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* Brief review of various design options examined

» How and why we got to this design
» Detailed magnetic analysis of the current design

 Latest test results

» Fast, low cost tests (one of several benefits of HTS)

* Next step
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* Initially HTS solenoid was proposed because HTS magnet can be
placed in cold to warm transition region (4K to room temp). This allowed
solenoid to be placed close to cavity.

« Another advantage of HTS (over conventional superconductor) is the
significant saving in test costs. Cost of HTS is smaller than the difference
between the cost of normal 4 K liquid helium tests and 77 K HTS tests.
Moreover, HTS cost is only a small portion of over solenoid cost.

* Leads (HTS leads) become very attractive.

» Because the solenoid reaches the design field at ~80 K, one can go
through the demagnetization cycle while cavity is still cooling down and
has not yet reached the superconducting state.
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BROOKHFVEN . . .
wionariasorierr | Solenoid Design Requirements
Superconducting
Magnet Division

Focusing Requirement : | Fringe Field Requirements:
IBjdzz 1 T° . mm

y ~|1. Should be less than ~10 mG on the cavity
i Variation of B %, when the it is turning to superconducting
longfhe = &xe 2 state (solenoid is OFF at this time).

........

Z [mm]

3. Trap field is a concern. The field on
superconducting cavity should be less than
~10 mG, when the solenoid is excited.

-100.0

-150.0

Contour of B ?

-250.0

4. Field calculations (for beam focussing, etc.)
must include the influence of shielding from
superconductor and from mu-metal

-300.0
-350.0

—400.%_

Component: BZ'BZ
0.0
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Solenoid Design Development
Superconducting
Magnet Division

* “Yoke” Vs. “No Yoke” over Solenoid Coil

» Fringe field Vs. residual field of magnetized iron

 Solenoid over Bellow

» Significantly reduces overall space requirements

* Introduction of Bucking Coil

» Significantly reduces field inside the cavity

* Interior Shield Moved Between Cavity and Solenoid

» Significantly reduces field in and on the cavity

Ramesh Gupta, BNL HTS Magnetic Design and Analysis Feb. 14,2007 Photo-injector KO Meeting



BROOKHFAVEN

T

NATIONAL LABORATORY
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Models Without and With
Iron Yoke Over Solenoid

Z [mm]

Component: EMOD

4.0568E-06 0.408693799

Without yoke

Solenoid coil

Significant fringe field from

solenoid.

Maximum field on mu-metal is
over 0.8 T. Also significant field
on the superconducting cavity.

Ramesh Gupta, BNL

80.0
Z [mm]
60.0
40.0

20.0

Solenoid coil

Component: EMOD
4.58278E-07 0.776@83473

Small fringe field from solenoid on mu-
metal shield and on cavity.

However, yoke magnetization must be
reduced for remnant field. Adjust size
and introduce de-magnetization cycles.
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Superconducting

Magnet Division

HTS solenoid before the bellow

HTS Solenoid over the bellow. This reduces

overall size. Coil clears all flanges, etc.
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Magnet Division

Bucking coil significantly reduces
fringe field on the cavity side.

(see more in the detailed magnetic
analysis — soon to follow)
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Superconducting
Magnet Division

Current design -
9 Inner Magnetic shield Inner Magnetic shield

s INNER MAGHETIC SHIELD 17.218

4 ~ THERMAL SHIELD
[ H

- INKER WAGNET I

SHIELD

-

5K COOLANT LINE [iu
- i

~ | |__——APPROXIMATE SOLENOID VO ﬁ
- iy
A—col L ‘ ’
&
e,
1\|l' e =
=== L s m
° 2 i
§.43 1 SHIE
tiz2) QIP&H] L my | IHE B
(@597 1 el ——| E
(151,68 I s [ o
J L N = B H
= i
I (@_/ et
H IHILLD
J
—5 °K COOLA @u

Moving inner magnetic shield inside significantly reduces the field on
superconducting cavity.

Magnetic analysis follows
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* There are two coils — main coil and
bucking coil. Both coils have 15 layers.
The main coil has 12 turns and bucking

300.0/—

Z [mm]
200.0— coil has 2 turns.
100.0/= * Two coils are independently powered
00 . . to obtain best cancellation of the field

inside the cavity.
-100.0—

* Inner magnetic shield shield has been
moved from outside the solenoid to
-300.012 i inside (in between cavity and solenoid).

-200.0—

-400.0—

50080 fg00 3000 5000 The influence of shielding and
bucking coil has been analyzed.
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Superconducting

Focusing in the Current Solenoid Design
(Bucking coil to minimize field in cavity)

Magnet Division
Basic Requirement :
jdezz 1 T° . mm

-2UU.U

-250.0

1) |
E—_ Ll

-300.0

Larger coil : 15 X 12 turns
Smaller coil : 15 X 2 turns

Nominal current : 33.6 Amp

Component: BZ*BZ

0.0 0.01
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FieldinT

0.014
0.012
0.01
8.0E-03
6.0E-03
4.0E-03
2.0E-03

0.0 0.0 0.0 0.0 0.0 0.

-500.0 -450.0 -400.0 -350.0 -300.0 -2

Values of BZ*BZ
0.02
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BROOKHRVEN Fringe Field in Gauss
Superconducting With Inner Magnetic Shield

Magnet Division

A major concern in recent past has been
the trapped field on cavity (sc cavity
going normal with solenoid at design
field). Inner magnetic shield and bucking |
coils help a lot (see next few slides). J

[mm]

0.0
Z[mm] 200
-40.0
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0.0
Z [mm]

-40.0
-60.0
-80.0
-100.0
-120.0
-140.0
-160.0
-180.0

-200.0

Component: BMOD
3.054975046

Field (G)

on Magnetic Shields
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88.78546105 174.5158471

HTS Magnetic Design and Analysis

UNITS
Length mm
Flux density gauss
Field strength : A m
Potential Wh
Conductivity S
Source density: A mm?

Component: BMOD
0.039609835

Pawer Wy
Force Rl
Energy J
Mass kg
PROBLEM DATA

E\operaie-gunifebl07egu
n-feh07-sc.st

Quadratic elements
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Component: BMOD
7.218817034

Ramesh Gupta, BNL

6223.032072

HTS Magnetic Design and Analysis

Vector Fields B4

software for electramagnatic design

Feb. 14, 2007 Photo-injector KO Meeting




BROOKHFAEN

T ™ T T Ty T

NATIONAL LABORATORY

Superconducting
Magnet Division

Field

(magnitude and field components)

on HTS Caoil

Z[mm] _zs0.0f
-300.0—
Field
=3200 .
perpendicular
Z[mm] _2800— . -340.0[~
Magnitude
-360.0—
-300.0—
-380.01
_3200 [ -400.0—
<4200/5 200 400 600 800 100.0 140.0 1800
_3400 T FS%?Z‘?;;E‘ZQBR 0.342506142 583.1310017
-360.0 1 Z[mm] _280.0—
-300.0— .
-380.0 — Field paraliel
=3200
-400.0— 3400
I I ! I I I I 3600
42085 200 400 600 800 1000 140.0 180.0
-380.01
Component: BMOD
3.175772397 1207.%40382 2412.50499 4000
| i
<4200/5 200 400 600 800 100.0 140.0 1800
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Component: BZ
-2412.49443

I
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NATIONAL LABORATORY Field (6) Inside CGVi"’Y Region

Superconducting
Magnet Division

Field inside cavity with bucking coil excited
(current in bucking coil 5/16 of main coil) Field inside cavity with bucking coil turned off

Z[mm] o0 Z[mm] .

-

Note: Bucking coil significantly reduces the field inside the cavity region.
(Field on superconducting cavity is low in either case).

-280.0
-300.9

Component: BMOD
0.0

Component: BMOD
0.0
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Superconducting

Impact of Bucking Coil on
Field (6) on the Axis of Solenoid

Magnet Division

5.0
4.5
4.0
3.5
3.0
25
2.0

1.5

1.0/ (current in bucking coil 5/16 of main coil)

UNITS
Length S mim
Flux density - gauss
Field strength - A& m
Potential SWh m
Conductivity S m?
Source density: & mm?

Power S
Farce M
bucking coil turned off e

PROBLEM DATA
Eaperale-gunifeb07iegu
n-feh07-sc st
Quadratic elements
Axi-symmetry
R™ector potential
Magnetic fields
Static solution
Scale factor = 1.0
84108 elerments

osy;7 VW07 9 —F—"7"F— T/ —/—— =1 _ 168753 nodes
TTe— 54 regions
0.0 — =
R coord 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Z coord -200.0 -180.0 -160.0 -140.0 -120.0 -100.0 -80.0 -60.0 -40.0 -20.0 0.0
Values of BMOD
__ Values of BMOD [13/Febiz007 10:44:12 Fage 118 |
Vector Fields ﬁ
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Component: BMOD
0.017610216

Ramesh Gupta, BNL

Field (6) on SC Cavity
With No Bucking Coil

0.190519679

HTS Magnetic Design and Analysis

UNITS

Vector Fields B4

software for electramagnatic design
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BROOKHEAEN | Field (6) on Superconducting Cavity
Superconducting (bucking coil at 5/16 of main coil)

Magnet Divisio

Work in progress

0.0
-20.0
-40.0
-60.0
-80.0

-100.0
-120.0
-140.0
-160.0
-180.0
-200.0
-220.0

-240.0
0

Component: BMOD
1.14359E-03 0.026851647 0.052559705

Vector Fields B4

software for electramagnatic design
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Magnet Division

 We have tested solenoid coils in standalone mode at 77 K.

* In reality the coils will be in iron yoke and will be at 5-10 K.

* The performance in real condition will be several time better
because of (a) lower temperature and (b) field component on
HTS caoil.
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Testing In Liquid Nitrogen (77 K) Will
Validate the Required Design Performance

Magnet Division

Magnetic model has also been optimized to

s or
-3100 Pows
N
J
-3200 [ kg
-3300 [
-3400 =
-3500 [~ S
X
~
-360.0 [~ ~
2
=
-370.0 a
iy
3800 [ s
-3800 [~ g-
400 I I 1 1 I 1 1 1 g
Bp 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 o
R [mm] c
Component: ABS(BR) i
1.55153E-08 0.026902692 0.053803832 o
1 (2]

‘ V OPERA-2d
Fee and Post-Frocesser

We will be able to test solenoid at a current greater
than the design value @77 K itself with liquid
nitrogen only. No need for the liquid helium or even
sub-cool nitrogen testing (significant cost saving).

Lower temperature operation gives extra margin.

- S
3100 [~ P X
S S
Ll . N—
-320.0 M kg g
- o
-330.0 =
3400 = 2
o
-350.0 [ ®
14
-360.0 [~ 2
-370.0 [~ 3
n

-380.0

-390.0 |~

400 1 1 1 1 1 L 1 1
'%.D 20.0 40.0 0.0 80.0 100.0 120.0 140.0 160.0
R [mm]
Component: ABS(BZ)
3.5B6TEE-04 0.235?05034'

0.11803188
1

‘ V OPERA-2d
Fee and Post-Frocesser
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Egguce the perpendicular field in the superconductor

. ——50K
Field 64K

H —0—70K

1 \ Perpendicular T

0 010203040506070809 1 111213141516 17 1819 2
Perpendicular Magnetic Field (Tesla)

= 50K
=0-64K
—0—70K

Field
Parallel

0 010203040506070809 1 111213141516 17 1819 2
Parallel Magnetic Field (Tesla)
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sy | Field Components at Design Field

Superconducting (Impor"l'an‘l' fOf‘ 77 K Tes‘l'ing at LNZ)

Magnet Division

Nominal self-field
performance of

. e
3600 Field in B 3600 Field in A conductor: 145 A
Yoke Coil i (verified by
(128T (025T measurement).
max) max)
o | = E L gegle factor at
| these field is : ~0.6
- o cat77 K.
Field N Expected
parallel Field performance:
s (025T N perpendicular 145*0.6= ~87 A.
max) (0.06 T max) Design requires
| <34 A at ~5K
o s g o, o SCmEmCESE RS (huge margin even

woroem for 77 K test).
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NATIONAL LABORATORY

superconducting | Case at design current (LN, test

Magnet Division

BROOKHRVEN  Field Component in Yoke Free

zZiom o | 1 -1 *» The maximum value of both field
200 Field parallel parallel and field perpendicular is
o] (0.15 T max) ~0.15T.
il * This is significantly different than
amnol 0.25 T and 0.06 T respectively in the
%00/~ case when these coils are in yoke.
-4100— I | , I , I , I , B l
4200650 750 850 950 1050 1150 1250 135_0R'[r::15i.0 : E
g?}?ap?zgfss(az] 0.076110763 0.152013653 = £ I 1
— ; 1| — Vi 3300 Fleld 0 ?;».-
» Scale factor at 0.15 T is ~0.22. pgr%e?d'cu'ar
-350.0 . max
. Expected current: 145%22 =32A " ‘ )

* In reality we obtain much higher 7001

current (over the design current) o
because of the details of field
distribution. 4100

420.0 I [ [l S
EEE 850 75.0 85.0 95.0 1050 1150 1250 1350 1450

 However, Lorentz forces will be R

Component: ABS(BR)

T . 117078E-04 0075612165 0161107251
significantly lower and different. — - ——
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HTS Solenoid Coils

Superconducting
Magnet Division
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* BROOKHANEN.  Measurements of Two HTS Wire Samples

“ Superconducting at Super'conducfing Magne1' Division (SMD) —

Magnet Division

2.0
o
—~ 1.6 | | | | |
g |
s 14+ —=—Uninsulated, 37
z 12, | ~Insulated N
2
E 10 ========= ST sEsEsEsEEsEEEEEEEE | .
% 0.8 | | Two reels of HTS wires were obtained from
> American Superconductor (through AES) with a
= 067 | spec (1 uv/cm) of 145 A at 77 K, self field. |
= 0.4 || We (SMD@BNL) recently completed the testsof | f, b
samples taken from these wires. Measurements
0.2 7 | show that the wires exceeds the specification.
0.0 =——» %+ s+ ‘ i ‘ |
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Current (Amp)
Ramesh Gupta, Superconducting Magnet Division (SMD), BNL HTS Solenoid SRF Gun Design Review@BNL, 12/14/05
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Superconducting (at 77 K in the absence of yoke)

Magnet Division

Test results of larger coil * Larger coil was successfully
operated well above the design

current (~34 Amps) even at 77 K
(higher value expected at 5-10 K),

1.0

o
to

o
)

g 0.7 and without yoke (higher value
7 Larger coil : 15 X 12 turns . expected with yoke).
g 03 Smaller coil : 15 X 2 turns . « Smaller coil was also recently
(é, 041 | Nominal current : 33.6 Amp ‘ tested and it successfully operated
s . ’ at ~80 Amps in similar conditions.
ZT | * These test should be considered
S S as certification of HTS solenoid
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 1O its ability to reach design
Current (Amp) current.

 These tests do not address the

Design current ~34 A @ 0.1 uV/cm field issue (fringe field, etc.).

(industry spec more liberal: @ 1 uV/cm)
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BROOKHRUEN ..

° Remaining Work
Superconducting
Magnet Division

Make sure that we are not in a situation where the trap field is
unacceptable - 10 mG ?

Coils are built and successfully tested.

Yoke and rest of the assembly remains - Steve Plate.

LN2 measurements of the complete solenoid, including magnetic measurements?
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