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�Abstract— The BABAR experiment at PEPII B-factory in SLAC involves the use of a large superconducting solenoid producing a magnetic field of 1.5 T in 2.8 m bore.  The magnetic length is 3.7 m.  The solenoid is wound with an 
aluminum
 
stabilized
 conductor.  In order to have suitable field uniformity the current density in the coil is axially graded.  This paper discusses the main topics of the superconducting coil, related to design and construction.



I. INTRODUCTION



The magnet for the BABAR experiment at PEP-II in SLAC [1]  is a thin superconducting solenoid within a hexagonal flux return as shown in  Figure 1.  The core of the magnet is a thin superconducting solenoid with characteristics shown in Table 1. These parameters are related to the as-built coil .
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Figure 1, Schematic view of BABAR solenoid in the hexagonal yoke



The design of the solenoid was based on criteria developed in the last 15 years for 
aluminum
-
stabilized
 thin solenoids.  Indirectly cooled 
aluminum
 
stabilized
 conductor is a common feature of these magnets.  Cooling pipes are connected to the supporting structure: a 35 mm thick cylinder, made of 
aluminum
 alloy 5083.









TABLE  1



MAIN CHARACTERISTICS OF BABAR SOLENOID



Central Induction�1.5T��Conductor peak field�2.3T��Winding structure�2 layers

graded current density ��Uniformity in the tracking region  �± 3%��Winding Length�3470 mm warm��Winding mean radius�1505 mm warm��Operating current�4650 A��Inductance�1.15 H��Stored Energy�27  MJ��Total turns �1067��Total length of conductor�6998 m��



II CONDUCTOR 



The conductor is composed of a superconducting Rutherford cable embedded in a  pure aluminum matrix through a co-extrusion process, which ensures a good bonding between 
aluminum
 and superconductor.   In order to have a field homogeneity of +/- 3% in the large volume occupied by the drift chamber, the current density in the winding is graded: lower in the central region, higher at the ends. The current is fixed, therefore, the gradation is obtained by using two different conductors: a thicker conductor for the central region and a thinner one for the sides. Both the conductors are composed by 16 strand Rutherford type cable, 
stabilized
 by pure 
aluminum
 as shown in Figure 2.  Table 2 describes the strands, Rutherford cable and final conductor characteristics as designed, while Table 3 
summarizes
 some characteristics of the conductors provided by Europa Metalli  (Fornaci di Barga –Italy).
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Figure 2,
 Cross section of BABAR Rutherford cable immersed in the 
aluminum
 matrix.



The critical current measurements were carried out on the Rutherford cables extracted from pure 
aluminum
 matrix by a chemical etching.  The sample were arranged with the field normal to the wide face in order to reproduce the same field configuration of the conductor inside the winding.  The short samples were measured in the facility MA.RI.S.A., using the transformer method.  For each length, critical current measurements were performed on short samples at different magnetic field, see Figure 3.  The critical field at 2.5 T was extrapolated from Figure 3 and is listed in Table 4.  The critical current all lengths is greater then the 
specified
 value:  Ic(B=2.5 T; T=4.2 K)=12680 A.

In sample #3 the transition was not observed, because the sample quenched before a significant voltage was measured.  This occurs some times when the sample is not properly soldered inside the sample holder.  For this sample only the quench current, at different applied magnetic field, was measured.  The sample #3 values listed in Table 4 are lower than the real critical currents, however, they are higher than those ones required by the critical current specifications (see Figure 3).
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TABLE 2 – Summary of strands, Rutherford and conductor characteristics.



COMPONENT�CHARACTERISTIC�VALUE��Strand�NbTi�Nb 46.5 +/- 1.5 wt % Ti���Filament size�< 40 mm���Twist pitch�25 mm���Cu/NbTi ratio�> 1.1���RRR�Final >100���Wire diameter�0.8 mm + 0.005��Rutherford�Transposition pitch�< 90 mm���Number of strands�16���Final size�1.4 x 6.4 mm2��Conductor�Al-RRR�>1000���Dimensions:

Thin conductor

Thick conductor�

(4.93 x 20)+0.02 mm

(8.49 x 20)+0.02 mm���Rutherford-Al bonding�> 20 MPa���Al/Cu/NbTi ratio:

Thin conductor

Thick conductor�

23.5:1.1:1

42.4:1.1:1���Edge curvature radius�> 0.2 mm���Critical current @ T=4.2 K; B=2.5 T�12680 A��

TABLE 3, Characteristics of produced conductors.







Length # and type�Total produced length

(m)�Average Rutherford dimensions

(mm2)�Average conductor dimensions

(mm2)�

RRR��#1 thin�1959�(6.45+0.01 x 1.45+0.01)�(20.04+0.02 x 4.975+0.025)�1505��#3 thick�1651�(6.45+0.01 x 1.45+0.01)�(19.89+0.03 x 8.40+0.025)�1522��#4 thin�1870�(6.45+0.01 x 1.45+0.01)�(20.01+0.03 x 5.00+0.02)�1575��#5 thin�1905�(6.44+0.01 x 1.47+0.03)�(20.06+0.02 x 4.975+0.015)�1442��#7 thick�1853�(6.45+0.01 x 1.45+0.01)�(19.925+0.025 x 8.425+0.025)�1486��#9 thin�1894�(6.45+0.01 x 1.45+0.01)�(20.05+0.03 x 5.025+0.015)�1503��



TABLE 4, 
Results
 of the critical current tests.



Sample�Date Co-extruded�Date Tested�Ic (B=2.5 T, 
T=4.2K
)�N value��#1 thin�Oct 30, 96�Nov 19, 96�16800 A�27��#3 thick�Oct 29, 96�Dec 11, 96�15430 A�//��#4 thin�Jan 16, 97�Feb 19, 97�15250 A�29��#5 thin�Jan 16, 97�Feb 10, 97�17660 A�40��#7 thick�Feb 20, 97�Mar 5, 97�14250 A�20��#9 thin�Apr 1, 97�Apr 9, 97�17810 A�36��



TABLE 5, Electrical and thermal margins of the BABAR coil as constructed.



Length�Bpeak (T)�Ic (A) T=4.5 K, B= Bpeak�In / Ic�Tg (K)��#5 

inner layer thin forward�2.3�16550�28%�7.28��#7 

inner layer thick 
middle
�1.6�14220�33%�7.30��#9 

inner layer thin backward�2.3�16950�27%�7.30���

III MARGINS



In this section the conductor margins in terms of operating temperature with respect critical temperature and enthalpy reserve will be discussed.  The peak field in the BABAR coil according to the preliminary design (with 1 layer winding) was Bpeak = 2.5 T.  At this field for NbTi The critical temperature is  TC = 8.27 K.  Considering that a current I0 flows in the conductor, a new critical temperature Tg is defined, as the maximum temperature for which the current I0 can flow, with no dissipation, in the 
superconductor
.  Tg is called current sharing temperature, and for the 1 layer design Tg= 6.79 K.



During the engineering design the coil configuration was modified from 1-layer to 2-layers. This led to a reduction of the peak field at the thin conductor from 2.5 T to 2.3 T.



After completion of the winding the expected nominal current In increased to 4650 A as a result of the reduced packing factor.

The conductor margins were re-computed considering modifications to the peak field, critical current, and nominal current for the three sectors of the inner layer.  The filed is 
higher
 in the inner layer 
making
 it the more 
critical
 layer.  The calculated 
values
 for the liner layer are listed in Table 5.  The highest In over Ic ratio was found for the thick conductor, In/Ic= 0.33.  The lowest 
current
 sharing temperature is the forward thin conductor, 
T
g
 
=7.28 K.  As a result of changing to a 2-layer design the coil has more margin than the 
original
 1-layer coil.  In fact it is possible to tolerate an increase of temperature up to 2.68 K higher than the nominal one.  A parameter of interest is the enthalpy variation from 4.5 K to 7.28 K:

� EMBED Equation.2  ��� 	(1)

where Cp(T) is the specific heat (in J/Kg) and d the density. By averaging the thermal properties among the four parts of the winding (
Aluminum
, Copper, NbTi and fiberglass epoxy), we find Eu.v.=3635 J/m3. This enthalpy margin can be re-written in a more convenient way as energy per unit conductor length, resulting Eu.l. = 0.36 J/m for thin conductor and Eu.l. = 0.65 J/m for thick conductor. As comparison, ALEPH and CDF, two well know running magnets, have an Eu.l. 0.35 J/m and 0.1 J/m respectively.























Figure 3,
 Critical current and quench currents Vs applied field (were for applied filed we mean the external field plus the sample self field (
B
sf
 
=
 
0.68 Gauss/A)) performed on the six samples. The thick solid line represents the specification.





I
V. SUMMARY






The BABAR coil is under final fabrication and assembly.  Factory acceptance testing will take place at
 Ansaldo in November 1997 with final 
commissioning
 at SLAC in 
January, 1998.  




The
 
BABAR short sample 
critical current measurements 
results 
a 
show
 higher 
safety 
margin than 
originally
 
designed
 into the coil
. The enthalpy margin is as high as a very large coil like ALEPH. This 
will also lead to more safe
 operation of the coil, 
minimizing
 the risks of premature quenching due to d
isturbances or wrong operation i.e. 
lack of coolant, too fast charge and dis-charge
, etc
.





A special thanks to Daryl Oshatz from Lawrence Berkeley National Laboratory for supply the BABAR Detector graphics.
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