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The g-2 Storage Ring Superconducting Magnet System

The Members of the g-2 Collaboration

A bstract--The g-2 mu lepton (muon) storage cryogenic system and the coil current leads will be made on
ring is a single dipole magnet that is 44 meters in the outsideofthering so that the leads can be magnetically
circumference. The storage ring dipole field is shielded from the orbiting muon beam in the storage ring.
created by three large superconducting solenoid The required uniform dipole field is created by shaping
coils. A single outer solenoid, 15.1 meters in the iron pole pieces and by correction coils on the pole face_diameter, carries 254 kA. Two inner solenoids,
13.4 meters In diameter, carry 127 kA each in The iron is installed in twelve 30 degree sectors each of
opposition to the current carried by the outer which has a mass of 56.7 metric tons. The twelve iron
solenoid. A room temperature C shaped iron yoke segments will be assembled with a gap between segments
returns the magnetic flux and shapes the magnetic that is less than0.25 mm.
field In a 180 mm gap where the stored muon beam The use of superconducting coils rather than water
circulates. The gap induction will be 1.47 T. This cooled coils has the following advantages: 1) Coil
report describes the three large superconducting dimensional stability with time is ensured. The coil
solenoids, the cryogenic system needed to keep temperature changes vary lP,tle with time and the thermal
them cold, the solenoid power supply and the contraction coefficient is low at the coil operating
magnet quench protection system, temperature of 4A IC 2) There is thermal independence of

the iron. The iron temperature is not controlled by the coil
I. BACKGROUND temperature. 3) The coil power requirements including the

refrigeration are gready reduce¢ 4) The power supply is a
This report describes a superconducting storage ring low voltage supply. This coupled with a relatively high

magnet system for an experiment for precision magnet self inductance ensures that there will be low ripple
measurements of the g-2 value of mu mesons at the currents.
Brookhaven National Laboratory [1]. The goal of the
experiment is measure the g-2 value to an accuracy of 0.35

ppm, which is a factor of 20 better than the present IT.THE SOLENOIDMAGNETS
experimental accuracy of 7.3 ppm from the latest experiment

at CERN [2,3]. The experiment requires a very high Two sizes of solenoids have been fabricated at the

precision storage ring for 3.094 GeV/c muons. Brookhaven National Laboratory. The two 13.390 meter
The principle equipment for the g-2 experiment is a diameter inner solenoids have twenty-four turns each that

supefferric storage ring with an average induction of 1.473 T carry 5300 amperes. The two inner solenoids buck out a
and a central orbit diameter of 14.22 m. The induction over single outer solenoid that is 15.094 meters in diameter. The
the muon storage volume with a cross-sectional diameter of outer solenoid has wo twenty-four turn coils which carry
90 mm must be good to about 0.1 ppm. The field 5300 amperes. These coils &_ separated by about 150 nun
uniformity and stability in the orbit volume are unusually so that the muon beam can be injected into the storage ring.
stringent. Table I presents the parameters for the g-2 solenoid coils and

The g-2 storage ring consists of three superconducting their aluminum mandrels. The overall mass for the three

solenoid coils. The two smaller inner solenoids (13.4 m in solenoids and their cryostats is about 11200 kg. About 6200
diameter) are hooked up in opposition to the larger outer
solenoid (15.1 m in diameter) to form a dipole field. The kg is cold mass.Each of the inner coils is wound on a 6061 aluminum

magnetic flux is carried by a continuous C shaped iron yoke. mandrel that is cooled by two-phase helium flowing in a
The three solenoids with the iron form a continuous dipole single turn of rectangular cooling tube. The coil is cooled
similar to the Brookhaven Cosmotron. (Fig. 1 shows a by conduction to the mandrel. The two outer coils are
cross-section of the g-2 magnet.) Muon beam focusing is mounted on a single 6061 aluminum mandrel that is cooled
achieved through the use of electrostatic quadrupoles by two turns of two-p "basehelium cooling tube attached to
distributed around the ring within the magnet gap. The the outer mandrel. As with the inner coils, the outex coils
muon beam is injected into the ring through the iron and
through the outer coil cryostat through a shielded inflector are cooled by conduction to the mandrel The mandrels also
magnet that has essentially zero field where the injected act as a shorted secondary c_cuit during a quench. Quenchback from the coil mandrels will cause all of the solenoid

beam passes into the storage ring. The open part of the C coils to mm normal during a quench [4].
points toward the center of the storage ring. The g-2 The solenoid coils were wound in the horizontal

experiment detectors are located inside the magnet ring. position (with the coil axis peq_ndicular to the floor). Once
lnterconnection of the the coils were wound and cured on the mandrel, the shields

and the cryostat were built around the coils. Fig. 2 shows
Manuscript received September 20, 1993. "Vnis work was

the 15.1 metex diameter outer solenoid after coil winding.performed with the support of the Office of High Energy and
Nuclear Physics, U. S. Dept. of Energy
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Table 1 g-2 Solenoid Magnet System Parameters aluminum matrix material is 2000 or mo_. The TOPAZ
co,',,ductor has bare matrix dimensions of 3.6 :,an by 18 ram.
The insulation consists of three layers of 0.055 mm thick

a_, ot _ Co,s 2 Kapton-fiberglass laminate. The solenoid superconductor
mercoatsameter(m) 13.3s4 has the following parameters: 1) The copper to
auml_roflnnerCollMandce_ 2 superconductor ratio is I to I; 2) the aluminum to
Inner Coll _ Diameter (m) 13.390
ta.ercouco_Masst_g) leo superconductor ratio is 20 to 1; 3) the copper matrix
s,+_rco, Mandr_C.o_dMass (kg) SSO conductor contains 1400 filaments which are about 50

,umberolOtaerCoiL_ 2 micrometers in diameter: 4) the twist pitch for the
(3_,er C.oil Diameter (m) 15.024 superconductor is 27 ram; and the critical current for the
Number of Outer Co. Mandrels 1 conductor is 9270 A at 2.4 T and 4.2 K. The conductor
Outer Coil Mandrel Diameter (m) i5.094
ou_r co. CoadMass(kg) 20S should be able to carry the full solenoid coil current when
omerco, Ma_relCo_dMass0,g) 2sso the operating temperature is as high as 6.0 IL The projected
seamOrhaOmnet_r(m) 14_2 operatingtemperaturefor the g-2 solenoid magnet systemis
SolenoidDesignCurrent(A) 5300 expected to be about 4.5 K.
Solenoid Magnet System Self inductance 0t) 0.39
Central induction at the Beam Orbit" (I") 1.470

StoredMagneticEnergy"(MJ) 5.5 ]]]. THE g-2 MAGHEr COOLINGSYSTEbl
Solenoid Magnet System Cold Mass" (kg) -6200
Solenoid Magnet System Overall Mass (kg) -11200

The three g-2 solenoids, the superconducting leads
• =_ _ o_, c,_t ots3ooA ber_vccnsolenoids and a shielded superconducting inflector
" includes 1130 kg of coil _ which are

.o_r*_o,_ ,wa._ magnet will be cooled by two-phase helium that comes from
a refrigerator bought by the Brookhaven National Laboratory
during the mid 1970's. The refrigerator has two piston
expanders and it receives its high pressure helium gas from

The g-2 solenoid superconductor is the same a pair of screw comlxessors each capable of delivering up to
superconductor that was used for the TOPAZ thin solenoid at 60 g s"1 of helium gas at a pressure of 1.8 MPa. The
KEIC The Nb-Ti superconductoris stabilized by ultra pure refrigeratorcold box is capable of delivering up to 700 W
aluminum that has been ca)extruded along with a copper with liquid nitrogen precooling in the upper stages of the
matrix conductor. The zero field residual resistance ratio machine. At the fun output of the machine, the &ace g-2
of

Pole Ti
Outer Solenoid

Lower Inner
Solenoid Muon Beam

to Ring Center

Fig. 1 A Crozs-secdonview of theg-2 storagering showingthe threehuge solenoids
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Fig. 2 The 15.1 me.t_ dim_ g-2 out_" solenoidatthecompletionof winding

solenoids and the inflector magnet can be cooled from coil cooling circuits carries most of the helium flow. The
room temperature to 4.4 K in just under two days. The helium flow circuit for the magnets is designed for the
available cooling from the g-2 refrigeratorfar exceeds the following operations [7]; 1) solenoid cool down from 300 K
cooling that is requiredto keep themagnets cold and supply to 90 K with a set inlet temperatureto the solenoid string,
gas to a pairof 5300 A gas cooled leads for the solenoids and 2) solenoid cool down from 90 K to 10 K, 3) solenoid cool
a pair of 2850 A gas cooled leads for the superconducting down below 10 K, 4) operation of the solenoid coils with
inflectormagnet, the inflector at room temperature,5) inflec_r cool down to

The g-2 magnetcooling circuit is similarto the cooling 12 K with controlled inleJ temperature while the solenoid
circuit used to cool the PEP-4 soleaoid built by LBL [5,6]. coils arekeptat 4.5 K, 6) t,dlector temperatureis held at 12
A mixture of liquid helium and helium gas from the K while the solenoids are cold and operating, 7)
refrigeratorJ-Tvalves is passed througha heat exchanger in simultaneousoperationof the solenoids and the inflector at
a 500 litercontroldewar filled with liquidhelium. The two- 4.5 K, and 8) warmup of all of the magnets bom 4.5 K to
phase mixtureof liquid helium and gas coming back from roomtemperature. The re.tamside of the controldewar and
the solenoid string is dumped back into the control dewar therefrigeratorarecompletely by-passed duringthe solenoid
wherephase separationOCCtLrS.Cold gas at4.4 K is returned cool down to 10 K. The return gas that flows from the
to the refrigeratorJ-Theat exchangerthroughthe refrigerator inflectorduringits cool down is also by-passed aroundthe
cold returnsystem. Two phase cooling with a control control dewar and refrigeratorreturn. The estimated cool
dewarandits heatexchangerhas the following advantages: 1) down time for all of the solenoids is less than 2 days [8].
the maximumoperating temperaturein the superconducting The infleetor, which has a cold mass of about50 kg, can be
coils is lower for two phase cooling thanfor a single phase cooled downin a few hours.
cooling; 2) for a given cooling rate, the mass flow is The pr_sure drops in the flow circuit startout at about
minimized; 3) no heiium pump is requiredto circulate the 0.6 MPa when 15 g s-1 flows through the cooling circuit at
helium; 4) the heat exchanger shifts the two phase helium roomtemperature.When the magnets are opemt_ cold, the
fromthe gas side of the two phase dometo the liquidside of pressuredrop is estimated to be about 0.013 MPa when the
the dome reducingthe flow circuit pressuredrop by a factor mass flow through the rebigerator J-T valve is 30 g s"1.
of two; 5) two phase flow will be maintainedin the cooling The highest temperaturein the helium flow circuit will be
circuit when the heat load is as high as 150 _t of the less than4.5 K when the refrigeratoris delivering 225 W of
refrigeratorcapacity as long as the heat exchanger in the refrigerationplus 0.9 g s-I of cold gas to the leads.
controldewar is covered by liquid helium;and 6) the use of
a control dewar plus the heat exchangerdampsout potential IV. SOLENOIDMAGNETPOWERSUPPLYAND
flow oscillationsoften associated with two-phaseflow. QUENCHPROI-r.C_ONSYSTEM

The g-2 magnet two-phase helium cooling system has
threeparallel flow circuits for the solenoid coils, the leads The g-2 solenoidsoperateat a design currentof 5300 A.
between die solenoid coils and the inflector and its leads. The power supply and the solenoids are designed for
Duringall phases of the flow system operation,the solenoid continuous5830 A operation. The maximumchargingrate
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for the solenoids is controlled by the eddy currents induced in Khazin, E. A. Kuraev, Yu. M. Shatunov, E. Solodov, Budker
the mandrels. Based on a self inductance of 0.39 H, the 5 V Institute for Nuclear Physics, Novosibirsk, Russia; T.
power supply permits the g-2 solenoids to be charged in 900 Kinoshita, Y. Orlov, Comell University, Ithaca, NY, USA;
s, but the magnet should be charged at a slower rate because D. Winn, Fairfield University, CT. USA; K. Jungmann, R.
of eddy currents in the iron. The charging and discharging Prigl, G. zu Putlitz, University of Heidelberg, Heidelberg,
history of the solenoids is important from the standpoint of Germany: P. T. Debevec, G. Garino, P. G. Harris, D. W.
field uniformity in the region of the stored muon beam. Hertzog, T. Jones, University of Illinois, Urbana, IL. USA;
Fast charging and discharging of the g-2 solenoids will affect M.A. Green, Lawrence Berkeley Laboratory, Berkeley, CA.
the magnetization of the yoke and pole piece steel. It is USA; W. P. Lysenko, Los Alamos National Laboratory, Los
important that the magnet be charged in the same way each Alamos, NM. USA; U. Haeberlen, Max Planck Institute fur
time a field change is made. Some time (several hours) is Med. Forschung, Heidelberg, Germany; P. Cushman,
required for the eddy currents to decay in the yoke and poles University of Minnesota, Minneapolis, MN. USA; IC Endo,
before muons can be stored in the ring. H. Hirabayashi, I. Ichii, S. Kurokawa, Y. Mizumachi, T.

The solenoids are self protecting from a quench stand Sato, A. Yamamoto, National Laboratory for High Energy
point. At full current a single coil will quench completely Physics, KEK, Japan; K. Ishida, Riken Institute, Japan; K.
in about 5 seconds. The 5.5 MJ stored energy can be Nagamine, University of Tokyo, Tokyo, Japan; S. Dhawan,
draped in that coil without raising its temperature above A.A. Disco, F. J. M. Farley, X. Fei, V. Hughes, S. Redin,
120 K. Once one of the coils turns normal, the rest of the and Q. Xu, Yale University, New Haven, CT. USA
coils will turn normal by quench back from resistive heating We acknowledge the design contributions of Z. Annoza,
in the coil mandrels [9]. There is a 0.01 ohm dump resistor M. Tartakovsky, Z. Twardowski and the technical
that induces quench back in the solenoids. As a result, the contributions of J Domiano, S. Kochis and D. yon Lintig
quench hot spot temperature is about 60 K. In addition, the Jr.
dump resistor extracts 62 percent of the g-2 solenoid stored This work was supported by the Office of Basic Energy
energy. At the end of the quench, the average temperature of Science, United States Department of Energy under the
the g-2 solenoids is about 38 IC B_ven National Lab(ratory contract number DE-AC02-

76CH00016.
V. CONCLUSION
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