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The design of BIAPF dipole for the EIC

Mithlesh Kumar, Piyush Joshi, Holger Witte, Ramesh Gupta, Mike Anerella, Jesse Schmalzle, Kathleen Amm, Ye
Bai, Vittorio Marinozzi, Giorgio Ambrosio

Abstract—Brookhaven National Laboratory has been chosen to
host the Electron-lon Collider (EIC). Part of this is to install an
additional electron ring to the existing RHIC tunnel. The electron
hadron Interaction Region (IR) will host nine superconducting
magnets on the forward side and six superconducting magnets on
the rear side of the Interaction Point (IP). BLAPF dipole is the last
magnet of the near IR in the outgoing hadron direction. The
magnet has a physical aperture of 370 mm diameter and is 1.5 m
long. This large aspect ratio makes this magnet particularly
challenging. It is a collared magnet and uses a NbTi Rutherford
cable with 15.1 mm X 1.9 mm. It is expected to operate at a
maximum current of 13400 A at 2 K. The required integrated
dipole field is 4.05 Tm. This paper discusses the current design
status of the B1ApF dipole and presents the electromagnetic
analysis and thermal quench propagation analysis.

Index Terms—Accelerator magnets, electromagnetic analysis,
Thermal quenching, Electron-ion collider, superconducting
magnets, interaction region, dipole, NbTi.

I. INTRODUCTION

HE upcoming Electron-lon Collider (EIC) at the

Brookhaven National Laboratory would collide

polarized electrons with the polarized hadrons at the
Interaction Region #6 (IR6) with a beam crossing angle of 25
mrad, at a center of mass energy of 20-100 GeV, and a beam
luminosity of 10%* cm?2 s [1] [2]. The basic layout of the
Interaction Region (IR) of EIC could be found in [3] [4]. There
are five collared and two direct wind magnets in the forward
hadron cone near IP. All the near-IP magnets in the rear hadron
cone use the BNL direct wind technology.

The B1ApF dipole is the last collared magnet near the IP in
the forward hadron cone. There are several challenging design
requirements and constraints for this magnet. The required
magnetic aperture is large. This is because the beam crosses at
an angle with respect to the longitudinal magnet axis. The
overall length of the magnet should not exceed 1.5 m. Most of
the useful magnetic field in the aperture comes from the straight
section of a magnet. For this large aperture short magnet, the
straight section to coil ends ratio is small.

This paper describes the current design of this magnet based
on electromagnetic analyses (section ). The paper also
presents a preliminary quench analysis (section Ill) and a
preliminary persistent current calculation (section 1V).

This work was supported by Brookhaven Science Associates, LLC under
Grant DE-AC02-98CH10886 with the U.S. Department of Energy. M Kumar
(mkumar@bnl.gov, Corresponding author), P Joshi, H Witte, R Gupta, M
Anerella, J Schmalzle, Y Bai, and K Amm are with Brookhaven National
Laboratory, Upton, NY 11973, U.S.A. They have studied the overall design of
the B1ApF dipole.

I1. DESIGN CONSTRAINTS AND MAGNETIC REQUIREMENTS

The longitudinal space available for BLApF is 1.5 m. The
required integrated dipole field is 4.05 Tm in a circular region
of radius 80 mm. The magnet would operate at 2 K. Table |
enlists the cable properties. This NbTi Rutherford cable is
similar to the cable used in the construction of the main bending
dipoles at the Large Hadron Collider at CERN (strand Type 01)

[5].

TABLE |
CABLE PROPERTIES
Parameter Value Units
Bare height 15.1 mm
Bare width: inner, outer 1.816, 1.984 mm
Insulation thickness: (6,r)  0.08636, 0.15 mm
Number of strands 28
Diameter of strands 1.065 mm
Cu:non-Cu ratio 1.6
TABLE I
MAGNET PARAMETERS
Parameter Value Units
Physical length 1.5 m
Coil inner diameter 0.37 m
Yoke inner diameter ~ 0.6096 m
Yoke outer diameter (x,y) 1.8,1.4 m
Operating temperature 2 K
Maximum operating current 13400 A
Integrated dipole field 4.198 ™™
Peak field on conductor 6.51 T
Aperture field 4.158 T
Magnetic length  1.0096 m
SC maximum current density 1397 A/mm?
Harmonic coil reference radius 80 mm
Normal Harmonics (except b;) <1 units
Skew harmonics =0 units
Equivalent self-inductance 11.3 mH
Stored Energy 1.011 MJ

The important coil parameters are presented in Table 1. The
coil 2D cross-section is shown in Fig. 1 (top). The conductor
peak magnetic field to the aperture field ratio (Braio) is 1.56
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which is considered high. There are two contributing factors.
The primary reason is the imposed condition of thick
symmetrical wedges between the coil blocks. Such a

configuration would cancel the risk of putting the wedges
upside down or azimuthally flipped during the coil assembly.
The other reason for the high Byaio is the comparatively large
diameter of the coil mandrel. Consequently, this design has an
inefficient usage of the superconductor, but it still has about
28% load-line margin at the maximum operating current.
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Fig. 1. B1ApF coil (top) and yoke (bottom) cross-section.
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Fig. 2. Magnetic field calculated on an X-axis oriented line at
Y=0 mm, Z=0 mm

1000

6.514
B 6.0

(N "—‘s.o B 25

\( : 1
\ = 4.0 A -2
A — o v $ »
— \

= 30 o . f s

m 3229

N \ 2.0 : & =1
/) t \ L »
J /) 1.0 ‘ = 05
S >
M 0.00001 L =0

Fig. 3. Magnetic field distribution in coil and yoke.

1.50

1.00
-b2
0.50 /

o
o
; -~b3
m
< 0.00 b5
o b7

-0.50 =~b9

- b11
-1.00
0 5000 10000 15000
[(A)

Fig. 4. Normal multipole harmonics as a function of current.

Fig. 1 (bottom) shows the iron yoke. It is vesica piscis
shaped. This decreases the magnetic flux leakage inside the
electron hole while leaving some space for the vertical support
structure under the magnet inside the cryostat. The heat
exchanger hole is at 45° from the magnet mid-plane. The
electron hole at the mid-plane as shown on the right has two
circular cut outs of 14 mm thicknesses. Fig. 2 shows the
magnetic field distribution on an X-axis oriented line at Y= 10
mm and Z= 0 mm. The magnetic field in the magnet aperture is
4.158 T. The field in the electron hole is less than 10 uT. This
is much less than the earth’s magnetic field. The leakage field
just outside the yoke is less than 20 mT. There are other circular
and rectangular holes in the yoke for minimizing the error field
harmonics.

The coil ends were designed to minimize the strain in the
cable. The coil blocks were further divided into 9 blocks. From
the DX magnet construction experience [6], the maximum
number of cables in any block was limited to 11. The magnetic
multipole harmonics optimization was performed at the coil
ends separately. The minimum angle of any block with respect
to the horizontal axis is 70°. This value comes from the winding
trial on a similar aperture (0.3 m diameter) coil using the same
cable. For B1ApF, this angle was set as a design constraint in
the 3D coils optimization algorithm. The coil ends design
would be validated in the winding trials at the next stage of the
project.

Fig. 3 shows the 3D coil geometry and the magnetic fields
distribution in the conductor and the yoke. In the 3D yoke, the
heat exchanger hole and the electron hole are non-colinear with
the Z-axis. The coordinates of the center of the electron hole at
the IP and the non-IP side are 594.15 mm, 631.65 mm
respectively. The radius of the electron hole is 75 mm. The
coordinates of the center of the heat exchanger at the IP and the
non-1P side are -515.85 mm, -536.8 mm respectively. The
radius of the heat exchanger hole is 82.55 mm. The peak
magnetic field in the conductor is about 6.514 T. The peak field
in the iron yoke is 3.23 T. The integrated dipole field in the
hadron hole is 4.198 Tm. The requirement in the baseline is
4.05 Tm. Therefore, in the current design, the required
maximum coil current is 12.928 kA. The magnet equivalent
self-inductance including the iron contribution is 11.3 mT. The
total coil stored energy at 13.4 kA is 1.011 MJ. The coil
magnetic length is 1.011 m. This is roughly one magnet
diameter less than the magnet’s physical length.

Fig. 4 shows the evolution of the error harmonics with



5PoM03-02

increasing coil current. They are within 1 units. “units” is
defined as any Fourier component (Bn) of the magnetic field on
a circle of radius 80 mm (called reference radius) divided by
the main component B1 and multiplied by 10000.

I11. QUENCH ANALYSIS

The quench analysis was performed using QLASA quench
analysis tool [7]. It is based on a semi-analytical adiabatic
mathematical model of quench propagation. The copper RRR is
assumed to be 40. The cable and magnet properties are taken
from Table 1 and Table Il respectively.

The quench detection time is 15 ms. The time has been
estimated using QLASA to compute the 3D propagation of an
original, zero-dimensional spontaneous quench, and with a
detection threshold of 150 mV. The strip heaters firing delay
time is 60 ms. This delay is consistent with worst case
measurements made on LHC main dipoles, that use the same
conductor. There is an 80 mQ external energy extraction dump
resistor in series with the magnet at quench. No block-to-block
quench propagation occurs. This is justified due to the presence
of thick wedges between the blocks (refer to Fig. 1 (top)).

Following four scenarios were simulated,

e Nominal scenario: both quench heaters and external
energy extraction dump resistor work.
e Only external energy extraction dump resistor
works, the quench heaters fail.
e  Only quench heaters work with 60 ms firing delay,
dump resistors fail.
e Only quench heaters work with 20 ms firing delay,
dump resistors fail.
Fig. 5 shows the transient current decay at quench for the four
simulated scenarios. The current decays within 1 s in the
nominal case. The current decay is slowest for the case when
only quench heaters work with a 60 ms firing delay. Fig. 6
shows the evolution of the hotspot temperature. In the case
when only quench heaters work with a 60 ms firing delay, the
hot spot temperature crosses the maximum allowable value of
300 K in about 326 ms. In the nominal case, the hotspot
temperature reaches a maximum value of about 99 K in about
0.5 s. Dump alone can provide quench protection. Quench
heaters are ineffective with the dump. Quench heaters alone
with 60 ms delay can’t keep the temperature within 300 K.
Quench heaters with 20 ms delay can keep the temperature
within 300 K. It is therefore necessary to design quench heaters
to be more effective, and able to quench the magnet in ~20 ms
to ensure a full redundancy. Anyway, being that a failure
scenario, a temperature between 300 and 400 K can be
accepted. In the next iterations we will evaluate the hot spot
temperature with different software, able to go over 300 K, and
design quench heaters to estimate the actual delay time.

15000
Nominal (QH + dump)
10000 No QH
No dump (60 ms delay)
— No dump (20 ms delay)
< 5000 P /
0
0 0.5 1 1.5 2
-5000 t(s)

Fig. 5. Current decay profile at magnet quench in various
scenarios.
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Fig. 6. Hotspot temperature evolution at magnet quench in
various scenarios

IV. PERSISTENT CURRENT EFFECTS

The time-varying magnetic fields cause eddy currents in the
superconducting filaments. The resulting magnetization of the
superconductor contributes to the field harmonics. This s called
the persistent current effect. Its relative contribution to the field
error harmonics is prominent at low magnetic field (low
current) [8] [9].

The persistent currents effects in B1ApF magnet were
simulated using Roxie [10]. The cable and the magnet
properties were taken from Table | and Table Il respectively.
The NbTi filament diameter is assumed to be 7 um while the
diameter of the strand is 1.065 mm. The Cu/non-Cu ratio is 1.6.
The Je-fit curve comes from [11].

The simulation starts with 3 pre-cycles (linear ramp ups and
downs) from 2% to 100% of normal operating current.
Thereafter, the persistent current effect is simulated during
ramp up (from 2% to full operating current) and ramp down
(from full current to 2% of operating current).

Fig. 7 shows the variation of the transfer function (magnetic
field generated in the bore per unit of magnet current) as a
function of the magnet current. The shape of the curve comes
from the variation of the iron saturation as a function of the
current.

Fig. 8-Fig. 10 display the variation of the b3, b5 and b7 error
harmonics respectively. b3 is approximately 21 units at about
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260 A. b5 is approximately 0.4 units at about 610 A. b7 is
approximately 0.4 units at about 260 A. The beam injection is
at 55 % of the maximum operating current. This is
approximately 737 A. At this current, the values of the error
harmonics b3, b5, and b7 are 5, 0.3, and 0.14 units respectively.
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Fig. 7. The evolution of the transfer function as a function of
current.
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Fig. 8. b3 as a function of current.
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Fig. 9. b5 as a function of current.
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Fig. 10. b7 as a function of current.

V. CONCLUSIONS

The B1ApF interaction region dipole for EIC is a big
aperture, short length accelerator class magnet. It has a high
conductor field to the aperture field ratio. This ratio could be
made smaller using asymmetric wedges. However, due to a
large load line margin, the 2D cross-section design which uses
symmetric wedges was preferred. The 2D design accounts for
the field harmonics, the hadron to electron hole cross-talk and
the leakage flux. The 3D design is based on winding trials
conducted on 150 mm radius mandrel. We are currently
preparing for a set of winding trials to be conducted on 185 mm
radius mandrel.

The preliminary quench analysis shows that it is possible to
fully protect the magnet using only the energy extraction using
dump resistors. However, to ensure redundancies we should
also use quench heaters. In this case, it is imperative that the
heater firing delay (including validation time etc.) is less than
20 ms. We are currently validating the results from QLASA
code with LEDET (STEAM).

The persistent current harmonics calculation shows that we
have 5 units of b3 at the injection current. The other error
harmonics are less than 1 units. We are currently validating
these results through simulations in Opera 2D.
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