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Outline

MQXFA Pre-Series Magnets status

Measurements before cooldown: MQXFAQ03/4/5
= Field Quality

= Alignment

= Cold Powering Test Results: MQXFAQ03/4

= Quench History & Memory

= Quench location

= Ramp rate dependence & splice resistance
= Magnetic measurements

= Electrical tests

= Schedule and next steps
= Conclusions
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Below the Surface...

Before MQXFA Pre-Series Magnets:

= Several Nb,Sn quadrupoles magnets with
bladder & Key structure by the LHC
Accelerator Research Program (LARP)

= One MQXF short coil and one long coil tested in “mirror
magnet” by LARP

= Five MQXFS short models, many re-assemblies and many
tests by LARP/CERN/AUP (Sla/b/c/d/e) and CERN
(S3a/b/c, S4alblc, S5, S6a/b/c)

= Two MQXFA prototypes and one re-assembly by
LARP/AUP

= One MQXFB prototype by CERN
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MQXFA Pre-Series Magnet Status

MQXFAOQS:
15t pre-series magnet
15t magnet completely fabricated by AUP
Status: cold test is complete, magnet is at FNAL
accepted for use in 15t Cold-Mass
= MQXFAO4:
Status: 15t thermal cycle is complete
= MQXFAOS:
Status: assembly is complete, magnet is at BNL
= MQXFAOQG:
Status: assembly is in progress at LBNL
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Warm Magnetic Measurements @ LBNL
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Boundary is based on the harmonic table: [Sy-U-3S; Sy+U+3S] (Sy=Systematic, U=Uncertainty, S=Sigma)
Systematic is for the original design, without b, correction
bg_correction: no coils in MQXFAQ3; 1 coil in MQXFAO4; 4 coils in MQXFAO5
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Alignment Measurements @ LBNL

* MQXFA03 and A04 met specs after assembly

Magnetic Center Field Angle

0.60 I ' ' ' ‘ U e? bound 2.5

e L = L

0.40 -| « MQXFA03-Dx  MQXFA03-Dy « MQXFAO4-Dx MQXFAO:LDy} 2 1 | T 1 [ T " Te o1
g 030 e S e E e It ety 1.5
€ 020 r------emiemeeeeeed e s s e SRR * MOXFAO3
- : : ' ' : : : } — 1
g 010 -5 hea® ¢ 4 o0 leee | TR eeeg st ® o MQXFAO4 °
T 000 et er t o e L e oS0 0 b 0,98 " ] = 0.5 . ]
o o0 o * e e £ ’ ®
L e ®* ¢ . b 0, % & L s ! ¢ . L
-a- 0.10 r®&-"----q-mmemmmmnee- "'Q".'"."; ;-;'"" .‘"‘.‘6".“'"". """"""""""" % 0 ®
[ e * ® ® [ ]
Y0 o S . 5 A SR c o* .
© < °
2 030 b o -0.5 | ®

Q

(') Y VU KNURSNE SRS FSURIS NRSRUAS SRS SNE—N——— Tz .

-0.50 -‘-—--1'—--f—--“:—'-'f—--'—F-'—~+'-~-:‘—L~OTV;&)~LFKT- ® ¢

0.60 | : : : | | : | 15

-1.8 -1.4 -1 -0.6 -0.2 0.2 0.6 1 1.4 1.8 iy J PSRN (N U S (U S S R M
Longitudinal position [m]
-2.5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2
Longitudinal position [m]

Field angle over 434 mm segments relative to
average over entire magnet

e Y
Hﬁ_llj}qc HL-!I—% PFIDJ_ECTl Results of the US triplet magnets — 10th HL-LHC CM - Oct 5-7, 2020




MQXFAO3 Quench History @ BNL

Requirement MQXFA-R-T-03: The MQXFA magnet must be capable of operating at steady state
providing an integrated gradient of 556.9 T in superfluid helium (Hell) bath at 1.3 bar and at a
temperature of 1.9 K. = 16230* A + 300 A (margin) = 16530 A for 300 minutes

Requirement MQXFA-R-T-17: After a thermal cycle to room temperature, MQXFA magnets
shall attain the nominal operating current with no more than 3 quenches. «

MQXFAO03 Training History

18000
5minhold at 16470A  QUENCH at 16570 A 5 hrhold at 16570 A
Ultimate Current = 17.500 kA +30/-100A/s NOQUENCH  after 1 min NO QUENCH
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S 16000 A 5 min hold at 16470 A
E * +30/-100 A/s NO QUENCH
L 7 ramps to 16470 A at 14 - 80 A/s during MM 30 min hold at 16470 A at 4.5 K
§ A NO QUENCH NO QUENCH
= 15000
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= 14000 THERMAL CYCLE
of
M COIL 110 A7-A8 Inner Pole Turn Transition Side Straight Section
13000 A COIL 111 A6-A8 Inner Pole Turn Transition Side Straight Section + RE
COIL 111 A4-A6 Inner Pole Turn Non-Transition Side Straight Section + LE
A COIL 111 A7-A8 Inner Pole Turn Transition Side Straight Section
¢ COIL 111 A5-A6 Inner Pole Turn Non-Transition Side Straight Section NOTE: All high voltage tests successfully reached target
12000 - NO QUENCH values, including 425 V at 100 K during final warmup.
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— ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S UNLESS OTHERWISE INDICATED. QUENCH #
¢
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MQXFAO3 Training History

18000
5 min hold at 16470 A QUENCHat 16570 A 5hrhold at 16570A
Ultimate Current = 17.500 kA +30/-100A/s NO QUENCH  after 1 min NO QUENCH
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E * +30/-100 A/s NO QUENCH
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B COIL 110 A7-A8 Inner Pole Turn Transition Side Straight Section
13000 A COIL 111 A6-A8 Inner Pole Turn Transition Side Straight Section + RE
4 COIL 111 A4-A6 Inner Pole Turn Non-Transition Side Straight Section + LE
A COIL 111 A7-A8 Inner Pole Turn Transition Side Straight Section
4 COIL 111 A5-A6 Inner Pole Turn Non-Transition Side Straight Section NOTE: All high voltage tests successfully reached target
12000 — NO QUENCH values, including 425V at 100 K during final warmup.
T T T T T T T T T T

T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S UNLESs oTHERwisE INpicaTep, QUENCH #

= Most quenches in one coil (111), with one exception

= Location moved from one coil side to the other side,
and along coil length
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MQXFAO04 Quench History @ BNL

Requirement MQXFA-R-T-03: The MQXFA magnet must be capable of operating at steady state

providing an integrated gradient of 556.9 T in superfluid helium (Hell) bath at 1.3 bar and at a
temperature of 1.9 K.

= 16230* A + 300 A (margin) = 16530 A for 300 minutes

Requirement MQXFA-R-T-17: After a thermal cycle to room temperature, MQXFA magnets shall
attain the nominal operating current with no more than 3 quenches.
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14000

QUENCH CURRENT (A)
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MQXFA04 Training Quenches

30 min hold at 16670 A 5 min hold at 16470 A

+30/-100A/s NO QUENCH

5 hrhold at 16570 A
Ultimate Current = 17.500 kA

8 ramps to 16470 A at 14 A/s during MM and
gravity sensor tests. NO QUENCH

= COIL 113 A5-A6 Inner Pole Turn Non-Transition Side SS
@ COIL 113 A6-A8 Inner Pole Turn Transition Side SS + RE
4 COIL 203 A8-A2 Inner

X COIL 113 A2-A6 Inner Pole Turn Near A6 and RE

A COIL 113 Inner

+ COIL 112 Inner

—NO QUENCH

ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S UNLESS OTHERWISE INDICATED. QUENCH #
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MQXFAO04 Quench Locations

Overlapping, dipole
and quadrupole
bucked (DQBuck)
circuits, staggered so
there are no ‘dead
zones’ in Z or angle

DQBuck radial circuits,

MQXFAO04 Training Quenches
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X COIL 113 A2-A6 Inner Pole Turn Near A6 and RE
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+ COIL 112 Inner
12000 NO QUENCH
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ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S UNLESS OTHERWISE Inpicaten, QUENCH #

4 ‘
Signal cables for
¥ 122 channels

LT
Most quenches in one coil (113), with 2 exceptions

New QA: guench location moved along coil length
further analysis is in progress
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Ramp-Rate Dependence & Splice Req.

Requirement MQXFA-R-T-11: The MQXFA magnets shall be capable of operating
at any ramp rate within £30 A/s.

Requirement MQXFA-R-T-18: MQXFA magnets shall not quench while ramping
down at 150 A/s from the nominal operating current.

MQXFAQO3 & MQXFAO4: no quench in ramp to nominal current up to
30 A/s and down at -100 A/s
= Note: 100 A/s is the max ramp rate at BNL Vertical Test Facility

= Plan: demonstrate ramp down at -150 A/s with no quench in LMQXFA cold
masses

Requirement MQXFA-R-T-29: Splice resistance must be less than 1.0 nQ at 1.9 K

MQXFAOQS3: All splice resistances less than 1.0 nQ at 1.9 K.
MQXFAO4: Splice resistance to be measured during Thermal Cycle 2
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Magnetic Measurements: Field Quality

Requirement MQXFA-R-O-02: The MQXFA field harmonics shall be optimized at
nominal current. Table 1 from the MQXFA Functional Requirements Specification
[EDMS 1535430] provides expected values for integral field harmonics at a reference
radius of 50 mm.

Straight section averaged harmonics at 16.47 kA

4
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w/o b6 correction 3r
|
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Magnetic Measurements: Warm — Cold @ BNL

MQXFA04

3
" AOAW « Warm and cold measurements
2 5 . ¢ ADG-Yiarm from vertical test at BNL
© o 0 A04-16.5 kA « Data from z scan, 220 mm probe,
= & averaged over the magnet
£ 1 ¢ straight section
a o)
- 0 @ ¢
T 0 o @ ®
o @0
5 s .
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2 8
©
s 2,
[
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bs; as bs as bs as bs as b; a; bg as bs as bio a1

= Good Warm —= Cold correlation

= During MM at high current the probe appears to be significantly off
center. Analysis of this issue is in progress
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Electrical tests

Requirement MQXFA-R-T-16: The MQXFA magnet coils and quench protection
heaters shall pass the hi-pot test specified in Table 2 of MQXFA Functional
Requirements Specification, EDMS 1535430

Table 2: Required hi-pot test voltages and leakage current
Based on Electrical Design Criteria for HL-LHC Inner Triplet Magnets [8]

Circuit Element Expected Vmax | V hi-pot I hi-pot | Minimum  time
[V] [UA]*** | duration [s] A03 AO4 A05
Coil to Ground at RT before n.a. 3.68 kV 10 30 « « “
helium exposure *
Coil to Quench Heater at RT n.a. 3.68 kV 10 30 « “ «
before helium exposure *
Coil to Ground at cold ** 353 1.84KV 10 30 J \/
Coil to Quench Heater at cold ** 900 2.3kV 10 30 J “
Coil to Ground at RT after helium n.a. 368 V 10 30 «
exposure *
Coil to Quench Heater at RT after n.a. 460 V 10 30 J
helium exposure *
Coil to Ground at 100+20K and n.a. 425V 10 30 «
1.2+0.2 bar
Coil to Quench Heater at 100£20K n.a. 425V 10 30
and 1.2+0.2 bar «

* Room Temperature conditions refer to air at 20+3 °C and relative humidity lower than 60%
** Cold conditions refer to nominal cryogenic conditions (superfluid helium)
*** Maximum leakage current does not include leakage of the test station.
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= MOXFAO3 was accepted for use in 15t LMOXFA

MQXFAO3 & AO4 Test Summary

= Requirements & Test Goals: A03 A04

Hold current at nominal current + 300 A (T-3) \/ \/
Ramp to/from | _nom at £30 A/s (T-11) \/ \/
150 A/s ramp down w/o quench (T-18)
Temperature margin

Magnetic measurement (O-2)

Splice resistance < 1 nQ (T-29)
Training memory (T-17)

All other requirements

v
v

AN N QN

Cold Mass
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Schedule & Next Steps
Complete test of MQXFAO4 by end of the month

MQXFAOS5 is at BNL
= Start testing MQXFAO5 in December 2020

= Complete MQXFAO6 assembly in December 2020
= Start testing MQXFAOG in February 2021

= Complete MQXFAQO7 assembly in February 2021
= Start testing MQXFAQO7 in April 2021

= Peak production rate: 2 colls every 18 days
1 magnet every 6 weeks
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Conclusions

= MQXFAO3 met all requirements, which could be
tested at LBNL and at BNL Vertical Test Facllity

= Fast ramp down demonstrated at 100 A/s

= Test of MQXFAO4 is in progress and it met all
requirements up to this point

= Starting from MQXFAO5 we plan to complete
assembly and test a magnet every two months
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FDR: MQXFA Design

mm 150
m 4.2
2

22-28

K 1.9
T/m 132.2
kA 16.23
T 11.3
MJ/m 1.15
mH/m 8.26

mm 0.85
Strand number | |
mm 18.15
Cable mid thickness | ]
0.4

P. Ferracin et al., “Development of MQXF, the Nb;Sn Low-3 Quadrupole for the
HiLumi LHC ” IEEE Trans App. Supercond. Vol. 26, no. 4, 4000207

G. Ambrosio et al., “First Test Results of the 150 mm Aperture IR Quadrupole
Models for the High Luminosity LHC” NAPAC16, FERMILAB-CONF-16-440-TD
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OW-[B quadrupole magnets

from LHC to HL-LHC

» Cold mass OD from 490/420 to 630 mm

* More than double the aperture: from 70 to 150 mm
* ~4 times the e.m. forces in straight section

* ~6 times the e.m. forces in the ends

State of the art quadrupoles at the time of LHC construction MQXF
MQXA 7
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MQXF Probe Centering Offset Amplitude vs Z-position
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MQXF Position of probe wrt magnet with increasing magnet current (at Z= magnetCen)
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