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Introduction

« RHIC dipoles and quadrupoles are operated at very low
currents (112-218 A for dipoles and 104-202 A for the
quadrupoles) for low energy Au-Au studies.

 Indications of strong non-linearities have been seen at
these low currents in RHIC.

* Field quality in superconducting magnets at such low
excitations 1s strongly influenced by persistent current
induced harmonics.

* Field quality at low excitations was measured 1n early
2010 1n a spare D96 dipole (3 m long) and a spare arc
quadrupole. The results of these measurements are
reported here.
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Low Energy Operating Parameters

Species z A mcAZ [GeV/u]
Au 79 197 0.93113

2007 test Au store Au injection 2009-2010 Schedule From Vigdo
201.870 19.600 18000  11.500 (5.000
Harmomc number bb 360 360 360 363 09 69

Beam E [AGeV] 4.592 100.935 9.800 9.000 5.750 3.850 2.500
Beam KE [AGeV] 3.660 100.004 8.869 8.069 4.819 2.919 1.569
gamma 4,931 108.401 10.525 9.666 6.175 4135 2.685
beta 0.979 1.000 0.995 0.995 0.987 0.970 0.928
p [GeWc] 4,496 100.931 9.756 8.952 5.674 3.736 2. 320
8 839.541 81.148 74.460 47.197

maln dlpc:u!e [A] 217.71 4887.394 472.401 433.471 274.759
‘ 202.63 4548.873 439.681 403.447  255.728 .366 104.5624
Rev Freq [Hz] 76571.478 78192.963 77842.531 77776.668 77164.203 75874.890 72570.182

(Parameter table from Todd Satagota)
Measurements were made at currents corresponding to
center of mass energies of 5.0, 7.7 and 9.2 Gev/u.

axs 10T all three energies:
1948 A for the dipoles; 1833 A for the quadrupoles

Maximum cycle current, /
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Measurement Plan

Magnet was cycled three times between 50 A (park
current) and /.. as per ramp profile specified.

Magnet was then ramped from 50 A to one of the
operating currents, as per the specified ramp profile.

Harmonics were measured with 1.32 s time resolution
starting at the later half of this ramp, and continuing into
the steady state for about 45 minutes, to study the time
decay dynamics.

Only one position covering 1 m in the body 1s measured.
This length 1s not the best to use for the 1.1 m long quad.

A full “DC Loop” was also measured from 50 A to
[.. 1n order to compare results with the dynamic
measurements.
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Ramp Parameterization
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Measurement Results in a D96 Dipole
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Standardization Cycles for Dipole

1948 A (120 s wait)
B4

12.5 A/s
7 Als
£,=0.6; /,=0.35 £=0.2; £,=0.2

1948 A

1948 A

|_
T
e B3 BS5
o
-
© 60 s
wait
| op |_op
B.2 B6
50A /B RANT
B.8 B.8 B.8
Ramp B.1 details: TIME
For I,, = 112 A: Ry,= 28 A/s; f,= 047, f, = 047, [, ,=50A, [,,,=112 A
ForI, = 181 A: Ry,= 39 A/s; fi=045; f, = 045, [, ,=50A, [,,=181A.
For I,, = 218 A: Ry= 42 A/s; f,=045; f, = 045, [, =50A, [,,=218A.
Ramp B.7 details:
ForI,, = 112 A: Ry,= 28 A/s; f,= 047, f, = 047, [, ,=112A, I,,=50A
For I, = 181 A: Ry,= 39 A/s; f=045; f, = 045, [, =181 A, [,,=50A.
ForI, = 218 A: Ry,= 4.6 A/s; fi=047; f, = 047, [, =218 A, [,,,=50A.
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Time Decay Measurements

= Current X Data points — Ramp Rate

220 4.5
200 - T 4.0
160 T 3.0
g | 1.32 r data point
= 140 1.32spe po + 2.5
§ - 128 points (~170 s) per “record”
ENI20 45 s gaps between records T 20
©) = - 13 records total; ~ 45 min. covered
100 | Data acqusition - o DR D I T 1.5
starts somewhere
80 N ontherampup T 1.0
from 50 A to [,
60 | | T 0.5
40 - 0.0
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DC Loop: Transfer Function of Dipole
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Time Decay at 181 A: Sextupole

D96525:; Fast Meas. at 181A: Feb..2010; Z=-20
Sextupole Time Decay at 181 A after 50 A to 181 A at 3.9 A/s

== 1948A pre-cycle; Run 291

(Values are in “units” of 10~ of the —— 1948A pre-cycle; Run 298

dipole field at a radius of 25 mm)

Normal Sextupole (unit at 25 mm)
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Time Decay at 181 A: Decapole in Dipole

D96525: Fast Meas. at 181A: Feb..2010: Z=-20
Decapole Time Decay at 181 A after S0 A to 181 A at 3.9 A/s

Normal Decapole (unit at 25 mm)
(U8}
\O
D

=&=1948A pre-cycle; Run 291

=+ 1948 A pre-cycle; Run 298

(Values are in “units” of 10~ of the
dipole field at a radius of 25 mm)
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Time Decay at 220 A: Sextupole in Dipole

D96525: Fast Meas. at 220A: Feb.. 2010: Z=-20
Sextupole Time Decay at 220 A after 50 A to 220 A at 4.2 A/s
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Time Decay at 220 A: Decapole in Dipole

D96525:; Fast Meas. at 220A: Feb.. 2010; Z=-20
Decapole Time Decay at 218 A after S0 A to 220 A at 4.2 A/s
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Sextupole Term: Comparison with DC Data

D96525: DC & Fast Measurements:; Feb 2010
Sextupole Vs. Current; Up Ramp Data
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Decapole Term: Comparison with DC Data

D96525: DC & Fast Measurements: Feb 2010
Decapole Vs. Current; Up Ramp Data

7
= 6 __~_Decay —— DC Loop; Run 282
S —— 112A Decay; Run 290
T —— 181A Decay; Run 298
a5 te effect?
- —5— 220A Decay; Run 300
S
N
=
= 4
N’
>
=
2 3
S
)
=
- 2
<
=
b
2 1
~ ® ———— 00—
0 | | |
S S S S S S S S S S S
S S S - S S S S S S
— (@\ on < e O c~ o0 (@) 2
Current (A)

[E—
AN

Animesh Jain, BNL APEX Workshop, SUNY, Stony Brook, Oct. 15-19, 2010



Measurement Results in an Arc Quadrupole
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Standardization Cycles

1833 A (120 s wait)
B4

11.75 A/s

S5A
05 A 100 £=02

£,=0.6; £,=0.35

B3 B.S

CURRENT

60 s
wait
| op
B.2

50A /B!

1833 A

1833 A

| op

B6
BT\ s50n
BS

Ramp B.1 details:

For I, = 104 A: R,= 2.5 A/s;
Forlop = 168 A: R,= 3.5 A/s;
Forlop = 202 A: R,= 3.8 Als;

Ramp B.7 details:

Forlop = 104 A: R,= 2.5 A/s;
Forlop = 168 A: R,= 3.6 A/s;
For I, = 202 A: Ry= 4.0 A/s;

TIME
fi= 047; 1,
fi= 045; 1,
fi= 045; 1,
fi= 047; 1,
fi= 045; 1,
fi= 045; 1,

= 047,
= 0.45,
= 0.45,

= 047,
= 0.45,
= 0.45,

I, =50A, I =1045A
I, =50A, I_,=1684A.
I, =50A, I_,=202.6A.
I, =1045A, I_,=50A
I, =1684A, I_,=50A.
[, =202.6A, I_,=50A.
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Snapback Measurements

— Current x Data points — Ramp Rate
2000 10
1 B Ry S e +9
1600 /1325 per data point T8
128 points (~170 s) per “record”
L e +7
45 s gaps between records @
s/ F\ 5 records total 1l &
=1 | ‘ s
S 1000 e +ts5 £
= AW | . | : N =
5 800 - [ F N\ First record contains additional |- 4 §
time decay data at [Op as well as o
600 1 snapback information. T3
a0 y | Ramp from [,,t0 1833 A I
200 Low® 00—\ | starts ~30 s after start of | |
data acquisition.
O I I I I ; I I I I I 0
0 100 200 300 400 500 600 700 800 900 1000 1100
Time (s)
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DC Loop Transfer Function in Arc Quad

15.10 \10 ” | | | |
DC loop: QRG321 Runs 10 & 11; Mar. 2010
\
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t‘, 15.00 104.6 14.917 15.094 0.177
s 185 A 168.4*  14.822  15.005  0.182
= 299 A | _202.6* 14.803  14.972  0.170
s 14.95 * Interpolated from measured data
z 1 m coil does not cover full integral!
R
% 14.90 Dn Ramp
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e
14.75 | | i i i
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Time Decay & Snapback at 168 A: 12-pole

QRG321; Fast Measurements for 168.4 A Operation; Mar-2010
12-pole Time Decay at 168.4 A after 50 A to 168.4 A at 3.5 A/s
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12-pole: Comparison with DC Data

QRG321: DC & Fast Measurements; March 2010
12-pole Vs. Current; Up & Dn Ramp Data
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20-pole: Comparison with DC Data

QRG321: DC & Fast Measurements; March 2010
20-pole Vs. Current; Up & Dn Ramp Data
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Summary

Dynamic measurements of field quality at low current
excitations corresponding to 5-9 Gev/u have been completed
in a spare RHIC D96 dipole and a spare arc quadrupole.

Sextupole decay of ~0.6 unit and decapole decay ~0.1 unit are
seen 1n the dipole over a period of ~45 min.

Large decapole term may be avoided by operating on the
down ramp 1n the dipoles.

12-pole decay ~1 unit and 20-pole decay ~0.1 unit are seen in
the quadrupole over a period of ~45 min.

Snapback was measured 1n the quadrupole, and occurs over a
span of only a few amperes of current.

The harmonics at various currents are consistent with the DC
loop data.
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DC Loop: Sextupole Term in Dipole

120 | | | |
‘ DC loop: D96525 Runs S2 & S3; Feb. 2010

100

S Current b2 Up b2 Dn Dn-Up

w S0 (A) (Units)  (Units)  (Units)
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Q . .
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DC Loop Data: Sextupole in Tesla

5.0E-04
4.0E-04 -
3.0E-04

DC loop

: D96525 Run

s S2 & S3: Feb. 2010

2.0E-04

This includes
geometric part
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0.0E+00
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DC Loop: Non-linear Part of Sextupole

5.0E-04 ‘ ‘ \
DC loop: D96525 Runs S2 & S3; Feb. 2010
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DC Loop: Decapole Term in Dipole

6.5

112A | | | | | |
6.0 ﬂ DC loop: D96525 Runs S2 & S3; Feb. 2010
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= 2.0 \ (A) (Units)  (Units)  (Units)
4.5 113.7 6.1 1.9 -4.1
T 40 \ _181A 182.6 3.9 1.8 -2.1
= 219.4 2.7 1.7 -1.0
= 3.5 { — — | {
= 1.0 \ (Values are in “units” of 10~ of the
%9 ' *—218 A dipole field at a radius of 25 mm)
S 25
e
g 2.0
2 1.5 1 Dn Ramp
£ 1.0
S 05
z O‘O Up Ramp
o o - o - - o o o - o
S S S S S S S S S S
S % 8B &2 =2 8§ = 0§ 2 g
Current(A)
Animesh Jain, BNL APEX Workshop, SUNY, Stony Brook, Oct. 15-19, 2010 27



DC Loop Data: Decapole in Tesla

1.2E-04 | | | | | | |
DC loop: D96525 Runs S2 & S3; Feb. 2010
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DC Loop: Non-linear Part of Decapole

5.0E-05

DC loop: D96525 Runs S2 & S3; Feb. 2010
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Time Decay at 112 A: Current Profile

D96525:; Fast Meas. at 112A: Feb.. 2010:; Z=-20
Ramp from 50 A to 112 A at 2.8 A/s

113.1

112.9 —6— 1948A pre-cycle; Run 289
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Time Decay at 112 A: Sextupole in Dipole

D96525: Fast Meas. at 112A: Feb.. 2010: Z=-20
Sextupole Time Decay at 112 A after 50 A to 112 A at 2.8 A/s
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Time Decay at 112 A: Decapole in Dipole

D96525:; Fast Meas. at 112A: Feb.. 2010; Z=-20

Decapole Time Decay at 112 A after S0 A to 112 A at 2.8 A/s
6.28 | |

7Y =o—1948A pre-cycle; Run 289

—+— 1948A pre-cycle; Run 290

Normal Decapole (unit at 25 mm)

I
(@) () (e} S S ) ) (e}
(- (e - - S O ()
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Time since reaching 112 A (s)
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Time Decay at 181 A: Current Profile

D96525: Fast Meas. at 181A: Feb..2010; Z=-20
Ramp from 50 A to 181 A at 3.9 A/s

182.75 | | |
=6=1948A pre-cycle; Run 291
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Time Decay at 220 A: Current Profile

D96525: Fast Meas. at 220A: Feb.. 2010:; Z=-20
Ramp from 50 A to 220 A at 4.2 A/s

220.6 | | |
=e= 1948A pre-cycle; Run 300
220.4 == ]1948A pre-cycle; Run 298
~ 220.2
<
=
5 220.0
—
(®
=
O 2198
Current has ~0.5 A overshoot
219.6 ( What should be the # = 0 point? —
Actual current is 220A instead of 218A desired.
2194 1 1 1 1 1
S °© g g g g g s

— @\
Time since reaching 220 A (s)
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Time Decay Measurements

— Current x Data points — Ramp Rate

180 4.5
——---:h----
160 - 1 4.0
a0 1.32 s per data point T3
120 | 128 points (~170 s) per “record” 130
2 45 s gaps between records '
100 4 14 records total; ~ 49 min. covered | 5 5
:
B (e -+ 20
@)
60 + L.5
Ih |
40 1| Data acqusition starts after } T 1.0
~20-30 s into the ramp up
U from 50 A to / B 105
0 | | | i | 0.0
0 500 1000 1500 2000 2500 3000

Animesh Jain, BNL

Time (s)
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Time Decay at 104 A: 20-pole

QRG321; Fast Measurements for 104.5A Operation; Mar-2010

20-pole Time Decay at 104.5 A after 50 A to 104.5 A at 2.5 A/s
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Time Decay at 104 A: 12-pole

QRG321; Fast Measurements for 104.5A Operation; Mar-2010
12-pole Time Decay at 104.5 A after 50 A to 104.5 A at 2.5 A/s
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Snapback at 104 A: 12-pole

QRG321; Fast Measurements for 104.5A Operation; Mar-2010
Snpaback\Details: 12-pole Vs. Current during Ramp from 104.5A to 1833 A

6.0

5.6

\\ —<1 op=104.5 A; Runs 13 & 17

—©—1 op=104.5 A; Runs 26 & 27

5.2 \

= 4.8 N
N 44
(2]
n
.*é 4.0 2
% 3 6 | | Snapback data \S\o
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=3
& 32 |due to small
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2.8 1 current. \ RS
2.4 5\\
2.0 ! ! <
(@) — (@\| on <t w O >~
S S S S S S = S
Current (A)
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DC Loop: 12-pole Term in the Quadrupole

30 T ~104a |
DC loop: QRG321 Runs 10 & 11; Mar. 2010
25 N |
116 A
Current bS Up bSDn Dn-Up
2 7 (A) (Units)  (Units)  (Units)
5 s _185 A 104.6 4.9 29.9 25.1
= - 168.4* -9.5 16.7 26.1
% 1 —222 A 202.6* -12.6 12.1 24.7
% * Interpolated from measured data
9 |
) 5 |
I &\104 A Dn Ramp
2 9
g
= D]
z
-10
15 ——222A | | | | :
S - S S S S S S - - S
- (e} S (e} S S (e} S O S

Current(A)
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DC Loop: 20-pole Term in the Quadrupole

-0.5 | | | | | |
I85A 2, A DCloop: QRG321 Runs 10 & 11; Mar. 2010
-1.0 /
/
-1.5 ﬁ
2 1
= -2.0
= -2
3 N o
o 2.5 1 Kamp
2 [(
< -3.0 222 A
a f\lss A Current b9 Up b9Dn Dn-Up
g 3 (A) (Units)  (Units)  (Units)
5 40 104.6 -2.1 -4.4 2.3
zZ 16 A 168.4* -1.2 -3.4 -2.1
45 Sl Bl 202.6* -1.1 -3.0 -1.9
* Interpolated from measured data
5.0 | | | | | |
S S S S S S S S S S S
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Sy B 8 g 8§ 5 5B g g
Current(A)
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Snapback details at 168 A: 12-pole

QRG321; Fast Measurements for 168.4 A Operation; Mar-2010
Snapback Details: 12-pole Vs. Current during Ramp from 168.4A to 1833 A

-11.0 |

112 | Snapback is nearly
instantaneous, and the
12-pole reverts to the
regular excitation curve
over the span of only ~2 A.
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-12.6 N

—41 op=168.4 A; Runs 29 & 30

17

-12.8 + —©—1_0p=168.4 A;Runs 31 & 32
-13.0 | | | |
00 S o <t Ne 00 o o <t N 00
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Time Decay at 168 A: 20-pole

QRG321; Fast Measurements for 168.4 A Operation; Mar-2010

20-pole Time Decay at 168.4 A after S0 A to 168.4 A at 3.5 A/s
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Snapback details at 202 A: 12-pole

QRG321; Fast Measurements for 202.6 A Operation; Mar-2010
Snapback Details: 12-pole Vs. Current during Ramp from 202.6 A to 1833 A

-12.4 | | | | | |
—>< 1 _op=202.6A; Runs 34 & 35
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Time Decay & Snapback at 202 A: 12-pole

QRG321; Fast Measurements for 202.6 A Operation; Mar-2010
12-pole Time Decay at 202.6 A after 50 A to 202.6 A at 3.6 A/s
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Time Decay at 202 A: 20-pole

QRG321; Fast Measurements for 202.6 A Operation; Mar-2010
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20-pole Time Decay at 202.6 A after 50 A to 202.6 A at 3.6 A/s
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