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Abstract
We report on the tests conducted at the end of RHIC Run 21 to evaluate the operation of superconducting
magnets in the RHIC yellow ring at higher currents — up to 5500 A for the arc dipoles and all other magnets
on the dipole bus and the focusing arc quadrupoles, up to 5750 A for defocusing arc quadrupoles and up to
6000 A for the insertion quadrupoles Q1 through Q9 — and higher temperatures — up to 5.1 K —than routine.
None of the magnets quenched. This is an encouraging finding as the superconducting magnet coils could
reach up to 4.9 K during operation with the 275 GeV EIC hadron beams.

1 Introduction

The EIC hadron beams will feature shorter, higher charge bunches than the RHIC beams and, for selected
energies, will circulate around the ring with a large radial offset for synchronized arrival at the interaction
point with the relativistic electron bunches. That is the case of the 275 GeV EIC proton beam, with 290
short, 6 mm-long bunches each containing 1.98x10*11 protons and circulating with a radial offset that can
be as large as 20 mm after including orbit errors [1]. The current vacuum chamber of the 4.55 K RHIC
superconducting magnets is a round, stainless steel 316LN beam pipe where the beam-induced currents
could deposit almost 8 W/m, far greater than the available 0.5 W/m dynamic heat load budget. The beam
pipe of the RHIC superconducting magnets will be thereby updated with a beam screen that will reduce the
beam-induced currents and will suppress electron cloud [2]; still, the dynamic heat load will be close to 0.5
W/m, bringing some sections of the arc dipole NbTi coils to almost 4.9 K [3]. Arc dipoles will also need to
operate at 5676 A to steer the 275 GeV beams into orbit (value computed using measured transfer
functions), higher than for any RHIC beam. Operation at both higher temperatures and higher currents
reduce the margin to quench. For the RHIC arc dipoles, the maximum theoretical quench limit is 5.25 K at
5676 A with a 5% weak link, thus offering a limited margin of only 0.4 K [4]. In practice, the maximum
attainable operating point before quench depends on the training followed by the magnets. The maximum
currents at which RHIC SC magnets had been operated prior to this test were as high as 5177 A for arc
dipoles; 5172 A for focusing arc quadrupoles; and 5356 A for defocusing arc quadrupoles. The IR
quadrupoles are typically operated in a range from 4600 to 5200 A.

Figure 1 shows the quench performance of all the arc dipoles, arc quadrupoles and large aperture (130 mm)
insertion quadrupoles tested and trained at 4.5 K prior to installation in RHIC based on the maximum current
at which they were trained [5]. Both arc dipoles and arc quadrupoles attain higher currents than those
necessary for the EIC after some training. In 2011 a study on the feasibility of operating RHIC with higher
energy beams predicted the number of RHIC superconducting magnets to be trained for operation with
higher energy beams by statistical methods [6]. That study employed the data reported in [5]. About 8 +/-
3 training quenches were expected to bring all the arc dipoles in the two RHIC rings to the current needed
for operation with a 275 GeV beam and 4 +/- 2 for the triplet quadrupoles at the nominal operating
temperature of 4.55 K. This finding, together with the fact that the coil of some magnets might reach
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temperatures above 4.55 K, motivated the design of a test program that would evaluate the operation of the
magnets in the RHIC’s Yellow ring at higher currents and temperatures comparable to those expected in
the EIC. Both physical variables impact the available margin to quench. The EIC will also utilize three arcs
of the RHIC’s Blue ring. One of these arcs will be employed as the hadron transfer line and is not expected
to see heat loads as large as in the rest of the arcs.
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Fig. 1: Quench performance of the tested and trained arc dipoles, arc quadrupoles and large aperture (130 mm)
insertion quadrupoles based on the maximum current at which they were trained [5].

Figure 2 shows the distribution of the tested and trained magnets in the different cryogenic sectors of the
RHIC’s Yellow ring. Not all the tested and trained magnets were installed in the Yellow ring.
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Fig. 2: Location of tested and trained arc dipoles and arc quadrupoles in the RHIC Yellow ring.

2 Method

The test took place over several days at the end of RHIC Run 21, on July 8-12, 2021, after the Blue ring
was emptied to have a larger helium reserve available that would allow for a faster recovery in case of
guench. Only the magnets of the Yellow ring were tested.

Test sequence

The test sequence was planned to explore first those magnets and operational scenarios that presented small
chances for quench. Arc (main) quads were tested before dipoles given the reduced likelihood for arc
guadrupoles to quench (based on data from [5]). The order in which sectors were tested was defined based
on the number of tested and trained magnets that each sector contained. Table 1 has the settings for each
step of the test sequence. Each setting was held for at least 30 minutes after the magnets had attained the
maximum current.



Table 1: Test sequence

Setting Sector Temperature Magnets Ramp up to
I All Nominal 4.55K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

1 All Nominal 4.55K Arc (main) dipoles 5500 A
Il All Nominal 4.55K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

v 2/3 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
\Y 4/5 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
VI 12/1 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
VIl 12/1 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

VIlI 6/7 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
IX 6/7 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

X 10/11 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
XI 10/11 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

Xl 8/9 Elevated 4.7-4.9 K Arc (main) dipoles 5500 A
X 8/9 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

X1V 4/5 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

XV 2/3 Elevated 4.7-4.9 K Arc (main) focusing quads 5500 A
Arc (main) defocusing quads 5750 A

Insertion quads Q1-Q9 6000 A

Powering of magnets

The maximum current available for testing the arc dipoles was slightly lower than what will be required for
EIC operations due to limitations of the installed power supplies. The Q8/Q9 quads were powered by setting
the Q8-Q9 shunt power supplies and the Qtrim power supplies to deliver 250 A each; the Q1 through Q7
were powered by setting the Q7 power supplies to 500 A. The current provided by the different supplies
added on top of the main quad 5500 A power supply, as shown in Table 2. An example of the maximum
current provided to the different insertion quadrupoles in a sector is shown in Fig. 3. Small variations are

due to the settings of the unipolar power supplies (+2/-1 A) and measurement errors.

Table 2: Maximum current at which different magnets were tested

Arc Dipoles Arc Quads Arc Quads Insertion Quads Insertion Quads
Qf Qd Q1-Q7 Q8-Q9
5500 A 5500 A 5750 A 6000 A 6000 A
(5500 A+ 250 A) | (5500 A+500A) | (5500 A+250A +250A)
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Fig. 3: Maximum currents employed to test the different insertion quadrupoles in a sector. Variations are due to the
settings of the unipolar power supplies and measurement errors. (RHIC elog, July 11, 2021.)

Ramp Rate

To dissipate minimal heat in the magnet during ramp from Eddy current induced heating, the magnets
were ramped up to 5040 A (dipoles) and 4640 A (quads) at roughly half of their normal rate (12 A/s and
10 AJs, respectively), and from there the ramp rate was reduced to 1 A/s for the final ramp to the target
currents in Table 1. Given the short time available for these tests, the test program was designed to reduce
the likeliness of early quenches that would jeopardize the completion of the program. Hence the use of a

slow ramp rate and the testing of arc dipoles after arc quadrupoles. Figure 4 shows the current ramp up of
arc dipoles and quadrupoles followed during this test.
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Fig. 4: Current ramp up for arc dipoles and arc quadrupoles during the test. Slower ramping rate implemented beyond
the RHIC nominal currents for reduced Eddy current induced heating. (RHIC elog, July 9, 2021.)
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Operation at Higher Temperature

The ring was operated at higher temperatures by switching off the 5 arc-recoolers in each sextant.
Consequently, there was a temperature gradient from the beginning of the sector (cooler, around 4.55 K)
to the end of the sector (warmer, around 4.9 K), with most of the magnets in a cryogenic arc (from Q4
through Q21 back to Q4) above 4.7 K. Figure 5 shows the temperature variation along each sextant
during nominal (4.55 K) and elevated (4.7- 4.9 K) temperature operations. There are sensors before and
after the recoolers at locations Q6 and Q14, hence the duplicated labels in Figure 5.

Temperature Sensors Accuracy

The cryogenic temperature sensors, which feature a 25 mK precision, do not have very accurate
temperature calibration (standard curves can have a deviation as large as 250 mK), and each sextant has a
slightly different heat load. Figure 6 shows the temperature difference between nominal and elevated
temperature operations along each sextant.
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Fig. 5: Temperature along each sextant during nominal (4.55 K) and elevated (4.7 — 4.9 K) temperature operations.
VB stands for valve box.
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3 Results
None of the magnets tested quenched over a period of 30 minutes or more of sustained operation at
nominal (4.55 K) or elevated temperatures (4.7 — 4.9 K) at the maximum currents listed in Table 2. Table
3 summarizes the test results.

Table 3. Test results

RHIC Yellow ring Maximum Normal temperature Elevated temperatures
magnets tested current tested 455 K 4.7-49K

All arc (main) dipoles 5500 A No guenches No guenches

All arc (main) focusing quads 5500 A No guenches No guenches

All arc (main) defocusing quads 5750 A No quenches No quenches

All insertion quads Q9-Q1 6000 A No guenches No guenches

4 Discussion and Outlook

At the end of RHIC Run 21, the arc dipoles and focusing arc quadrupoles in the RHIC Yellow ring were
brought to a maximum current of 5500 A, the defocusing arc quadrupoles to 5750 A and the insertion
guadrupoles Q1-Q9 to 6000 A. None of the magnets quenched after sustained operation over a period of
30 minutes or longer at these currents. The temperature of each cryogenic sextant (12/1, 2/3, 4/5, 6/7, 8/9,
10/11) was later increased by switching off the cryocoolers installed along the arcs. The temperature
gradient along a cryogenic sextant varied from 4.55 to 5.15 K, with most of the arc magnets being above
4.7 K. The magnet currents were ramped again to the maximum values specified above, finding no quenches
after sustained operation at these higher currents and temperatures. There is a possible different method to
obtain a more uniform temperature test by turning off the valvebox recooler and controlling the arc recoolers
to provide just enough cooling to keep a temperature uniformity of 0.1 K. This can be done at the end of
the following run.

The successful operation at temperatures and currents comparable to those expected for the EIC suggests
that the magnets might have sufficient mechanical margin for operation with EIC beams. Still, the
installation of a beam screen will be needed to ensure low dynamic heat load and suppress electron cloud.
The proven reliable operation of the RHIC arc dipoles at 5500 A is sufficient to steer the 268 GeV proton
beams. Performance at the maximum required current of 5676 A — not possible due to power supply
limitations — remains to be tested to fully prove the reliable operation with 275 GeV EIC beams and the
existing cooling system. Further studies should inspect the feasibility of ramping to the maximum required
currents at higher, more practical rates.
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APPENDIX A: Magnet Sextant Temperature Data

Table 4: Average temperature at different locations of each sextant during operation at nominal temperatures (4.55 K)
and elevated temperatures (4.7 — 4.9 K)

Nominal (4.55 K) Elevated (4.7 — 4.9 K)

E(e)’é;at:‘; rﬁ 1211 2/3 4/5 67 89 1011|1211 2/3 45 67 89 10/11
0 450 461 482 457 457 469 | 462 462 482 457 456 470
1 472 466 465 465 475 474 | 476 467 465 466 474 476
2 475 477 458 475 484 481 | 48 478 458 476 478 483
3 472 470 483 481 478 479 | 477 471 483 481 475 481
4 457 456 459 458 457 456 | 478 470 482 483 467 471
5 480 465 469 468 466 457 | 500 478 491 492 478 470
6 467 452 442 A58 446 462 | 496 478 476 48 470 484
7 454 458 454 462 448 453 | 481 484 487 48 471 475
8 453 455 444 446 443 458 | 485 487 484 481 471 483
9 451 458 453 452 444 45 | 482 489 491 486 473 476
10 | 453 455 450 430 443 438 | 487 490 493 471 474 467
11 | 453 454 455 47 46l 464 | 491 488 497 505 489 489
12 | 459 443 449 461 452 450 | 497 48 496 501 487 482
13 | 461 460 443 456 464 476|499 499 491 501 505 507
14 | 482 476 470 467 473 469|516 511 513 512 516 501




APPENDIX B.1: Magnet Sextant 12/1 Temperature Data
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APPENDIX B.2: Magnet Sextant 2/3 Temperature Data
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APPENDIX B.3: Magnet Sextant 4/5 Temperature Data
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APPENDIX B.4: Magnet Sextant 6/7 Temperature Data
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SEXTANT 6/7
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APPENDIX B.5: Magnet Sextant 8/9 Temperature Data
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APPENDIX B.6: Magnet Sextant 10/11 Temperature Data
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