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Abstract

A high-temperature superconducting (HTS) magnetic
shield based on Bi(Pb)Q'SI’Q'CﬁQ'CUg-Ox (BI-2223) was
fabricated by plasma spraying for the purpose of observing
a somatosensory-evoked magnetic field generated from the
human brain[1]. Recently, a Bi-2223 cylindrical magnetic
shield was devel oped by dip-coating on 2 99.9 % MgO ce-
ramic substrate. A highly-sensitive current monitor using
this HTS magnetic shield in combination with a HTS Su-
perconducting QUantum Interference Device (SQUID) is
being developed in the RIKEN RI beam factory for high-
accuracy nondestructive measurement of faint beams such
as a radi oisotope beam.

1 INTRODUCTION

A DC current transformer (DCCT) based on the second-
harmonic modul ator-demodul ator has been used in acircu-
lar ring, the sensitivity of which isabout 1 pA [2]. In order
to measure abeam intensity lessthan 0.1 A, current trans-
formers using the principle of a low temperature super-
conducting (LTS) cryogenic current comparator (CCC) had
been developed [3] [4]. Ontheother hand, aprototype HTS
CCC with an HTS gradiometer SQUID has been success-
fully demonstrated as ameans of nondestructive sensing of
argon beamsin the current range of 1 - 20 A [5]. TheHTS
technology enables us to develop a system equipped with
a highly-sensitive current monitor with HTC SQUID and
a HTS magnetic shield. This papers describes the system
design and the present status of the monitor.

2 PRINCIPLE OF HTSCCC

The principle of superconductive CCC is based on the
property of the Meissner effect of superconducting mate-
rials. A schematic drawing of the superconductive CCC
that we are designing is shown in Fig. 1(a). The MgO ce-
ramic tube as a substrate of the HTS magnetic shield is
coated on both sides, inside and outside, with athin (300
pm) HTS material. When the charged particle (ion or elec-
tron) beam is being passed along the axis of a HTS tube,
a shielding current produced by the Meissner effect flows
in the opposite direction along the wall of the HTS tube
SO as to screen the magnetic field generated by the beam.
Since the outer surface is designed to have a bridge cir-
cuit (Fig. 1), the current generated by the charged particle
beam concentrates on the bridge circuit and forms an az-
imuthal magnetic field ® around the bridge circuit. More-
over, the HTS SQUID is close to the bridge circuit and the
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Figure 1. (a) Schematic drawing of the superconductive
CCC that we are designing. (b) Structure of the SQUID
gradiometer and the magnetic core near the bridge.

HTS SQUID can detect the azimuthal magnetic field with a
high S/N ratio. In particular, since the SQUID gradiome-
ter has two pickup coils that are wound in opposite direc-
tions and connected in series, the signal level is expected to
be improved by a factor 2, while an background noise can
then be greatly reduced more than 40dB. Furthermore, to
obtain a higher coupling efficiency, we consider the possi-
bility of introducing the high-permeability magnetic corein
the HTS CCC. The sketch (Fig. 1 (b)) represents the struc-
ture of the SQUID gradiometer and the magnetic core near
the bridge.

3 HTSSQUID SYSTEM

Fig. 2 shows the characteristics of HTS SQUID mag-
netometer that was used to measure the field distribution
inside a HTS magnetic shield [6]; (a) current (x-axis) vs.
voltage (y-axis) appears across the Josephson junctions of
the HTS SQUID, (b) the relationship of the magnetic field
B (x-axis) at the input coil with voltage (y-axis). The re-
sponse of the sensitive SQUID loop is periodic with re-
spect to a magnetic flux quantum, @y = h/2e = 2.068 x
10~ 5weber. Then a flux-locked loop method is usually
used in the HTS SQUID circuit because a wide dynamic
range and a high resolution of the flux sensitivity are re-
quired. Fig. 3 shows the circuit diagram of the HTS DC
SQUID (2 Josephson Junction) and flux-locked loop. The
region in the box is kept below critical temperature T,.. The
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Figure 2. Characteristics of SQUID. (a) current (x-axis)
vs. voltage (y-axis) appears across the Josepson junctions
of HTS SQUID, (b) relationship of the magnetic field B
(x-axis) at the input coil with voltage (y-axis).

magnetic flux density B induced by the charged particle
beam istransferred to the HTS SQUID with the aid of the
pickup coil and theinput coil, which are built-ininthe HTS
SQUID itself. The flux-locked loop can make a linear op-
eration with respect to the HTS SQUID circuit because it
cancels the external magnetic flux density B, with the aid
of the bias current flowing in the feedback coil as shown
in Fig. 3. Modulation and synchronous detector are used
to create aflux-locked loop circuit similar to negative feed-
back phase-locked circuit. The voltage appearing in the
resistance, if it appears in the figure, is measured in order
to obtain the calibrated shield current, namely, the beam
current passing through the HTS tube.

The HTS DC SQUID system which iscomposed of HTS
SQUID gradiometer (Y-Bax-Cu3O7_5), cryogenic cable,
flux-locked loop module, afiber-optic composite cable that
connects the flux-locked loop module to the control elec-
tronics and a set of control electronics and that system is
commercialy available [7]. The heater is mounted close
to the SQUID chip in the sensor package in order to purge
any magnetic flux trapped in the sensor. The fiber-optic
composite cable is used to eliminate grounding and shield-
ing problems that often affect SQUID electronics. The
HTS DC SQUID system is shown in Fig. 4 and the spec-
ifications of the system are tabulated in Table 1. Fig. 5
measured noise spectrum in frequency domain shows a 1/f
noise structure and anoise level isvery low compared with
the conventional HTS SQUID.
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Figure 3: Circuit diagram of aHTS DC SQUID (2 Joseph-
son Junction) and flux-locked loop. The region in the box
is kept below critical temperature 7.

Figure4: TheHTSDC SQUID system Model BMS-G with
HTG-10R.

Table 1: The specifications of the HTS DC SQUID system.

Noise level 34T /VHz @ 5kHz
Operation temperature 77 K
Feedback gain 1, 2,5, 10, 20, 50, 100, 200, 500
High pass filter DC, 0.3Hz
Low passfilter 5Hz, 200 Hz, 2kHz, 20kHz
Date accuracy (AD) 16 bit
Date acquisition rates 20000 words/s
Remote control |EEE-488, RS-232
" 5G01116 174K
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Figure 5: The measured noise spectrum in frequency do-
main shows a 1/f noise structure and a noise level is very
low compared with the conventional HTS SQUID.

4 HTSMAGNETIC SHIELD

The examination of the HTS magnetic shield coated on
the MgO substrate had been proceeding step by step. The
critical current (1..) and critical temperature (T..) of the Bi-
2223 cylindrical HTS shield should be confirmed to obtain
a stable HTS CCC. By a DC four-probe method using a
small piece of Bi-2223, I, of 4500A/cm? and 7. of 106 K
were acquired. Furthermore, X-ray diffraction analysis has
been used to identify the formation of the Bi-2223 phase.
After the above-mentioned tests, in order to measure the
field distribution inside the HTS magnetic shield and to
obtain the attenuation factor, we constructed the measure-
ment system [6]. From now on, we define a direction of
the cylindrical axis as the z-direction and a direction per-
pendicular to the axis as the x-direction. And a attenua-
tion factor is defined by dividing the magnetic field inside
the shield by a external magnetic field. By those measure-
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ments, the attenuation factor of 5 x 10~ in the z-direction
and that of 8 x 10~2 in the x-direction were obtained. Then
if the magnetic shield isreinforce by three-layer permalloy
shield which has 1/500 of shiglding factor, 3 x 10~°T of
geomagnetism will be decreased to 4 x 10~ 4T in the z-
direction and 8 x 10~ '2T in the z-direction, since SQUID
gradiometer has -50dB of shielding factor.

5 PROTOTYPE OFHTSCCC
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Figure 6: Schematic drawing of a prototype of highly-
sensitive current monitor with HTS SQUID and HTS mag-
netic shield.

We are constructing a prototype of highly-sensitive cur-
rent monitor with aHTS SQUID and HTS magnetic shield
and the schematic drawing is shown in Fig. 6. The HTS
magnetic shield and the HTS current sensor includes the
HTS SQUID are cooled by a pulse-tube cryocooler which
is avery low vibration type and has a refrigeration power
of 11W. We had already tested the vacuum and the pulse-
tube cryocooler system. While the pulse-tube cryocooler
is capable of lower temperatures than that of liquid nitro-
gen, the limited operating range of the HTS SQUID used
required operation between 72 K and 77 K. Furthermore it
is necessary to stabilize the HTS SQUID to better than 1
mK by using a cryogenic temperature control which has a
temperature sensor of four channels and a heater.

6 FUTURE PLAN

In order to improve coupling efficiency between the
SQUID sensor and the magnetic field generated by the
beam, we are considering the possibility of introducing
the high-permeability magnetic core in the HTS CCC(see
Fig. 1). Fig. 7 shows the result of the magnetic field
calculation by the MAD program and Fig. 8 plots the z-
component of magnetic field B, between two cores in ac-
cordance with x axis. This calculation shows that a signal
was improved about 290 times, when the high-permeability
magnetic coreis used.

We are planning to install a prototype of highly-sensitive
current monitor with a HTS SQUID and HTS magnetic
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Figure 7: Theresult of the magnetic field calculation by the
MAD program when the high-permeability magnetic core
isused.
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Figure 8: Plots of the z-component of magnetic field B,
between two cores in accordance with x axis. This calcu-
lation showed that a signal was improved about 290 times,
when the high-permeability magnetic core was used.

shield in the beam transport line of the RIKEN Ring Cy-
clotron (RRC) to measure the beam current by this summer.
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