
is easily constructed by the combination of a p.c. branch
circuit with a p.d. branch circuit.

Figure 2(a) shows an equivalent circuit of the INHIBIT
circuit (INHIBIT controlled by fluxon; ICF gate}. One input
X and two outputs A and B compose a p.d. branch circuit.
One ouiput B and two inputs X and Y compose a p.c. branch
circuit. A fiuxon from input Y stops at the branch point, and
it is kept trapped. A fluxon from input X is emitted from
output A under the condition of no trapped fiuxon from
input Y (p.d. branch characteristics “‘line selection” ). When
a trapped fluxon from input Y exists, a fluxon from input X
is combined with the trapped fluxon, and it is emitted from
output B (p.c. branch characteristics “AND”}. Therefore the
following logic functions are obvious,

A=XY B=X7Y. (3)

Figure 2(b) shows the truth table of the ICF gate. “Re” in
Fig. 2 means a reset terminal to eliminate a trapped fuxon
from Y by using an antifluxon and pair annihilation charac-
teristics. When X = O and ¥ = 1, the trapped fluxcn should
be eliminated to recover the gate. The operation margin of
the ICF gate is calculated by numerical simulations to be
about 309 for the bias current used.

il EXPERIMENTAL RESULTS AND DISCUSSION

There are two methods to detect a fluxon in the experi-
ments. The one method is to use a Josephson sampler.” One
can obtain a propagating fluxon waveform by using the Jo-
sephson sampler. Another method is to use a sense SQUID
which is muiually coupled to the end section of JTL, The

FIG. 2. (a) IMNHIBIT com-
wrolled by fluxons (ICF
(@ gate}, X and Y are inputs, 4

Iatter method is convenient for the confirmation of logic
operations. We used the Josephson pulse generator for intro-
ducing a fluxon into the circuit. The Josephson pulse gener-
ator comprises a three-junction SQUID and a single cou-
pling junction. It is coupled to the end of the JTL through a
coupling junction and a resistor. By using a Josephson
sampler we observed propagating fluxon waveformona JTL
to investigate the input characteristics of the Josephson
pulse generator for the JTL. The JTL was fabricated ona MNb
ground plane using Pb-alloy planar-junction technology for
evaporation, liftoff, and rf plasma oxidation. The minimum
linewidth is 4 zm. Figure 3(a) shows the observed waveform
of a single fluxon propagating on the JT1 without branches
for four values of the line bias current. The critical current
for the total JTL is 12.9 mA. No fluxon is introduced into the
JTL when the bias current is smaller than 7.46 mA. And it
can be seen from the figure that the large bias current causes
a fiux-flow state on the JTL. The waveform agrees with the
result of the numerical simulation shown in Fig. 3(b). These
detection and input systems have been used in the following
experiments.

A. Phase conserving branch

Figure 4 shows a photograph of the p.c. branch circuit.
It was fabricated according to the same specification as the
above mentioned ITL. To experimentally verify the first be-
havior (“AND”) we have measured the p.c. branch circuit
shown in Fig. 4. Each of the three FTL branches has nine
junctions whose size is 4.4 X 4.4 pm?. The spacings between
the junctions are 60 ym. The total critical current of the
circuit is 6.5 mA. Each discrete section of the Josephson line
has a 0.61-pH inductance and a 3.0-0} damping resistance.
Each junction is shunted by a 0.6-{} resistance. The configu-
ration of the JTL is of the overlap type to make the bias

=
TaBA
8.37mA
- FIG. 3. (a) Ezperimentally ob-
g tained waveforms of a propagat-
Y 9.39mA ing fluxon aon & discrete Joseph-
(S son transmission line (JTL) for
four values of a line bias current;
its waveform was measured with
10.5mA

a Josephson sampler. (b) Nu-
merical result for the waveform
of a fluxon which is propagating

and B are outputs, Re is a re- T3psidv Kon ¥ ;
set terminal. (b) Truth table o« on a JTL with a bias current 7,
Tm‘gbie of the 1CF gate. == 8.37 mA. It corresponds to
the second experimental result in
2060
. {a}.
A: INHIBIT EN |
B:AND = |
£, _»,4_& —
ey TIME
10ps
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FIG. 4. Photograph of a fabricated p.c. branch circuit.

current flow vniformly. The two branches of the line are
used as inputs, and the third branch is used as an output.
Figure 5 shows the experimental results of the func-
tionali testing for the p.c. branch circait. No fluxon is intro-
duced into the JTL from 0- to 2.70-mA line bias currents.
The threshold value is mainly dependent upon the property
of the input circuit. The first expected behavior {“AND” or
“SET and RESET” operation) of the p.c. branch circuit is
observed between 2.70- and 3.03-mA bias currents. The sec-
ond expected behavior (“FAN-OUT’” operation) is observed
between 3.03 and 3.10-mA bias currents. The input trigger
causes a finite steady voltage in the JTL between 3.10- and
6.5-mA bias currents which corresponds to a flux-flow state
on the JTL. Figures 5{a) and 5(b) show examples of the
experimental data for AND and FAN-QUT operations, respec-
tively, observed by using sense SQUIDs coupled to the JTL.

1,=270~303mA

: O0.2ZmAldiv
nput-1

-2 p2rrNidiv
utput

05ms/div
i

[5=303-310mA

HIpUt 0 2mandiv
nput-1
~202mVidiv
utput /
05msidiv
{o}]
no

0t | AND }FAN—OUT, tlow

270mA—3.03mA—310mA—
line bias current
(e8]

FIG. 5. Experimental resuits of an *“*AND” operation for a p.c. branch (a}, of
a “FAN-QUT” operation (b), and operation margin of the p.c. branch as a
function of the bias current (¢).
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In the photographs the first line shows the bias current of the
sense SQUID (fluxon detector) for the output detection, the
second and third lines show the voltages of the two input
Tosephson pulsers (fluxon generators), respectively. A
fluxon is introduced into the JTL at the rising voltage edge of
the pulse generated by the input Josephson pulser. The
fourth line shows the voltage in the fluxon detector; its vol-
tage appears at the timing of the rising edge of the second
input pulsein Fig. 5(a). It means that the first input fluxon is
held at the branch point until the arrival of the second input
fiuxon. On the other hand the detector voltage appears at the
timing of the first input puise in Fig. 5(b). It means that the
first input fluxon is led to the output immediately without
being trapped at the branch point. This result agrees with the
numerical prediction’ that the AND (SET and RESET) oper-
ation is performed at the lower bias current compared to the
FAN-QUT operation.

B. Phase distributing branch

Figure 6 shows a photograph of the p.d. branch circuit
which was fabricated according to the same specification as
the p.c. branch circuit. To experimentally confirm the ex-
pected behavior we have measured the p.d. branch circuit
shown in Fig. 6. The three JTL branches have 10, 11, and 11
junctions, respectively. The size of each junction is 4.4 X 4.4
pm’, and the spacing between junctions is 60 um. Each dis-
crete section of the Josephson line has a 0.65-pH inductance
and a 3.1-Q damping resistance. The measured critical cur-
rents of the JTL branches are 7,, =42 mA, [, = 3.8 mA,
and 7, = 4.8 mA, respectively. The first JTL branch (line
1} is used as an input, and the other two FTL branches line 2
and line 3 are used as two outputs.

Figure 7 shows the experimental results of the func-
tional testing for the p.d. branch circuit as a function of the
line bias currents. In Fig. 7 the horizontal and the vertical
axes show the bias currents J,,, and 7, for two output kines,
respectively. The bias currents {;, for the input line in Fig,
7(a) and for Fig. 7(b) are 2.40 and 3.03 mA, respectively.
The circles in Fig. 7 denote a single fluxon propagating to the
output line 2 only {“line selection” or “FAN-IN"), and the
triangles denote those to the output Hne 3 only (“line selec-
ticn” or “FAN-IN"}. The solid circles denote the parameter

FIG. 6. Photograph of a fabricated p.d. branch circuit.
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values for which the signal detections are observed in both
output lines; fluxon-antiffuxon pair creations. The crosses
denote the parameters for the occurrence of Aux-flow states
on the lines.

Ftcan be seen from Fig. 7 that an input fluxon is led only
to one of the cutput line with limited bias current. The oper-
ation margin of this action (line selection) is 20%—-25% for
the line bias current. The threshold value of the bias currents
for line selection can be roughly estimated as follows. A
fluxon is not introduced into a biased YTL when the phase of
the end of the JTL is not over the input threshold phase,

$r=m—sin"'y, (4)
where y=1, /I (0<y < 1) isanormalized bias current. Itis
an unstable equilibriam point for a biased singie pendulum.
Since a biased JTL without any input signal should have the
stable phase sin "' y, a fluxon arriving at a p.d. branch point
shouid be introduced to line 2 {or 3} when the following
inequaiity is satisfied,

o +sinT y, b, (i=2o0r3), (5}

where ¢, and ¢,; are the phases given 1o line 2 and line 3 by
the arriving fluxon, respectively. It is expected that an arriv-
al fluxon sapplies cach of the two connected lines with the
same phase when the bias currents for lines 2 and 3 are equal,
because lines 2 and 3 are equivalent. And it may be reasona-
ble that the ratio of ¢,, t0 ¢, increases with an increasing
bias current ratic of 1, , to £, ;. Hence we assume,

$oo = (L + 7, —¥3)h/2, {6)
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Gos = (1 — ¥ + 73)60/2, (7}

where 0<y, <1, 0<y; <1, and 4,, the phase of the input
line, would normally depend on the velocity u{y,) of an
arriving fluxon. One can obtain from Egs. (5) and (6) the
condition to introduce an arriving fluxon into line 2 (line
selection),

Vi<l —2w/¢o(v)) + [4/‘?50(7/1”53.13”1 Vot ¥2- (&)

It can be seen by comparing Figs. 7(a) and 7(b) that the
increase of £,, (¥, } does not effect the threshold values of
line selection. Therefore, it suggests that the velocity of the
fluxon propagating on line I is already saturated for 7,
= 2.4-3.03 mA. This possibility is also expected {rom the
numerical caiculation.’' Hence it may be deduced that ¢, is
independent of 3 in this experimenta! condition, and that
&, has the same constant value in Figs. 7{a) and 7(b).

Pair creation occurs in the higher bias region where the
bias currents of the two output lines are roughly equal. it can
be seen from Fig. 7 that the increase of [, ; pulls down the
threshold values for pair creations for 7,, and £, ,. ¥f one
assumes that a pair creation occurs when the conditions ob-
tained from Egs. (3), (6), and (7} are satisfied both in lines
2 and 3, the difference between the threshold values of pair
creations in Figs. 7(a) and 7(b) cannot be explained, be-
cause ¢, seems to have the same constant value in Figs. 7(a)
and 7(b). The reflection occurring at the end of line 1 is
considered to play a crucial role in causing a pair creation. A
fiuxon reflects as an antifluxon z¢ an open end of a biased
JTL." In the case shown in Fig. 7, a refiection as an anti-
fluxon at the end of line ! causes a pair creation {o satisfy the
quantum condition. The reflection condition, whether a re-
flected wave grows into an antifluxon or not, depends on
values of a bias current. The threshold value of the bias cur-
rent may be determined with Eq. (5) wherei = land ¢, isa
phase increment given by a reflected wave. When an arriving
fiuxon chooses line 2 as the propagating direction, &,, in Eq.
(8) is carried away by the fluxon, but ¢, in Eq. (7} is not.
Hence if we use ¢,; as a reflected phase ¢,,, we can obtain
Eg. (9) from Egs. (5) and (7),

Va3 25/ — L+ vy — (4/d)sin ™y, . (9)

Eqguation (9) shows a threshold of pair creations and the
decrease of threshold of f, , with increasing 7, ;.

The flux-flow state occurs in the highest bias region in
Fig. 7. bt is considered that an input fluxon stops at the
branch point in the lower bias region which is the blank area
in the vicinity of the origin of Fig. 7

Figure 8 shows the pumerical results of the functional
testing for the phase distributing branch circuit as a function
of the normalized line bias currents. It can be seen from the
figures that the increase of §, | largely pull down the thresh-
olds of the pair creation for 7, and 7, ,, but that it does not
targely pull down the thresholds of the single fluxon propa-
gation to the output lines. The numerical results agree qual-
itatively with the experimental results.

In Fig. 7(b) the single fluxon propagation region de-
noted by triangles which is located at higher bias current for
line 3, and which is isolated by the flux-flow region seems to
appear by the interference of the three bias currents 7, |, /,.,,
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FIG. 8. Numerical results of operation margins of a p.d. branch as a func-
tion of two output-line normalized bias currents ¥, and y, for iwo values of
the input-line normalized bias curent y, which are 0.5 and 0.57 for {a) and
(b}, respectively. X, 8, O, and A denote the same operations of the p.d.
branch as indicated in Fig. 7, respectively.

and 7, ., because it is expected that the occurrence of the
flux-flow voltage changes the flow path of the bias currents.
The difference between the experimental and the numerical
results seems to be mainly caused by the interference and the
nonuniformity of the bias currents, because the bias currents
of our numerical calculation are held constant with respect
10 time, and uniform along each of line branches.

C. ICF gate

Figures 9(a) and 9(b) show the experimental results of
the ICF gate. The measured circuit does not have a “Re”
terminal, and it is composed of 41 4 X 4 um? junctions. The
line branches for the input X, for the input 7, for the output
A, and for the output B have 10, 10, 11, and 10 junctions,
respectively. The loop inductance of each section is .63 pH,
and each loop inductance has a damping resistance of 3.4 (3.
In Fig. 9(a) asingle fluxon is given to the X input only. The
horizontal and vertical axes show the bias current §, (4) for
the line of the output 4 and the bias current [, (B) for the
line of the output B, respectively. The bias current §, (X) for
the line of the input X is 2.8 mA. The circles denote that the
input fluxon is emitted from the output A only. The triangles
denote that the input fluxon is emitted from the output B
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FIG. 9. Experimental results of operation margins of a ICF gate. The ICF
gate was operated as a p.d. branch in (a) where the branches X, 4, and B
indicated in Fig. 2 were used, and it was also operated asa p.c. branchin (b)
where the branches X, Y, and B were used. The horizontal and the vertical
axes show the bias currents of two output branches 4 and Bin (a), and of
two input branches X and ¥ in (b), respectively. X, &, G, and A (a) de-
note the same operations of the p.d. branch as indicated in Fig. 7, respective-
ly. X and O in (b} denote a flux-flow state and a “FAN-OUT” operation,
respectively.

only. The solid circles denote the pair creations. The crosses
denote the occurrence of the flux-flow states. It can be seen
by comparison with Fig. 6 that the propagating region is
asymmeirically divided in Fig. 9(a) which is expected from
the composition of the ICF gate. In Fig. 9(b) a single fluxon
is given to the input Y only. The horizontal axis shows the
bias current I, (X). The vertical axis shows the bias current
£, (Y) for the line of the input Y, which is automaticaily
applied to the line of the cutput B. The circles denote the
FAN-OUT operation. The crosses denocte the occurrence of
the flux-flow states. Therefore the normal operation region
for the bias current of the ICF gate is expected as following,
1.0 mA <], (A)<25 mA and 7,(Y or B)<5.5 mA at
[(X) =28mA.

V. CONCLUSION

We have experimentally investigated the phase-mode
Josephson digital circuits. The discrete Josephson transmis-
sion line (JTL), the phase-conserving (p.c.) branch of the
JTL, and the phase-distributing (p.d.) branch of the JTL are
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basic clements for the phase-mode digital circuits. The ex-
perimental resulis obtained by using Josephson samplers,
sense SQUIDs, and fuxon generators have confirmed the
AND (SET and RESET) operation and the FAN-GUT operation
of the p.c. branch, and have also confirmed the FAN-IN, the
line selection, and the pair-creation operations of the p.d.
branch. And we have experimentally obtained the bias cur-
rent dependence of these operations. Finally we have pro-
posed the ICF (INHIBIT controlied by a fluxon) gate which
is a combination of the p.c. and p.d. branch, and which is a
basic gate to consiruct a2 phase-mode information processor.
We have obtained the experimental results to show that the
ICF gate has the phase-conserving and phase-distributing
branch characteristics. These experimental results indicate
the basic possibility for a information processor composed of
phase-mode Josephson digital circuits which may be a proto-
type of future quantum computer systems where physical
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1.

quantum states are employed as logic states of information
processing.
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