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Multiple strategic R&D projects for eRHIC at BNL

The first ever electron cooling based on the RF acceleration of
electron beams was experimentally demonstrated on April 5,
2019 at Low Energy RHIC Electron Cooler (LEReC) at BNL.
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Recovery for the fist time on June 24™, 2019
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Introduction

= The first critical step in obtaining successful 3D non-magnetized
cooling of the Au ion bunches in the RHIC cooling section was
matching the electron beam energy with a relative error less than 5e-
4 to the ion beam energy.

= Since electron beam kinetic energy is just 1.6 MeV, measuring the
absolute e-beam energy with required accuracy and eventually
achieving the electron-ion energy matching was a nontrivial task.

= One of the key components is the 180 degree bend dipole which
steers the electron beams from the “Yellow” to the “Blue” RHIC rings.

* Precise knowledge of the magnetic field is critical and 104
accuracy in the integral field is required.

. ; BROOCKHEVEN
Brookhaven Science Associates 7/3/2019 180 deg Dipole - Field Measurement 5 NATIONAL LABORATORY



Magnet overview, requirement, coordinate system

Z Meodified design -
. (1) Window inner width (on shield)

180 now is wider (X = +/- 50 cm)
B (2) Shield is magnetically decoupled from
magnet (keep the same gap 8 em).

R

10 cm

_ “—({unchanged)
Range
Measurement < 0.01 % (18.0 milligauss)
50 milligauss
< 20milligauss @ 180 gauss with a ~0.1
ratio Hz measurement rate ) .
Remotely located BT Coordinate system for magnetic
electronics measurement and scanning
BROOCKHEVEN
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Measurement Plan, Hall/NMR Probe w Fixture
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* About 15 mm apart
— * NMR height can be adjusted 10 mm/step
* Field at 5 heights to be measured, Z=0 mm,

- Along 5 radii +10 mm, = 20mm,

e Nominal R =350 mm, R =350 mm =10mm,
R =350 =20mm
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NMR probe test, low field — homogeneous field

2.25A,\l}46 Gauss 7.5 A, 561 Gauss

180 Deg Bend I"'u1.a%net Field Measurement (8May201
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By=140 Gauss to 300 Gauss (2.6 MeV operation). BROOCKHRVEN
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Challenges in the NMR locking and timing

= NMR Locking at low field is considerably challenging
- Solutions, turn off the motor when starting to achieve NMR locking
= Motion drive:

« X-axis direction is screw driven, and the Y-axis direction is belt
drive though with linear encoder

- Wait for ~10 seconds in total to achieve short-time equilibrium
(ideally would maybe 20 seconds)

-« Even 10 seconds, overall each NMR runs takes 8-9 hours.

. ; BROOCKHEVEN
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Point Group
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In-plane Z flatness <0.135 mm Distance between NMR home and magnet center is
AX =-414.098 mm, AY = -444.192 mm

3rookhaven Science Associates 7/3/2019 180 deg Dipole - Field Measurement 10



Hysteresis loop optimization — python program

Current [A]
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Repeatability test

G00000

500000

400000

1. . Syl3is. ] _ . . -
300000 I r u _ 385 | e s
I _

200000

12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16200 16:30 17 00 17:30 18

1) 13:01:55 318.408 1) 17:23:03 318.467

. ) 13:46:54 318.491 . |2 175858 318.489
Hybrid_4.2A | 3) 14:31:48 318.405 Exponential 3) 18:35:12 318.480
4) 15:16:11 318.447 Ex0.075 | 4) 19:12:10 318.494

5) 16:01:45 318.513 5) 19:48:08 318.482

6) 16:46:58 318.385 6) 20:25:29 318.483
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Exponential demagnetization is better
All the data taken in the following w Exp0.075

-=-HY4.2A_3Digit L&E ——HY4.2A Ex0.075

318,55
318,50

318,45

NMR Field

318,40

318,35

Brookhaven Science Associates

max AB of 27 milligauss.
A g

/ \

= max AB of 128 milligauss.

2 4 6 8
# of runs
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Precision Check at Magnet Center Point

NMR and Hall Repeatability Test at Magnet Center (0,0), at 301 Gauss with

current 3.98A and over 12 hours

4 302 (O
301,606
30,9 301,605
7 3018 7 301,604
5 5 301,603
9O 301,7 9 301,602
] e
2 3 301,601
2 ] ’
2 3016 £ 3016
3015 301,599
301,598
301,4 301,597
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
# of the total 600 points # of the total 600 points
—l—Hall =#=NMR —=4=—NMR
\_ AN
Hall precision, < 0.4 Gauss NMR precision, 0.06 Gauss
BRODKHAWEN
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Field on magnet center lines, (0,Y,0)

Modified design ----
(1) Window inner width (on shield)
now is wider (X = +/- 50 cm)
(2) Shield is magnetically decoupled from

.
3

magnet (keep the same gap 8 cm).

cm —ammi
_@'/_}z,%/f/"“

s

Hall can be corrected by NMR — design principle, Origin = center
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Field on magnet center lines, (X, 0, 0)

Modified design ----
(1) Window inner width (on shield)
now is wider (X = +/- 50 cm)
(2) Shield is magnetically decoupled from
magnet (keep the same gap 8 cm).

Line Y=0

7/3/2019
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Measurement plan

= Part A — multiple points of currents/fields, ZHeight = 0Omm, Radius 350

mm, 274 points — Hall and NMR (uniform field)
2.4 A
- 2.7A Real-time Probe Location
- 3.0A
« 34A
- 3.8A
« 42 A

sy n ) 0 ! p v ) v 0 ) 0 , ) 0 0 ) ! I I I I I I I I I I I I I I I |
White — data planned, H a II N M R

Blue — data taken

'R.GKH&“EN
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Both NMR and Hall Center points along X axis are corrected for reference/validation/correction

They are aligned based on 15 mm offset
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Measured NMR (full field) + Hall (lower field)

Beam-Center Field with Various Currents

Hall>NMR transition

g
/

-

77 Scanning the Z = 0 mm,
;g‘jlzw\ R = 350 mm trajectory
s 150 using deferent

g operational currents.
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Field Mapping Plan and Procedure
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In-plane (same height) Results and Analysis

= A typical field scan with
5+1 different radii

Start with R 350 mm
R 330mm
R 340mm
R 350mm
R 360mm
R 370mm

Brookhaven Science Associates 7/3/2019

180 deg Dipole -

ss5)

Field (Gau

Field Measurement

From inside to outside

21




CURRENT OF 2.6586A

1 Results
 In-plane horizontal comparison — 5 heights of (5+1 radii)
 Vertical comparison — 5+1 radii of ( 5 heights)

180 deg Dipole - Field
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Field of 1=2.6586A and z=+20mm
In-plane horizontal comparison

Current 2.6586 A, z = +20.000 mm

Current 2.6586 A, z = +20.000 mm

Normalized Field

R = 350 mm (*)

R = 330mm
R = 340 mm
R = 350mm
R = 360mm
R = 370mm

Field 106
2007 R
£
175 4 E 1041
um
M
1501 U Dropouts because of not- -
125 good NRM locking 5 1027
o O A method is being L
Z 1001 implemented to correct the © 1004
= data — on-going T
75 A N
—— R = 350mm (*) E
~— R = 330mm S 0.98 -
50 8
—— R =340mm =
25 —— R = 350mm ©
—— R =360mm * 0.96 -
—— R =370mm
0 L T
50 100 150 200 230 0
Index
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Field of 1I=2.6586A and z=+10mm
In-plane horizontal comparison

200 4

175 A

150

1254

Field [G]

75 1

50 A

25 1

Current 2.6586 A, z = +10.000 mm

Field

100

Current 2.6586 A, z = +10.000 mm

Normalized Field

T 1.03 — R = 350mm (*)
T ~— R =330mm
£ —— R = 340mm
2 1.02 —— R = 350mm
m —— R = 360mm
— R = 370mm
< 1.01
2
©
]
= B
S 1.00
=
@
N
— R = 350mm (*) ,—Eu 0.99 -
~—— R =330mm 5
—_— — [ =
R = 340 mm = 0.98 -
—— R =350mm o
—— R = 360mm [
— R = 370mm 0.97 -
100 150 200 230 50 100 150 200 230
Index Index
: . BROOKHEWVEN
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Field of 1=2.6586A and z=+00mm
In-plane horizontal comparison

200 1

175 4

150 4

125 4

Field [G]

75 A

50 A

25 1

Field

Current 2.6586 A, z = +0.000 mm

100 A

Current 2.6586 A, z = +0.000 mm
Normalized Field

1.04 A
£
o 1.03 4
7]
m
I
e 1.02 4
L
h=
2 1.01 1
£
B
N 1.00 -
—— R = 350mm (*) E —— R = 350mm (*)
—— R = 330mm 5 —— R = 330mm
— R = 340 mm £ 0.99 — R = 340 mm
—— R = 350mm < —— R = 350mm
—— R = 360mm w —— R = 360mm
—— R =370mm 0.98 1 —— R =370mm
100 150 200 250 50 100 150 200 250
Index Index
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Field of 1=2.6586A and z=-10mm
In-plane horizontal comparison

Current 2.6586 A, z = -10.000 mm Current 2.6586 A, z = -10.000 mm
Field Normalized Field
200 4
— 1.03
E
175 A E
B 1.021
1501 Il
T 1.01-
_ 1254 K]
0 =
= 2 1.00 A
E 100 A E
[V
=]
25 | £ 099
— R = 350mm (*) E — R = 350mm (*)
50 - —— R =330mm 5 0.98 - —— R =330mm
—— R = 340mm = —— R = 340mm
B — = E — =
55 R = 350mm T 0.97 R = 350mm
—— R = 360mm [ —— R = 360mm
— R = 370mm — R = 370mm
D L T L] T T T T Dlgﬁ T L] T T T T
4] 50 100 150 200 250 4] 50 100 150 200 250
Index Index
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Field of 1I=2.6586A and z=-20mm
In-plane horizontal comparison

Current 2.6586 A, z = -20.000 mm

Current 2.6586 A, z = -20.000 mm

Field Normalized Field
1.06
200 4 ]
E
175 A £ 1.04 A
o
7]
™
150 0
o 1.02 4
_ 1251 K]
0] =
— QL
- = J
o 100 o 1.00 -
b -
75 N
—— R = 350mm (*) E 0.98 - —— R = 350mm (*)
50 - —— R = 330mm L — R = 330mm
—— R = 340mm = —— R = 340mm
— = z — =
25 R = 350mm T 0.96 R = 350mm
— R = 360mm [ —— R = 360mm
0 — R =370mm —— R =370mm
0 50 100 150 200 250 50 100 150 200 250
Index Index
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Data smoothing: correct drop-outs

T T 250
205 |- |—— Raw Measurement .
—— Corrected Measurement
200 -1 R
203 - -
T ’_/_/ pa—
— . o
% 201 - | g 150 |
8 | N 3 — Calculated
% 199 E’.ﬂ 100 —— Measured | ||
E:.n =
< 107 R
50 H H
195 + —
0 | | | | |
—300‘ —150 0 150 300
. ' ' ' Y Position [mm]
300 500 700 900
Position Index ) . ) . .
« Slight difference in quantity between simulated and
measured data.
[, Z, R] = [2.6586 A, 20 mm, 370 - |
mm] * Qualitative info helps data smoothing.

Brookhaven Science Associates
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ANALYSIS AND DISCUSSIONS
|I=2.6586A

180 deg Dipole - Field
7/3/2019 Measurement 29 T
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Measured Results

Comparison plots of the measured magnetic fields for all radii, at a fixed Z = 10 mm elevation, with | =
2.6586 A. The radius of 350 mm was measured twice.

7
200 i
o . = R = 370 mm 7
- 150 4
- I e B = 360 mm
":'u 100 < — R = 350 Il'l]Tl* N
E} A R = 350 mm
s 50 —— R = 340 mm
= e 50
= : — R = 330 mm 0
Qoo ——X<
- —2001"‘“614—4___
200 =
400 —350 X [mu
Y [mm]
In plane full view
Brookhaven Science Associates 7/3/2019

T T T I I
1.04 - —— R =370 mm
1.03 —— R = 360 mm
—— R = 350 mm* | 5y,
1.02 ——— R = 350 mm )
= — R = 340 mm
2 1.01 —— R = 330 mm
o
F 1
[
i
0.99 : :
i |1 Drop-out 05
098 |- 4
i
0.97 ! | | I ; —! — —L
1,035 1,075 1,115 1,155 1,19
0 200 400 600 800 1,000 -
Position Index
Position Index
normalized Zoom-in
. ; BROOKHEVEN
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Simulated data

Comparison plots of the simulated magnetic fields for all radii, at a xed Z = 10 mm elevation, with | =
2.6586 A.

<)
E —_— R = 370 mm [
:'u 100 e R = 360 mm - | |
= I/J" = R = 350 mm
gc 50 I — R = 340 mm 100
= — R = 330 mm
0

In plane full view

B/ Basg

1.03

1.02

1.01

0.99

0.98

0.97

Fig. 14e

B/Baso

0

200

—— R = 370 mm
—— R = 360 mm
—— R = 350 mm
— R = 340 mm
—— R = 330 mm
400 600 800
Position Index
normalized

0.98
0.97 |7
| »1035
[=—— '
1,000

| |
1,115 1,155 1,10

Good agreement between measured and simulated
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Measured Results

Same radius R = 350 mm,
Same current | = 2.6586 A,
Vertical comparison

Asymmetry observed in
measured data

But field at magnet edge, low
field strength, less contribution
to the field integral.

7/3/2019
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Simulated data

Same radius R = 350 mm,
Same current | = 2.6586 A,
Vertical comparison

Asymmetry observed in
measured data

But field at magnet edge,
low field strength, less
contribution to the field
integral.

Brookhaven Science Associates
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Closer look at asymmetry

B.."f B[]v LT

1.1 T t T T
7
0.9 -
| Simulated 2.6586 A
0.8 —
——7 = 20 mm
i —— 7 =10mm | |
0.7 — 7 = 00 mm ||
L — 7 =-10 mm | |
— 7 =-20 mm
0.6 |- —
| 1 |
0 50 100 150

Position Index

B.."f B[]m.m

1.1

0.9

0.8

0.7

0.6

Measured 2.6586 A

* More variations in measured vs simulated,
« But field at magnet edge, lower field strength, less contribution to the field integral.
« Symmetry has been improved with higher current

Brookhaven Science Associates
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Position Index

—— 7 = 20 mm
— 7 =10mm | |
—— Z = 00 mm |
— 7 =10 mm | |
—_—7 =-20 mm
| | |
0 50 100 150 200

B .'"l'B[]rn.m.

1.1

0.9

0.8

34

Measured 3.1911 A

— 7 =20 mm
—— 7 =10mm | |
——Z =00 mm |
— 7 =10 mm | |
— 7 =20 mm
1 1 1
50 100 150 200
Position Index
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Field integral

105
3.9833 A Radius
3.5 — Current Elevation® 330 mm 340 mm 350 mm 360 mm 370 mm

=B —87 20 mm 208794.0127 215158.6214 221516.0992 227890.3956  234247.7224
5 = 3.95 L 8 i 10 mm 208726.6595 215109.5603 221479.2296 227855.1657 234227.0699
= —8" 2.6586 A 0 mm 206290.5098 215065.6187 221431.4392 227801.0622 234196.1919
E = -10 mm 208495.1037 214866.0687 221244.5334 227606.5791 233991.8624
?_»_p 3 . -20 mm 208559.2216 214918.1966 221278.1539 227625.8195 233996.4407

:: 31911 A 20 mm 249937.4935 257569.7252 265196.9944 2728422223 280469.8375
i‘, 975 - P | 10 mm 249981.8288 257626.0727 265264.7388 272902.0625 280551.6631
.r.. o - 4 3.1911 A 0 mm 250060.6357 257692.7363 265332.0833 2729890.4684 280617.4032
2 . - -10 mm 250111.6537 257741.3119 265376.0085 273006.5926  280635.2356
_é" 25 A ] . -20 mm 250172.6636 257805.8321 265440.5032 273068.4137 280702.6773

k4 2.6586 A 20mm 3116384268 321158.0187 330674.3802 3401853520 349700.8613
= P % 3.0833 A 0 mm 311519.1884  321031.7337 330544.5886  340062.9249 349586.48190
2.25 ________n—-"'____'___'_ n -20 mm 311376.8089  320803.1379 330406.0179 339924.7336  349439.0384

| | | | |
330 340 350 360 370 _ _ _ _ _
Radius [mn] Field integral information for the 180 deg dipole magnet

— measured data

for three deferent currents, at five radii, at deferent

Field integral calculated with corrected measured data
for five radii, but same elevation of Z = 20 mm
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elevations.
Units: [Gmm]
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Summary

= Have completed the mapping of 180 degree dipole for LEReC project.

- Successfully applied high precision — low field NMR probe, combined with Hall
probe.

- Measured data provide very accurate picture, which is supported by its general
agreement with computational predictions.

= Performed detailed analysis and comparison at various radius and height,

- Slight asymmetry observed at magnet edges due to lower field strength, but small
field strength = less contribution to the field integral.

= Field and integral information shared with physicist, and findings from these
measurements can be directly used to support beam operation.

: : BROOKHEAVEN
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Thank you for your attentions
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Backup slides
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CURRENT OF 3.1911A

 In-plane horizontal comparison — 5 heights of (5+1 radii)
 Vertical comparison — 5+1 radii of ( 5 heights)

180 deg Dipole - Field
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Better symmetry
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Field [G

Field of 1I=3.1911A and z=+20mm
In-plane horizontal comparison

Current 3.1911 A, z = +20.000 mm

Current 3.1911 A, z = +20.000 mm

Field Normalized Field
250 1
.El-o“‘ —— R =330mm
£ — R = 340mm
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" — R = 370mm
150 - =
5 1.00- 7 1L
o
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D -
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Index Index
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Field of 1I=3.1911A and z=+10mm
In-plane horizontal comparison

Current 3.1911 A, z = +10.000 mm

Current 3.1911 A, z = +10.000 mm

Field . .
250 Normalized Field
Y
' 1.02 A
E
200 A E
(=]
ut
™ 1.00
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5 150 5
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z T 0.98
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= e
100 A z
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—— R =330mm £ 2 g;gmm( )
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—— R = 350mm = o
—— R = 360mm 2 0,04 I = mm
- —— R =360mm
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0 - — R =370mm
’ 01 e 0 o w0 e 2o 2%
Index
Index
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Field of 1I=3.1911A and z=+00mm
In-plane horizontal comparison

Current 3.1911 A, z = +0.000 mm Current 3.1911 A, z = +0.000 mm
Field Normalized Field
250
'i ' |" 1.08 | —— R = 350mm (*)
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—— R =360mm & 0.94 1
— R =370mm
01 . : : ; : 0.92 . : . ; ;
0 50 100 150 200 250 0 50 100 150 200 250
Index Index
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Field of 1=3.1911A and z=-10mm
In-plane horizontal comparison

Current 3.1911 A, z = -10.000 mm

Current 3.1911 A, z = -10.000 mm

Field Normalized Field
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Index Index
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Field [G]

Field of 1=3.1911A and z=-20mm
In-plane horizontal comparison

Current 3.1911 A, z = -20.000 mm Current 3.1911 A, z = -20.000 mm
Field Normalized Field
i —— R = 350mm (*) 250 —— R =350mm (¥)
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o 150+
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30000 - =
Data out of batch process
200007 Likely to fix the data individually
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10000 - o
@
04 0
0 50 100 150 200 250 0 50 100 150 200 250
Index Index
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CURRENT OF 3.9833A

 In-plane horizontal comparison — 5 heights of (5+1 radii)
 Vertical comparison — 5+1 radii of ( 5 heights)

180 deg Dipole - Field
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Field of 1=3.9833A and z=+20mm
In-plane horizontal comparison

Current 3.9833 A, z = +20.000 mm

Current 3.9833 A, z = +20.000 mm

Field Normalized Field
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Field of 1=3.9833A and z=+00mm

In-plane horizontal

Field

Current 39833 A, z = +0.000 mm

300 4
250 A
200 1
g
-
(V5
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50 4 —— R = 350mm
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0 100 150 200 250
Index
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Field [normalized to field for R = 350 mm]

comparison

Current 3.9833 A, z = +0.000 mm
Normalized Field

1.02 4

1.01 A

1.00 4
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0991 —— R =330mm
— R = 340mm
= R = 350mm

0.95 4 —— R =360mm
— R = 370mm

4] 50 100 150 200 250
Index

BROOKHAVEN

NATIONAL LABORATORY



Field of 1=3.9833A and z=-20mm
In-plane horizontal comparison

Current 3.9833 A, z = -20.000 mm

Current 3.9833 A, z = -20.

000 mm

Field Normalized Field
1.03 4
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Field of 1I=3.9833A and R=330mm
Vertical comparison

Current 3.9833 A, R = 330 mm

Field [normalized to field for R = 350 mm)]
=}
~

Field
300 A
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50 100 150 200 250
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Current 3.9833 A, R = 330 mm
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iy
o
L

N

N

B
o
L

e
oo
f

o
o
|

50

— z= =20mm
—— z= +0mm
— z= +20mm
160 1%0 260 25I0
Index
BROOKHEVEN
50 NATIONAL LABORATORY



Field of 1I=3.9833A and R=340mm
Vertical comparison

Current 3.9833 A, R = 340 mm

Current 3.9833 A, R = 340 mm

Normalized Field
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Field of 1I=3.9833A and R=350mm__Init
Vertical comparison

Current 3.9833 A, R = 350 mm (initial)

Current 3.9833 A, R = 350 mm (initial)
Normalized Field

= 2 =
o o =
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Field [normalized to field for R = 350 mm]
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Field of 1I=3.9833A and R=350mm
Vertical comparison

Current 3.9833 A, R = 350 mm

Current 3.9833 A, R = 350 mm

Field Normalized Field
N N
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Field [G]

Field of 1=3.9833A and R=360mm
Vertical comparison

Current 3.9833 A, R = 360 mm

Field
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0 50 100 150 200 250
Index
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Current 3.9833 A, R = 360 mm
Normalized Field
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Field of 1I=3.9833A and R=370mm
Vertical comparison

Current 3'93?;:3 ?& R =370 mm Current 3.9833 A, R = 370 mm
'€ Normalized Field
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A FEW MORE THINGS

180 deg Dipole - Field
7/3/2019 Measurement 56 BROOKHAVEN

Brookhaven Science Associates



Hysteresis Loop

J18.8
8.4
13:00 14:30 15:00 15:30 16 00 16:30 17 00 17:30 18:00 18:30 19:00 19:30 20:00 2030 214

ot S 6102 O HY4.2A_3Digits_L&E

HY4.2A_Step0.1

G001

S001 -

400

~318.35
3001 - :

200 - R R N SUUUE N (| A
1001 -

20:00 2030 2100 211 22:00 22:30 23200

| Hya.2a_3Digits_Lee [

HY4.2A_Ex0.075

_ HY4.2A_3Digits_L | HY4.2A_Step0.1 | HY4.2A_Ex0.075 | HY4.2A_3Digits_L
&E =

Hall 318.5 318.4 318.5 318.5
NMR 318.486 318.302 318.430 318.394

EN



