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Characteristics of magnetic heat pump using several magnetic materials
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Fig.1. Schematic diagram of the two-stage GM cryocooler
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Fig. 2. Schematics of four types of second stage regenerator
configurations: (a) two-layer, (b) two-layer with bakelite rod, (c)
three-layer, and (d) three-layer with bakelite rod
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Fig. 3. Experimental results of the cooling power at 4.2 K of four
types of regenerator configurations as a function of the first stage
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Optimum particle size of rare earth nitride regenerator for 4K—GM cryocooler
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Figure 1 SEM images of typical ErysHoysN sphere. Particle
sizes are (a)75 — 180 um, (b)180 —212 um and (c) 250 -300 pm.
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Figure 2 Cooling power at 4.2K of GM cryocooler using
different particle sizes of rare earth nitrides as regenerator.
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Thermal conductivity measurement of magnetic materials for magnetic refrigeration
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k [W/m+K] : Thermal conductivity

qiw] : Heat flow through the sample

AT[K] : Temperature difference between thermometers

S[m?] : Sectional area of the sample

Ax[m] : Distance between thermometers
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Pulse tube refrigerator with cold inertance connecting tube
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1. INTRODUCTION

In order to recover the expansion work of the inertance tube
pulse tube refrigerator for efficiency up, a pulse tube
refrigerator with cold inertance connecting tube is introduced.
Its theoretical efficiency is same as Stirling refrigerator. As a
reversible refrigerator, it also can be operated as a cold engine.
Its basic working mechanism as a refrigerator and a cold
engine is discussed with numerical simulation.

2. STRUCTURE

Figurel shows the schematic of the pulse tube refrigerator
with cold inertance connecting tube. An after cooler, a
regenerator, a cold head, an inertance connecting tube and a
pulse tube connected sequentially. The step piston forms
expansion space which is connected to the after cooler and
compression space which is connected to the pulse tube.

Its working mechanism is that the pressure waves in the
compression space and expansion space are shifted out phase
due to the cold inertance connecting tube, then the integration
of the PV area is negative in the compression space and is
positive in the expansion space. Its advantage is that the length
of the inertance connecting tube is shorter than an inertance
tube at ambient temperature. The disadvantage is that the
irreversible loss due to the heat transfer and friction in the
inertance connecting tube is a simple loss. When it is operated
as a cold engine, the integration of the PV area is negative in
the expansion space, and positive in the compression space.
Basic parameters of the machine are regenerator 120x40,
cold inertance connecting tube 30x1200, pulse tube
50%200, frequency 100Hz, charge pressure 3MPa, ambient
temperature 300K, low temperature 112K, pressure ratio at the
right end of the cold head is 1.2.

6

7
Figure 1 Schematic of pulse tube refrigerator with step piston
1. expansion space 2. compression space 3. after cooler
4. regenerator 5. cold head 6. cold inertance connecting
tube 7. pulse tube

3. NUMERICAL RESULTS

Figure 2 shows the powers of compression space and
expansion space, total power, heat, and efficiency vs. swept
volume ratio of the step piston. Positive power means output,
negative power means input, positive heat means cooling
power, negative heat means adding heat to cooling source.
When the swept volume ratio is in the range 0-0.465, the
machine is a refrigerator. When the swept volume ratio is in
the range 0.465-1, the machine is a cold engine. At 0.465, the
heat is zero, we definite it as a critical point to separate the
machine as a refrigerator and a cold engine. When the swept
volume ratio is zero, the swept volume of the expansion space
is zero, the machine is similar to a basic pulse tube refrigerator.

With the increasing of the swept volume ratio, the swept
volume of the expansion space increases, the absolute value of
the cooling power, expansion power and compression power
increase, then get peak point, and decrease to zero. When the
swept volume ratio is one, the swept volume of the
compression space is zero, it is a simple heater due to the input
power from the expansion space. With the decrease of the
swept volume ratio, the compression swept volume increases,
the expansion power from the compression space increase, the
absolute value of the heat, expansion power and compression
power increase, then get peak point, and decrease to zero. The
efficiency also has a peak point. The peak point of expansion
power, compression power, heat, efficiency is near the critical
point.

Theoretically, this machine also can be a heat engine and
heat pump. As a heat pump, the irreversible loss in the
inertance connecting tube contributes part of heat power. As a
heat engine, the inertance connecting tube may be too long for
practical use because it is at high temperature.
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Figure 2a Power of compression and expansion space
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Figure 2b Total power, heat and efficiency

4. CONCLUSION

Pulse tube refrigerator with inertance connecting tube is a
potential new type pulse tube refrigerator. It can work as a
refrigerator or cold engine, depending on the swept volume
ratio of step piston.
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To sample stage ~ 1 mK

Fig.1 Schematic illustration of compact and continuous
ultra—low temperature refrigerator
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Characterization of magnetic nanoparticle using a HTS-SQUID magnetometer
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o, ZNNETIERa AN T/ L FTHEZ: HTS-SQUID (/&R
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2. AV AT L

Fig. 1 IZV AT AOWME K ZRT, RAT AT, +—
RE—HZ LB OIRE) - [FH52175 2 & TRAULRNE L%
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EERTHIEEARRICLL, HFHEIZBNWT, Byr Ty 72
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WARIET DL TRESDIE SR RIE L,

3. BIEHER
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vol. WA IRLT=b D&Y 7 LT LTZ, Fig. 2 TR R
T L THRALRPEE AT TR AR T, Fig. 2 KWIRREE T
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TRHIEMTED, FT-, BXT SR DR EDEWVIZEVE
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WHIENDND, £ZT, RIFFETIET T7 AR FIRER] 01
WEEDTZOI, Yo PN LRI B 2 2 S8 T2, AR

2F KT, BT EBD Peak-to-Peak %152 MEELL T,
WS AERBL G &3 L7z, 205, R EEHITE B RN
AL TERY, $ENEL D LG FIRENE Lo QDR
FIRL PR TE -, ZOZEND, KR ORR T ki 1
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RUAT B VDI ETIRIBERR T /BT DR LSRR,
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4 Magnetic susceptibility Harmonic
measurement & measurement
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FLL Controller | Current Electromagnet
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____________
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Fig. 1 Schematic of measurement system
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Fig. 2 Magnetic susceptibility measurement result
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32 ke U CE TR & R & ML A SR T
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HEiToT.

2. §HBIAE

TS BD BBV T NS EINL, S 7L
2 IRMIR S R AE S, ZORS%Z HTS-SQUID (240
A2 5 A W RS TRV AT AT, #Hl
WA DR CTEMRMES LR MBS EHIMT 5208 TE5.
Fig.1 \ZFHAIS AT A0S XA 7R 3. AT AT RIS
FUINH &G, —Re—4%, EEmRbHoryr7y
IV, BHBREE AT T 21 Lo THER STV A,
SQUID DL EBHEDTZDIZT 2V g/ R —~na A DR
L RNIZERE L, DR — VR ESBITER S — /LR
TEHIZLIZIVREERIS /A A RS-, By o Ty 7 ad
JZITE B ORGIZ LA FEEROL, AT AOH 1%k
FTDIDITTUAA—FEFHNTEY, TV FA—HTD
Xy LENRW )RR T AT D I A &
BT, o7y Fa il Lo En-1E 53K
LR D SQUID ([TARESI, uy I AT 7 I X0k
Sha.

ARFGECHAM L 7= AR ER S D BEREME IR % & A TRV,
KEAFEMEE R, o fafn S A ric BV, EES
Rk A BE L CEINT 52812k, EAKRBIOEH
WA TED. KOy EOEIZ I EIFNSAHT O Hifj &
WHREUDT0D, RIHENDEBIZENELD. RFHANT, B
Tihi3s% 400 mT, 220354 10 Hz, 20 mT,, FRANL TI7W,
AN % N e A W IR SPAN 3 da WAL R = a0k I i o
FHMU7=. FHL 720K oy B, flikick3-2 - &by 0
wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, 10 wt%(D 6 FRFE THD.
X T NET IIUNO r— A ALTIT WD, e —
D70 20 BT —FETAFUNEFHE T 522 L0 EH
RIS T,

3. EHRIEER
TREINAER L 72V 7 T i oK oy B 5z L0 EF
HFHZLT, BEDKGEERS T EREIT T2,

B EOK D NS LA OR R, BB ELEBEOKS
LIRS TNDIEN R T,

WIZ, Fig.2 TRy BFHIZIT o 7o R /R Fig.2
X0, WK BEOEEINTFENE @R O(E 5 iR
M BRIEONTZ. KoEEE —BRBEOEFRED
BB I A B EIT 0.978 THY, VR RL
7o, ZOZEND, RFHEITEIC VA BN RETHS
ZEEIRLTE.
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ABFGETIL, KO REMEE I 35 5 ke L TRz Fl
B2 EEEZRL, HTS-SQUID % AW =Rk =:FHz XY,
WOKyBEEERIGTHIENTE. Flo, RFIFIET
BERDFTIELLL N THGETHY, FEME - FEREfETOFHHIA
AEECHD. ZOZErb, RERIFIEOA AR TZEN
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Fig.1 Schematic of measurement system
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Fig.2 Moisture content measurement results
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Development of remote NDE method for metallic pipes using HTS-SQUID —No. 2-
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2. BEREAARKEBIO=HD SQUID FEEREBEREE

Fig.1 12t X972, HTS-SQUID /' I3 A—H%, 7544 A
S AR L A R, SQUID BRENEIES, 4L nAa
—7, F(G 8, IR, (55, PC el OMkE
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(A5052) T, D _ hitaEx— AT 5I5 kb L=/
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=PI A VDB EZ DT LN TEY, 2AVICE
AT ERE BN RICLV = T ERDME B LA AR 28
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U, SQUID Rt Y4220 LEICRE 528 T, E9Y
NFNZ LT AR DET=w 7 VERDOBALN AL, W
KA HFHFAE, SQUID THMIFTIZETEL>TH. ZOX
IREF DGR, BAETHHAREIZEIC TO,DE—KD
U E2B[2]. FHENCHEH L7 SQUID 13 ISTEC/SRL #
® HTS-SQUID 7' ZVA# A—&C[1], il 1 Rk =
AND—=D2DAANDORKRESIT 1 mX1l mTH5.
HTS-SQUID (3 3 C L0 63 KIZHWEIL T, SQUID Bl
[B]3% CTEEEHL 7=, SQUID DART AR /AR ~UL 3 20
ud,/Hz"? Th-o7-. SQUID HIJEIEIL, 77 TS
7-0h, AvaAa—7 TR EHINFRRIND. 7oE, T
AN OZRE P ELT, o EET VL THD PVDE
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THWE=[2]. 7235, SQUID IV 4 A—X 1, =7 L3R
53 mDV T AT Z L CRRELT-.

3. HAREERIRER

bEREEE A VT, B(EER /U 38kHz, 2 AHIDIEFX
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WA AR EFAESE T, ZOBOH AR %,SQUID JTfHED
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BEAQICEHRIL =, ZofE 3%, Fig.2 IORT. 22T, 4 ve
Aa—7T 128 [ENENEEITo7c. BEEIT/ N —ANE L
FIMMU7=Z A3 7 D58 350~360 ps #1I2 SQUID K
PVDF CZNEIERIE =, BLOBEEFEHHIS.
TNAIEAabD TO,1)T—FHARE O EHRE T 3100

mm/ms CHY, Tk 1105 mD FEEE K 355 pus TIRET .

PLEOFERMNME, SQUID TRAEBISIIZAE I A R H kD
BRUE B THHILEN DT, £~ SQUID TIX WD D

BT, PLAEDSHRL, 230 2 (HIRERERE R EFHIS NI,
I, EEBRDOELICRELIZTANER, TNENE
DR L O CRET U TR EEEL[2], 1505 mm&[F]
UARZEFEREE 722 SQUID Bl iE 8 CHE L7272 EU T
5. 7238, PVDF 1 SQUID B FDO=v4 /L&Y 40 mm ¥
ITDLEIZRRE L7720, SQUID D EiTbFnIE 5%
AL TP TUNVE. Fig.2 3R$ 191, Sl <
WRWITHEID ST, HTS-SQUID 7' IV 4 A—Z 3@\ ME 5
MET L (S/N) THAR WA HEERIZEHTETERY, KFE
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4. F&oH
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Function Signal

generator Oscilloscope  amplifier (x10) SQUID
electronics
n, PC
Power HTS-SQUID
amplifier Pulse tube refrigerator gradiometer
(x10) + cryostat ]
1Aq Transmitter Magnetic
@30 kHz with coil signal
| B Guided wave Aluminum pipe |
. ) T~ Magnetized i . PVDF
Guided wave nickel sheet Guided wave
t
T(0,1) SQUID output

Fig.1 Schematic diagram of HTS-SQUID NDE system for pipe.

Start of burst wave current

Fig.2 Output of HTS-SQUID gradiometer and PVDF
piezoelectric sensor after occurrence of ultrasonic guided wave
at 38 kHz.
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AR O T2 IR R AL B, k> 1D-p03 &
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2V AE R, SQUID BRENEIE, A mAa—7 FE{EEs,
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A7 (A5052) T, D e EE— AT 255 m b Liz=
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(IR AT TR RS ED =y 7 VR A EEN L, AR
WA D, ZD=v L5 1105 mm B =69 A Alo =
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ZHRAZEOTARPE DO ET=o I VOREALN L L | AT
FAFEA, SQUID TrHllT 2, Fio, HARNEOS e e
LT PVDF %, SQUID 254517 11z 40 mm Bffiu /=& 2K i
CBEE LT,

3. HARKEHAIEER
31 ANEROERBEELSEBE
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TRIEIZR K2 LB 32203 b Tz,
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100kHz F£TZEASET 3.1 FERIZEHIIZATV, TAREE 1k
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$rtr1% 20~40 kHz CE—2fEIZ/eD | D%, A5 5 IR I
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9, ZORER, V7 MAT OFI2F S O UL THIIBED
£ YN B NNy SVIEY il

50

;&45 b
40
E SQUID
)
T 30 \
= 25
Q.
£ 20
T 15 PVDE
8 10
0
0 0.2 0.4 06 08 1

Current amplitude [A,]
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1. Introduction
Electromagnetic waves in the 0.3—10 THz frequency range
have great potential in research and industry; thus, compact,
solid-state, and continuous-wave terahertz sources are being
developed in various fields [1]. We discovered a remarkable
phenomenon that high-transition-temperature (high-7,) cuprate
superconductors Bi,Sr,CaCu,0Og,5 (Bi-2212) generates intense
and coherent terahertz waves [2]. This compound is known as
the intrinsic Josephson junction (IJJ) system, where an
insulating Bi,0, layers is sandwiched by CuO, double layers
responsible for superconductivity. Previous studies revealed
that the emission frequencies are shown to obey two necessary
conditions: One is the Josephson relation, which converts
application of 1-mV voltage into the 0.4836-THz oscillation.
Another is the geometrical cavity resonance condition [3,4].
The most intriguing physics of the terahertz emissions is
the synchronization among thousands of stacked IJJs with
distributed widths due to the trapezoidal cross-section of the
mesa structure. Mutual synchronization based on hot-spot

formation has been identified in a recent mixing experiment [5].

A complete study of increases in local temperature in the
emitting stack will lead to a further understanding of the
non-linear phase dynamics of the 1JJ system. Meanwhile, the
effective prevention of overheating is required to increase the
emission intensity, which is essential for designing powerful
terahertz sources. In this study, we dynamically control the
temperature distributions in the emitting stack by altering the
dc current distributions and simultaneously monitor the change
in the emission intensity. We find that we can increase
emission intensity considerably by preventing the excessive
heating that increases hot-spot size [6].

2. Experimental

Single crystals of Bi-2212 were grown by a traveling-solvent
floating-zone technique. A small piece of an annealed crystal
was glued onto a sapphire substrate using epoxy resin Stycast®
1266. The temperature dependence of the c-axis resistivity
shows the behavior typical of underdoped crystals with
T.=78 [K]. Then, the mesa structure with the width of
w="73[um] and length L =400 [um] was milled from the
crystal surface by photolithography and argon ion milling
techniques. The thickness of 7= 1.1 [um] corresponds to 720
junctions in the stack. The terahertz-emitting sample is
installed into the He-flow type cryostat. The emission is
detected using a Si-composite bolometer.

3. Results and discussion

Figure 1(a) shows the four-terminal current-voltage
characteristics (IVCs) at bath temperatures of 7, = 10 K (left
scale) and the emission intensity (right scale). Dashed lines at
0.884 V represent calculated emission voltages. In Fig. 1(b),
the emission intensity was plotted as a function of /. Intense
emissions were observed in two characteristic bias regimes:
high-bias regime (11-23 mA) and low-bias regime (4—5 mA).
As discussed earlier, the extreme temperature inhomogeneity
in the stack is a key feature to understand the synchronization
mechanism in the high-bias regime.

w
S
L
w
=]

(b)

N
=]
@
o
!
N
=1

o
o
L
-y
o

&
o
(Aw) Indino Jsjewojog
o
(yw) Jusuny

Current (mA)
: (=]

>
g
o
L
L
o

[
(=]
I
q
~
=]

&
S

+-30

10 05 00 05 1.0 00 20 40 60
Voltage (V) Bolometer output (mV)

Fig. 1: (a) Current-voltage characteristics (left scale)
and emission intensity detected by a Si-composite
bolometer (right scale) at 7,=10 K. (b) Emission
intensity as a function of the bias current.

To image the local temperature distribution in the stack,
we use a fluorescent technique based on the strong temperature
dependence of fluorescence intensity on the coordination
complex. From the temperature imaging results (not shown
here), we can presume that emission intensity has a strong
correlation with the volume of the superconducting parts in the
emitting stack.

4. Summary

We investigated the universal relationship between coherent
terahertz-wave emission and temperature inhomogeneity in the
emitting stack of Bi-2212 1JJs. The emission intensity
increases by up to 20% with a decrease in the hot-spot size.
Because no regard has been given to the elimination of the
excess heat from high-7, superconducting terahertz sources,
further improvements in terms of the sample structure and the
bias condition may allow for the construction of powerful and
tunable terahertz sources that fill a technical gap in the
terahertz regime.
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Fig.1 Schematic diagram of the Josephson comparator circuit
under investigation.
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1. Introduction

Adiabatic quantum—flux—parametron (AQFP) circuits [1]
are very low—power because of zero static power consumption
and extremely small dynamic power consumption thanks to
adiabatic switching operations. In order to increase operation
frequencies and to reduce latency in AQFP circuits, we herein
demonstrate multi—excitation AQFP (ME-AQFP) circuits, in
which AQFP gates switch multiple times during a cycle of
excitation currents. In the numerical simulation, we showed

AQFP gates operating in the double—excitation mode, in which

the circuits operate at 10 GHz with 5-GHz excitation currents.

Moreover, we experimentally demonstrated several logic
circuits, including an XOR gate in the double—excitation mode
at a low frequency and confirmed wide excitation margins of
more than #20%. The above results indicate the possibility of
high—-speed AQFP circuits operating at frequencies higher
than 10 GHz.

2. Periodic Evolution of Potential Energy
In ME-AQFP, we utilize the periodic change of potential

energy. The potential energy of an AQFP gate, [, is given by
[2]:

2 2
vp|B8) B b) ) ih cosp | )
b B +2p,
where £ is the Josephson energy, ¢ is the normalized
excitation flux, ¢, is the normalized input current, £ and g,
are the normalized inductances, ¢ = (gi+¢)/2, ¢ = (d-$)/2,
¢ and ¢ are the phase differences of the two Josephson
junction in the AQFP gate. The potential energy evolves
periodically between a single-well shape and a double-well

shape as ¢y increases, as shown in Table 1.

3. Multi-Excitation AQFP

In a conventional operation mode, an AQFP gate is excited

Table I
Quantum flux changing along with excitation
¢ /2n . -1 -0.5 0 0.5 1 1.5
of2r .. 1 0 0 1 1 2
0o/2n 1 1 0 0 -1 -1
e W W W W

one time during a cycle of excitation fluxes, because the
excitation flux, ¢/2mw, oscillates between 0 and 0.5 during a
cycle. We refer to this conventional operation as a
single—excitation mode. Assuming that ¢,/2n oscillates
between 0.5 and 1.5 in a cycle of an excitation current, an
AQFP gate is excited two times during a cycle of excitation
fluxes. We refer to this operation as a double—excitation mode.

In simulation and experiment, we demonstrated an XOR
gate operating in the double—excitation mode. We also
evaluated energy efficiency of ME-AQFP circuits and
confirmed that, in the double—excitation mode, the operation
frequency doubles, gate delay halves, and the energy—delay
product (EDP) is kept, compared to the single—excitation

mode.
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Fig. 1 Inside of the GM cryocooler. The broad band
communication and suppressed heat inflow are achieved
by the superconducting coplanar waveguides formed on
the YSZ substrates. Dominant joule heats are generated
at the spring pins.
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Fig. 2 Cooling test of the cryocooler with technology of
suppressed heat inflow.
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