A SUPERCONDUCTING SOLENOID FOR HEAVY ION BEAM FOCUSING
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Abstract nets at RIKEN are superconducting, it was thought to be
inconvenient to add a new component which requires us-

A 6 T superconducting solenoid has been constructed to fl%'g liquid helium. A conduction cooling method was pre-

cus heavy ion beams on the production target of radio ISP rred to bath cooling. A compact refrigerator of a Gifford-

tope beams. The. design field on axisis 6.2 T W!th an avefs -mahon type and a high-Imaterial current leads are the
age current density of 9,600 A/@mThe overall coil length ajor components of such system as in other similar sys-
is 1.1 meter, and the coil is divided into three equal-lengt ﬁms [3]. (The current leads is made of high+fiaterial
s_ectlons to case wmdm_g and to reduce IR drop througoetween 50 K and 4.5 K, and of copper between 300 K and
diode connection. A main feature of the system is that t . : . . i
L . . 0 K.) Figure 1 shows the system configuration. Design pa:

solenoid is conductively cooled by a cryocooler directly at- . :

o T T rameters of the solenoid and the superconductor are listed
tached onto the center coil without liquid helium involved

The solenoid was successfully trained to 6.2 T, and its op')r-] Table 1.

tical properties were tested in the beamline at RIKEN. The |

design features and the test results are presented. | ii
1 INTRODUCTION j REFRIGERATIR
|

The accelerator research facility at the Institute of Physi- %%
cal and Chemical Research (RIKEN) in Japan has provided B
high current radio isotope beams for nuclear physics re- o0
search [1]. To produce isotope beams a projectile fragmen- LENGTH UNIT: mm | i
tation method is being used. By bombarding a production SC%TESRCDNDUCHNG
target with heavy ion beam, fragments of the projectile are CRYDSTAT
produced. The Radio Isotope Projectile Separator (RIPS) \ ‘
located downstream then selects the desired beam [2]. - 1100 — 7 ~

Until recently the primary beam has been focused on [ ——] L
target using quadrupole lens, the resulting beam spotbe- Y [T~ ——~ " 1 A~ — ’t* —
ing larger than 1.5 mm, which meets usual experimental - ——- ——- -] 2180 19100 1
requirements. However, a need for higher precision mea- | = ”ﬁ<“ e

surements has demanded even smaller beam spot. After”] |

some computational studies and comparison works, a su- ¢

perconducting solenoid was chosen to increase the focusing

power with a slight modification of the existing beamline.

A quadrupole triplet was also an option, but the solenoiffigure 1: A schematic view of the superconducting

appeared to be more attractive in the aspect of its versglenoid.

tile uses. One example of its uses is that with a production

target placed upstream from the solenoid, the solenoid canThe solenoid is divided into three equal-length coils as

accept and focus the produced fragments on another phown in Fig. 1. Its main purpose is to reduce the maxi-

duction target downstream. mum IR drop. Each coil is connected to a diode so that the
The solenoid was manufactured by Mitsubishi Electrignaximum IR drop during quench is reduced approximately

Corporation, and was installed in the beamline at RIKENpY one third compared to without coil division. The electric

in January, 1997. The axial field reached 6.2 T after segircuitincorporating quench protection is plotted in Figure

eral quenches. The first focusing test was performed usidg Three diodes are located inside the cryostat, and there

95 MeV/u A"+ beam, which is the highest rigidity beamis another diode used at room temperature in series with a

from RIKEN Ring Cyclotron (RRC). resistor which are in a parallel connection with the power

supply. Because of these connections quench characteris-
2 SUPERCONDUCTING SOLENOID DESIGN tics are rathgr complicated. A detailed analysis is given in
the next section.
The superconducting solenoid is designed as a focusing el-The voltage of power supply i&4 volts, taking about
ement in the beamline. Since no present beamline mage mins to reach the design current. It is, however, not a
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During quench tests variations of the following physical

Table 1: Parameters of the 6 T Solenoid parameters have been measured: 1) voltages on each coil,

B.qe ON axis 6.2T - . .
'fajg dl 68Tm 2) magnetic fields, and 3) solenoid current. The magnetic
: fields were measured using three hall probes temporarily
Juve 9,800 A/cnt ; . .
attached to the outside of vacuum jacket around each caoil.
Amp-turn 5.5 MA-turn . . -
A typical result is shown in Figure 3 when a quench oc-
lop 40 A : :

Stored E 750 K3 cured at the coil #1. As shown in the upper three curves,
IOLe nergy E3AE the voltages on #2 and #3 coils are opposite to that on the
n uctance. — coil #1, which is forced by the warm diode. The gate volt-

Superconducting Cu/NbTi=1.3, age of the diode at 4.5 K is measured to be around 10 volts
Wire ¢ =0.60 mm which is the maximum voltage on each coil. The middle

three curves show the magnetic fields of each coil which

are equivalent to the currents of each coil. The current of

significant inconvenience in our case because the current{t COil #2 increases due to magnetic induction before its

usually fixed for many hours during experiments. own quenching. This kind of behawor.ls usually observed

The cold mass of the solenoid is about 300 kg, and th&hen a quench occurs to the coils which are magnetically
cooling capacity of the refrigerator is 0.5 W at 4.5 K withcoupled but electrically independent.

30 W being provided to the thermal shield at 45 K. It takes

|

9 days to cool the coil from 300 K to 4.5 K. This seems 200
a rather long time, but is acceptable since experiments are 29| # i
usually scheduled well in advance. 1607 B
Lo U7 . -
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. . ._Figure 3: Variations of physical parameters m r
Figure 2: A circuit diagram. Three diodes are located in gure 3: Variations of physical parameters measured as

ide the crvostat. and one more diode at room temper tafunction of time during coil quench testes. The upper
slde the cryostal, and ohe more diode at room temperalffio crves show the coil voltages, the middle three dis-
for quench protection.

playing magnetic fields measured at the outside of the vac-
uum jacket around each coil, and the lower curve shows the
3 SOLENOID TEST AND FIELD MEASUREMENT decay of the solenoid current.

The solenoid reached the design field of 6.2 tesla after train- The magnetic field was measured at the factory site
ing. Among the three coils, two (#1 and #3 in Figure 1using a hall probe positioned by a three dimensional mover.
were tested in a liquid helium dewar prior to assemblyThe magnetic center was found from the measurements,
The coil #1 quenched at the current of 48.3 A, and thand it agrees with the mechanical center. Magnetic field
coil #3 didn’t even at 49.1 A, which proved the quality ofmeasured along the axis is shown in Figure 4 together with
coil winding. Test of the third coil was skipped. After thethe calculation result using TOSCA [4].

solenoid was fully assembled, it was first tested at the fac-

tory site. And then the test continued after the solenoid

was installed in the beamline of RIKEN. Twelve quenches 4 BEAM FOCUSING TEST

in total were needed to train the solenoid to the design field.

This number is larger than expected. The quench occurdthe main design parameters of the solenoid and its location
at the coil #3 for the first 4 quenches, and then at #1 for th@ere chosen to focus heavy ion beams with a spot diame-
following 7 quenches. Since these two coils passed individer of 0.4 mm when beam emittance isrBim-mrad. The

ual tests, the quality of winding should not be the cause dfeam envelopes were calculated using TRANSPORT [5],
these quenches. Moreover, the coil joints are extra-cooleghd shown in Figure 5. The beam envelopes are enlarged
by means of separate copper strips extended from the cdigl the quadrupoles upstream from the solenoid, and their
head of the refrigerator. We think that the change of coilipper limits are determined by the clear bore si#® ¢m)
force direction from individual coil tests is the probableof the last quadrupole. Aberrations on the solenoid are not
cause. the limiting factors in producing the spot size of 0.4 mm.
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against the changes in coil stress distributions from the in-
dividual coil tests.

It appears easy to operate a superconducting magnet us-
ing conductive cooling. A further application of this kind
of system is under consideration.
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Ar'™ beam. The spot was observed on a ZnS target at t
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The beam diameter was around 0.3 mm when the beam-
line magnets were adjusted according to the TRANSPORT
calculations. The optics calculation agreed with measure-

ments, and the transmission efficiency was near2.00

The beam spot can be easily shaped with control of three
upstream quadrupole doublets as well as solenoid current.
With the solenoid inductance of 534 H and the power
supply voltage of 4 volts, the adjustment of the solenoid
current takes five minutes per amp. Therefore, it is quicker
to control the currents of the quadrupoles as long as the
transmission efficiency doesn'’t deteriorate.
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Figure 5: Beam envelopes calculated with TRANSPORT.
The upper and lower graphs show the envelopes of two

transverse planes, respectively.

5 CONCLUSION

The solenoid reached the design field of 6.2 tesla, and the
beam test was successfully carried out. The number of
guench before reaching the design field was larger than
expected, but it was understandable considering training
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