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Superconductivity phenomena -100 years

The phenomenon of superconductivity was -
discovered in 1911 by the Dutch physicist H. |
Kamerlingh Onnes and his assistant GillesHolst ~ ;
in Leiden. They found that dc resistivity of oars
mercury suddenly drops to zero below 4.2 K. 00s
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In 1933, W. Meissner and R. Ochsenfeld discovered
in Berlin one of the most fundamental properties of
superconductors: perfect diamagnetism.

The first microscopic theory of
superconductivity in metals was formulated by
J. Bardeen, L. Cooper and R. Schrieffer in 1957,
which is now known asthe

BCStheory.

Joint US-CERN-Japan-Russia
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Introduction

Superconducting (SC) wigglers (SCWs) and undulators (SCUs) are
high performance | Ds suitable for extending the spectral range of SR
storage rings towards shorter wavelengths and harder x-rays, increase
brightness of photon sources. The SCWs can be either wave length
shifters (WLS) with afew magnet poles with very high magnetic field
or multipole wigglers (MPW) with alarge number of poleswith high
magnetic field. The maximum magnetic field in SCWs and SCUs is
defined by the critical curve of the SC wire. SC MPWs fabricated
with use of Nb-Ti/Cu wire provide magnetic fields that are 2-3 times
higher than what can be obtained using permanent magnets for the
same pole gap and period length. SCWs and SCUSs, as a rule, have
zero first and second magnetic field integrals along electron orbit and
their operation does not affect the working reliability of the storage
ring.

Thereis no any basic difference between wiggler and undulator. Phase errorsin a magnetic field are more important
for undulators as spectrum-angular properties of radiation are formed by al undulator length.

Themain parameter of alternating-sign magnetic field which definesradiation property is K-value:

K =0.934% ([cm]B,[T] Kot oot
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History
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First superconducting multipolewiggler, BINP, Russia

The history of SC IDs used for generation of
SR started more than 30 years ago in Budker
INP where the first SC MPW was designed and
fabricated in 1979. The first SC MPW was
installed on the 2 GeV storage ring VEPP-3 to
increase photon flux density with higher energy.
The cross section of the vacuum chamber of
the SCW was like a keyhole where a wide
vertical area was used for injection (30 mm),
and narrow area (8 mm) was used for creation
of magnetic field by the wiggler. These two
areas were connected by narrow 5.5 mm slit for
electron beam moving from injection area to
area with high magnetic field. In order to move
the electron orbit from the injection area to the
working area, 4 steering magnets were used.

Joint US-CERN-Japan-Russia
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FIRST RESULTS OF THE WORK WITH A SUPERCONDUCTING “SNAKE" AT THE VEPP-3 STORAGE
RING

AS. ARTAMONOV, LM. BARKOV, V.B. BARYSHEV, N.S. BASHTOVOY, N.A. VINOKUROV,
E.S. GLUSKIN, G.A. KORNIUKHIN, V.A. KOCHUBEI, G N. KULIPANOV, N.A. MEZENTSEV,
V.F. PINDIURIN, AN. SKRINSKY and V.M. KHOREV

Institute of Nuclear Physics, 630090, Novosibirsk, USSR
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Accelerator School, 6-16 April 2011

19.04.2011



The wiggler cryostat was built in the traditional scheme
of those times with use of liquid nitrogen and liquid
helium with a consumption of approximately 4 I/hr. Main
benefit of the wiggler installation on VEPP-3 storage
ring was a 200 times increase of the photon flux in the
photon energy range 15-20 keV.

Pole number 20
Pole gap, mm 15
Period, mm 0
Magnetic field amplitude, T 35
Vertical beam aperture, mm 7.8

() ® Sketch of the wiggler cryostat

A) Thewiggler cryostat with magnet
B)Undulator radiation from the wiggler Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

First superconducting undulator, ACO, Orsay, France

Tome 41 Ne 23 1# DECEMRBRE 1950
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First results of a superconducting undulator
on the ACO storage ring (*) (**)

C. Bazin (" M. Billardon (*1. D. Deacon (%} ("), Y. Farge, . M. Ortcga (%),
1. Pérot (*), Y. Petrofl and M. Velghe (%)

LURE, Bit. 209 €, Université de Paris-Sud, 91405 Orsay, France.

Abstract. A superconducting undulator has been fixed on
the ACO storage ring. It has been observed that the
electron beam is stable in the small gap of the vacuum
chamber and unperturbed by the magnetic field of the
undulator. Light emission has been observed at 140 and
240 MeV in the visible and ultra-violet. First results indicate
that its geometrical as well as spectral distribution agree
with theoretical predictions; small disagreements

very probably arise from the fact that the electrons are not
travelling exactly on the axis of the undulator.
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Fig. 4. — Spectral distribution of the emitted light (E = 150 MeV,
K = 1.2) through a very small pinhole in the horizontal plane.
Experiment : full lines; Theory : dashed lines.
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Main properties of SC materials

The greatest interest from the point of view of creation of superconducting magnets represents such properties
of superconductors, as critical temperature T, density of current J, and field B.. These parameters define
position of critical surface in space with coordinates T, J and B and, hence, limiting characteristics of a
magnet. Thereforeit is desirable, that the specified critical parameters had higher values.
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The critical surface of niobium titanium:

superconductivity prevails everywhere below the
surface and normal resistivity everywhere aboveit.
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History of critical temperatureof SC materials

11

B-T (critical field-critical temperature) and B-J (critical field — critical current) diagrams are shown in the figures below
for best low temperature superconductors. Most of them exceed superconductors NbTi and Nb;Sn by maximal magnetic
field. However they, as arule, essentially are more complex in manufacturing, and only two materials V;Ga and NbzAl
are possible to receive in the comprehensibleform and the sufficient length for winding.
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B-T critical curves of most popular SC materials for
currentin superconductorsJ=0A
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Nb-Ti/Cu SC wire

NbTi/Cu superconductor began one of the first to be used as a material suitable for magnet manufacturing. Owing
to reliability and simplicity of windings manufacturing it till is the basic superconducting material for various

magnetswith field up to 8T.
fi B
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Bea(T) = Bezo| 1 - TcoJ Bottura’s formula
Be, ~ 14.5 Tesla at T=0K, Teo ~9.2K at B=OT.

580 G Toske) -G

Cy, 0, B uy —empirical parameters
Typical values:.Cy=30T, 0=0.6, =1 u y=2

NbTi/Cu wire cross section
Joint US-CERN-Japan-Russia
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Nb-Ti/Cu SC wire

Thereare two basic processes for Nb-Ti/Cu which are used for manufacturing of
windings:

*Wet winding — epoxy coating isused duringwinding with special fillersfor alignment
of contraction coefficients between superconducting wire and epoxy coating, for
increasing of heat capacity (Al,O,, Gd,O,S €tc)

*Dry winding - vacuum impregnation or impregnation under pressurewith hot (120°C)
hardening epoxy coating with corresponding fillers.

Thereisatechnology of dry winding at which each coil layer is covering by the glass
tapeimpregnated by silicon-organic varnish which hardensat low temperature, but at
room temperature agai n becomes viscous.

Joint US-CERN-Japan-Russia
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Nb;Sn/Cu SC wire

Magnet manufacturing with use of superconductors on base of Threemain processes of fabricating Nb;Sn wires:
Nb3Sn/Cu demands much more complex technology connected *Bronze process

with baking out of a ready magnet at high temperature in eInternal Sn process

vacuum or inert gas. *Powder in tube (PIT) process
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Nb;Sn/Cu SC wire

The Nb;Sn wire will have superconducting properties at low temperature after baking out in
vacuum or in inert gas at temperature 600-750°C. But after this process the wire becomes very
fragile as glass and there are technological restrictions at manufacturing windings with use such
wire during bend.

Most technically comprehensible process of manufacturing of superconducting windings from
Nb;Sn is “Wind and react”. At this process the winding is made of a "crude" wire which has
comprehensible properties for winding, and then the winding is baked out and as a result the wire
possesses superconducting properties at low temperature.

7 Temperature

—> Vacuum < 10%Fa
650° £2C 200 hours

578° £2C 150 hours /

450°C

Cooling rate < 40" C/hour

leating rate < 40° C/hour

Time

. . Nb3Sn/Cu coil after baking out
Process of baking out of Nb;Sn/Cu coil

Joint US-CERN-Japan-Russia
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High Temperature SuperConductors (HTSC)

7 nm Yttria
&0 nm Alumina

Bruker EHTS

Cu Shunt layer (~20 um)

Au Protectivelstabilzing layer (~0.2 ym)
YBCO (<1 um)

CeO, Bufer (~0.05 um)

Joint US-CERN-Japan-Russia

SS-Substrate (100 um), non-magnetic Accelerator School, 6-16 April 2011 17
High Temperature Super Conductors (HTSC)
2G HTS has Excellent Performance Over a Wide
Field and Temperature Range
I/l (77K, OT) vs. Field (perpendicular)
" 42K (Sample 1) —m— 14 K(Sample 1) —m—22 K (Sample 1) —m—33K(Sample 1)
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Critical current versus magnetic field for different orientation of tape
and for various temperature.
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SC coil design types for

multipole wigglers and undulators

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Peak Fields of Various ID Technologies
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SCU and IVU pole gaps: 9.0 mm
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B Comparison of the magnetic fields in the undulator midplane for an in-vacuum SmCo undulator and
a NbTi superconducting undulator versus the undulator period length at 9.0 mm pole gap.

B At 1.6 cm period length the fields are 0.34 Tesla (IVU) and 0.78 Tesla (SCU) — more than 2 times
higher than that of the IVU.

Nbz;Snwire may increase field by another 1.5 times

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Planar coils:

eHorizontal racetrack coils

*Vertical racetrack coils

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Comparison of horizontal and vertical racetrack coils

Horizontal racetrack Vertical racetrack

Short SC wire is required

Long SC wire is required

Large number of splices for large number of
poles.

Less number of splices.

Total SC wire length is minimal

Total SC wire length is 3-4 time more.

There is a possibility to make multi sections
coils

There is no possibility to make multi section
coils

The coils are stressed by bronze rods to
compensate magnetic pressure in coils.

There is no possibility to stress coils by
external compression

Minimal stored magnetic energy and
inductance

Stored energy and inductance is more by 3
times

The coils have good thermo contacts with iron
yoke after cooling down due to external
compression

The thermo contacts became worth after
cooling down. This is important disadvantage
for indirect cooling magnets

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Horizontal racetrack type (SC wigglers)

ke ) )
ﬂ Budker Institute of Nuclear Physics

meion o /!

Drawing and photo of racetrack
type poles (example of 2-sections
coil of 48 mm period 4.2T
wiggler

Magnet array of horizontal racetrack
type poles (example of 30 mm period
SC 2.1T wiggler)

Horizontal  racetrack  coils
assembly allows :

*to pre-stress al coils together
for compensation of magnetic
pressure

*to use 2 or more sections coils,
which gives a possibility to
obtain higher field for the same
SC wire.

Cold welding method of wires connection
gives resistance of the connection102-

. ) 10 Ohm
Joint US-CERN-Japan-Russia 23
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Vertical racetrack coils (SC undulators)
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42 pole undulator APS prototype, period -16 mm

Magnetic structure layout

Peak field vs. Coil current
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Vertical racetrack coils (SC undulators)

( ==J BABCOCK NOELL
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Under development in collaboration with ANK A

Period length, mm 15
Number of full periods- 100.5
Max field on axis with 8 mm magnetic gap, T 0.77
Max field in the coils, T 24
Minimum magnetic gap, mm 54
Operating magnetic gap, mm 8
Gap at beam injection, mm 16

K valueat 5 mmgap - >2
Design beam heat load, W 4

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

Cooling circuit A
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Vertical racetrack coils (SC undulators)
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Prototype undulator (Mock-up)
Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Vertical racetrack coils (SC undulators)

Jim Clarke
ASTeC, STFC Daresbury Laboratory

Trajectory straightness:  +/- 0.5 micron

Beam Tube (12 K) Magnet: [(1-8/ k)

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

0.5 mm Vacuum Gap

Magnetic length: 2m

Period : 15 mm

Field on axis: 14T

K 20

Beam stay clear: 5 mm (Vert.) x 50 mm (Horiz_)
rms phase error: < 3 degrees

27

Vertical racetrack coils (SC wigglers)
LBNL

S. Prestemon, D. Dietderich,
S. Marks, R. Schlueter

Joint regrion

Coil Geometry

TohTi lead (in~-. A ] =
_ 7, (] 48
e, [mm] 102
c, [mm] 54
NbTi coils | 5, um] =
I Average tum length [mm] 219
Latting . Turns/layer s
fixtore . § Pelos Number of layers 3
NbTilead (ouf) Conductor
——— Strand diameter [mm] 048
Number of strands i cable 6
Cable width (bare) [mm] LD
Cable height (bare) [mm] 0.90
Insulation thickness [mm] 0.065
Cu:sC 081
RRR 1
Cabling packing factor 72
i Overall SC fraction .24
Nb 3Sn coils J(59T,42K) [A/mm’] 6115

Anticipated performance (gap=10 mm)

B, [T 32
B [T) 59

I [A] 3200
E _(stored energy/period) [1] 2000

)
4
Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Helical coils (SC helical Undulators)

Daresbury and Rutherford
¢ Appleton Laboratories
Nb3Sn short prototypes will be

SCU Helical constructed from NbTi (0.86T @ 11.5mm) constructed soon (15T @ 11.5mm?)

Joint US-CERN-Japan-Russia

Accelerator School, 6-16 April 2011 29

Double helical coils
[ Field distribution on the conductors
Bw.lGuus§]
e i 5 JED
|
H o= Maximum fiekd and forces (Py,, ~32 MPa) I
on the straight part
Joint US-CERN-Japan-Russia 30

Accelerator School, 6-16 April 2011

19.04.2011

15



SC ID field calculations

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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1-section coils (example, SC wiggler)

Period, mm 30
Pole gap, mm 12.6
Pole number 119
Nominal field , T 2.1
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Magnetic field distribution at the inner radius of
thecoil along vertical coordinate (B, kGs; z, cm).
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NbTi/Curation

3

Wire parameters:
Wire diameter with/without insulation, mm

Number of filaments

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

Diameter of filament, micron
Critical currentat 7 Tesda, A

55 [ 65 T

Critical current curve of Used” superconducting Nb-Ti
and field-current critical points inside coil correspond
to magnetic field in median plane. Temperature
decreasing gives a possibility to increase field.

0.55/0.5
14

312

37

236

32
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Comparison of one and two sections coils

Critical current curve

8o \\ 32 ‘ ‘
|
75 TseToEST
\ ! WO Sections col
~ \\; loadline—
65( external section |
oo | TWO Sections cor
| loadline —
Onesectioncoil | . N "
550{ ’
loadline | N Ufﬂﬂ
20 U \
|
< 45 T Criticd curve |
B a0 1 I of SC wire
5§ . ! F\\ /
0 T \
- w )
T s
20 : ™\
15 ; Maximal field
10( ! / inside coils o
|
3 ; [ 1]
0 05 1 15 2 25 3 35 4 45 5 6 65 7 75 8

Magnetic field, Tesla
—0.5-230-7T4.2K

=t maximum fieldin coil

® ® o |oadline (one section coil)
e externdl section

e internal section

qumfm maimum fieldiin coil

Figure shows a comparison of one and
two section coils with identical layer
numbers in the coils. The one-section
coil reaches a critical current at 450A
and field of 4.5T at internal layer. The
two-section coil has different currents
in sections which simultaneously
reach critical values. The external
section reaches a current of 649A and
field of 3.2T at interna layer of the
section. The internal section reaches a
current of 380A and field of 5.2T at
internal layer of the section. Due to
splitting the coil into two sections with
equal layer numbers and feeding
section with different currents the
field value increases by 15 % (5.2T
and 4.5T) in comparison with an one-
section coil. Maxima field may be
increased by 30% in comparison with
one section coil with use of
independent current feedings of each
coil layer. This approach requires alot
of independent power supplies and it
istechnical complication. Two-section
coil is areasonable compromise.

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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2-sections coils (example, SC wiggler)

Period, mm 48 Wire parameters: .
Pole gap, mm 144 x
Pole number 49 Wire diameter with/without insulation, mm ~ 0.91/0.85 ey
. - NbTi/Cu ration 14
Nominal field, T 41 Number of filaments 312
Diameter of filament, micron 37
Critical current at 7 Tesla, A 700
a0
i X Load lines for 4-section
N ith feed
900 magnet with separate feeding
4.2Tinmedian plane
200 | 56,9970
et stomo-
00 e |
! mosata
4.1Tinmedian plane \ 4730000 |
s |
600 230000
* P |
oo i| s
500 ~a 4 :m | Coil e |
Wrst‘secuonl\ 000080
B A RN T R v R oo s
BT 4230000
. pryvs snannao
Critical current curve of used o :
. A ; swons
superconducting Nb-Ti wire (red line) wttasa i i
and field-current critical points inside | zsm ! ey
) AP s 0280 040 0780 150 1350 1100 180 100 £330 2800 1750 4000 B 02000460 6740 1600 128 100 1390 2000 2.8 2200 3240 4400
coil correspond to magnetic field in \ognetic field digribution a the

median plane

inner radius of the coil 1-st section
along vertical coordinate (B, kGs; z,
cm).

Two-sections coil gives up to 15% higher field for the same SC wire.

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

Magnetic field distribution at the inner
radius of the coil 2-nd section along
vertical coordinate (B, kGs; z, cm)

34
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Magnetic field distribution in high field wigglers (Example of 7.5 T SC wiggler)

The magnetic flux inside of a pole in multipole wigglers and undulators is closing through the neighbor poles. In
case of 2-dimensional field distribution (infinitely wide poles) the longitudinal field integral in median plane is
automatically equal to zero. It follows from Maxwell’s equations. At a high field in a wiggler iron cores are
completely saturated and represent permanent magnets which give to the field some small contribution. This
contribution may be increased with use some materials like Dy or Ho which are saturated at higher field. The
maximal field inside the coilsis on awire layer which is nearest to an iron pole and gpproximately on half of height
of the pole. Thisfact should be taken into account at field calculation asthis part of the wireis most close to acritical
curve on the diagram a field-current. External iron yoke is in use mainly as support system for poles and closes a
stray field.

Horizontal component of magnetic field distribution
Joint US-CERN-Japan-Russia 35
Accelerator School, 6-16 April 2011

Lorentz forcesin high field SC wigglers (Example of 7.5 T SC wiggler)

The forces acting on windings in horizontal direction, aspire to tear off the winding from the iron core. If thereis no
counteracting force a winding may move and as a result a heat will be extracted, temperature of a superconducting
wire will rise up and the wire may transit to normal state (quench). Usually in such situations the further quench
training of the magnet does not lead to field increasing. Presence of counteracting force may create a high pressure

inside of windings (several hundreds bar) at which epoxy starts to crack with heat extraction. This aso may be a
reason of aquench. But herethereis a hope, that quench training increase the field.

e

1

Loouet foroe corsrution, € comporent. NP |

Lorerdz force contrbuson, x eompenent 4/l

2o I\.J I‘ by | I‘

3

Il
LR

D

Horizontal component of Lorentz forces
== = = B actingonwindingsalong ahorizontal
o . . o line passing through middles of coils
istribution of horizontal component of Lorentz forces acting on windings

Joint US-CERN-Japan-Russia 36
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Lorentz forcesin high field SC wigglers (Example of 7.5 T SC wiggler)

)

Lorentz force, kG

Lorentz force, kG

— force acting on interna section
= force acting on interna section — force acting on external section
— forceacting on externd section — total Lorentz force acting on coil
— total Lorentz force acting on coil

B
Lorentz forces (vertical component ) acting A . . .
onwindingsin vertical direction Iﬂtegral forces acting on c9|l sections versus
o field level . A) wiggler with iron yoke. B)
e e - : i et b o 1 wiggler without iron yoke.

The forces acting on windings, lead to their
compression. Presence of iron yoke decrease
integral force acting on windings.

K —
B
Lorentz forces (vertical component ) acting on windingsin

vertical direction along avertical line passing through a coil
mid. A)- wiggler with iron yoke, B)- wiggler without iron

yoke Joint US-CERN-Japan-Russia 37
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Main parameters of multipole SC ID
Main parameters of a superconducting multipole 1D
are: e
| o period, . : ; ‘
Bo- magnetic field in median plane, Scm'zmwwm
g- pole gap.
These parameters are linked by means of the formula: y
B -pid _j
= To B
B, = g (j» Bpe 3
coshgp == d
g 15 5 | 8™ SONbTL¢ o period) |
Bp - parameter is defined by magnet design and used 2 SN o i)
superconducting materials. %
10 N L L 2_ sl B OiNTi=1 short period) i
0 - o
(s}
0.6 \ il | | | | | |
By /B, N 1 2 3 4 3 § 1 8 9
[EE
Field parameter, Bp
0.2 4
[ - o " e o Correlation of Bp parameter with magnetic field for
) wh i ' various SC wires

Ratio B,/B, versus 9/l,

Joint US-CERN-Japan-Russia
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Transition of superconductor to normal state.
(Quench)

Joint US-CERN-Japan-Russia

Accelerator School, 6-16 April 2011 39

Normal zone propagation

Quench istransition of amagnet in normal state occurs at occurrence in its winding of zones with normal resistance.
As the superconductor in a normal state possesses high specific electroresistance, at presence in the winding of the
magnet with high density current the superconductor in these zones is warmed up to the temperatures considerably
exceeding its critical temperature, and the sizes of normal zones are increasing with time. This irreversible process
leadsto transformation of all energy reserved in the magnet into heat.

The energy necessary for translation of a winding in a normal state is rather small owing to low thermal
capacities of materials at low temperatures: typica values of a thermal capacity at temperature of liquid helium
approximately in 1000 times less than at room temperature.
The reason of a quench in a winding can be jumps of magnetic flux at ramp field, movement of badly fixed
superconducting wire, epoxy crack, bad electric contact in a junction of wires, external heat in-leak.

12

- ,
j_, | = ?2<( Sc'z%)é

0 )
e I
J.—critical current

6o | —minimal propagation zone (MPZ)
p- specific electroresistance

Appearance of a normal zone under 0,, 6. — temperatures

action of local perturbation in a

superconductingwire with current

|
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Quench initiation

Reasons:

» mechanical movement of SC wire

« crack of epoxy resinin coil

« heating of coil due to eddy current

« heating of coil due to bad electrical junction
* magnetic flux jump

ImlTeo
Threshold density of energy of volumetric perturbations for quench
appearance in " atypical winding » at T=4.2K

Joint US-CERN-Japan-Russia
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Coil heating during quench
During propagation of normal zone inside magnet
winding there is a non-uniform non-stationary b
temperature distribution changing within the limits of Pl
from 4.2K up to some maximal temperature 6, in A
point the quench happened. T
s = 2
Thermal balance for normal zone: .
£
J2(t)r (@)dt =9C(q)dg Sl 7
‘s %
C- specific heat capacity, S s’ J
v —average winding density // i
iF s
¥ q
\ g2 = L@, - /
O Mdt =3t = &~ -da =U(a,) /
0 do r (q) /
0 " 11‘70 Z‘DO 320 ﬂl'ﬂ so0

Universal function U (6,,) depends only on physical
properties of the materials used in awinding, and allows
to define the maximal temperature on initial current
density in the winding and to characteristic time t4
attenuationsof the current.

Function U(0) for various conductorsand typical
magnet windings of small sizes.

1- copper RRR=150, 2-copper RRR=30, 3-
aluminium p,=5*10-11 Ohm*m, 4- winding (23 %
NbTi, 47%Cu, 30 % epoxy.

Joint US-CERN-Japan-Russia
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Normal zone propagation velocity

V=— T T
g: qs_qob g: qs_qob

Jaerk 67 JeeL 4 5" Lo =2.45* 108 W* Ohm/K2 — Lorentz constant
= =_"_ s <

k
s =LT  Wiedemann-Franz-Lorentz law

Useful relation between x and RRR for copper

aRRR O
Ko FS0T WiemK  (RRR=04 om0 )
1107
| .kx 8 m3
E
£ o
g 110 z oo
> g =
= 2
% g
E 110 = 8
.- I
|
|
110" ‘
20 40 60 80 100
Temperature K RRRoS0
A - RRRC1D
.1+ RRR 100 =
- - RRR=150
-~ RRR150 =
.= RRR 300 - RRR=31
RRR 500 RRR=500
Copper electrical resistivity Copper heat conduction

Joint US-CERN-Japan-Russia
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Quench detection and quench protection

Joint US-CERN-Japan-Russia a4
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Quench detection

The high potential develops inside of a winding where
exists resistive voltage component directed towards to
inductive. The small voltage difference between feeding
wires is caused by small internal resistance of power
supply which is usually automatically disconnected at
quench. But even if it will not occur, the voltage on the
power supply is only some volt in comparison with
hundreds and, probably, thousand volt in a normal
zone. Therefore the voltage of the power supply can be
neglected, but it should be disconnected quickly
whenever possible to not admit a long heating winding
inside a cryostat.
di(t)
t

Vo) =10 Re() + Lo >

|(t)xRQ(t)+Lx$=o

Lo
Vo0 =10 R, 22
L — total inductance of a magnet,
Lo- effective inductance of quenched magnet
part.
Resistance of normal zone Rg(t) and its effective
inductance Lo grow with time, and current I(t) is
damping. Voltage Vq in normal zone all over again
grows up to the maximal value, and then decreases.

Joint US-CERN-Japan-Russia
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Electric potential distributionin a
winding during quench

203 A.12 =203 A, B =21Tesla

NS

=]

Pole 41
il

Time dependence of taps voltage of
onesection quenched coil
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Quench detection

On bridge scheme the potentiometer is set in position at
which gauge D does not react to current change in a magnet
di/dT. It is supposed, that gauge D registers voltage
difference between top and bottom magnet sections caused

Bridge scheme of quench
detecting

winding.

The scheme of quench detecting by
means of a compensating winding

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011

by occurrence of a normal zonein awinding.

Compensating winding scheme is aregistrator of
transformer type in which the secondary winding is set on
oneof current leads and registersasignal di/dT in magnet
circuit. Thissignal amplifies, and then by the electronic
detector is subtracted from the voltage of certain part of the

46
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Quench protection

current source

Passive quench protection scheme

Cold S diods are used as passive quench
protection system in combination with dump
resistor R,. The cold Si diod is closed in both
directions for voltage less than several volts. At
higher volt the diod becomes normal diod.
This property of the diod gives a possibility to
ramp up and down field in a magnet without
current branch, but if quench happened the diod
opening and current flows through dump

Active quench protection scheme
I=lg¥t =1 g™
0 0

¥ LI _ 1,7,
~NJ2dT = 0 —l0le_y
91 MR 2R (@)

Active quench protection scheme a magnet with inductance
L, consists of external resistance Rg and switch S. During
magnet feeding or operating conditions switch Sis closed
and the current practically does not flow through resistance
Rg. As soon as quench detector will register the beginning of
quench, switch Sis disconnected and current flows through
resistance Rg. If Rg is big enough in comparison with the
resistance arising in the magnet the constant of time T, of

resistor. circuitsis defined by external resistance Rg.

Joint US-CERN-Japan-Russia
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Quench protection

Significant part of stored energy in a magnet may be extracted to
externa resistance as an element of magnet quench protection. It
alows to reduce losses of liquid helium on evaporation at a
quench and, besides to eliminate the usual danger connected with
occurrence is excessive a high pressure inside cryostat as a result
of boiling liquid helium. However reliability of such active
method of protection entirely depends on non-failure operation of
systems of registration and the breaker of a current. Therefore in
many cases preference give passive ways of protection without
application of any mechanical devices.

Joint US-CERN-Japan-Russia

—

The electric scheme of protection of
the partitioned superconducting
magnet with use of "cold" diodesand
external resistors

48
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Quenchtraining effect

4.35

43

‘A

Quench hystory data NN NSNS

Bath cryostat NN
——A—— Factory test | NN N N é {

4.25

4.2

NN\ —*—— Site acceptance test WAVUANANANANANBNANAN i

415

NIAUANANA VA NBNANBNENEN

4.1

NG INC IS IS IO S

4.05

B, Tesla
w
©
&

NENDNENANANANANANANAN A L/
NEANSAA YA ARV R N

NENCN N \ SASAUAUANANAN N
NENELEASASANANA A R NR R R A A/

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80
Quench number

Example of SC wiggler for DLS training effect

Joint US-CERN-Japan-Russia

Influence of SC ID field
on beam dynamics

Accelerator School, 6-16 April 2011

19.04.2011

25



[———

SC multipole wigglers and undulators represents sign-variable magnetic structure with many poles and with magnetic field defined
by critical curve of a SC wire. Generally these devices are symmetrical or asymmetrical relative amid point of magnetic structure.
Main requirement for field feature is equality of first and second field integrals to zero. To provide this requirement two power

supplies are used for feeding main and side coils.

ﬁl Gl
LT

End poles are using for compensation of field integrals.
Odd number of pole

Joint US-CERN-Japan-Russia

Field integrals along ID magnet

L2

1 1 L2 1 L2
P U N S NN o
o OP(9s= o (RIS o (B9

First field integral (angle deviation of beam orbit inside ID with Bp
beam rigidity). B,(s) — vertical component of ID magnetic field, s-
longitudinal coordinate, L> ID length.
If B,(-s)= -B,(s) —asymmetric system ¢=0
For symmetrical system B,(-s)= B,(s) to provide ¢=0 currentsin side
poles should be adjusted.
The second field integral (orbit distortion inside L-interval:

L2 st L2 L2
d= gdse 2 gent . a¥8L9 4oy S BL I 4o

-L2 -L2 B o Br 0 Br
258, (9)ds
If B,(-s)= -B,(s) asymmetric systemand =0, d =-2 ~—22>
istwice morethan the orbit distortion at the ID mid o Br
point.

For cases a) and 6) in the figure the integral is not zero but for
symmetrical case B,(-s)= B,(s) theintegral is zero.

For case B) for both cases the integral may be set to zero using two
power supplies.

Accelerator School, 6-16 April 2011 51
Firstfield integral Second field integral
) = (5i5B,(59 I
S)=— - N N
B O X(9 =5 (rist (yistB, (9
-L/2 -L/2
Orbit angle deviation
4 [oX
@ N M
;— 0 2 00
g \ s U d
-0.04 ! ¥
" ~0.06
400 600 800 1000 1200 1400 1600 1800 200 600 80 1000 1200 1400 1600 1800
Longitudina coordinate, mm Longitudina coordinate, mm
Angle orbit deviation inside 49-pole wiggler a - oyt distortion inside 49-pole wiggler at field setting 4.2
field setting 4.2 Tedla, E=3 GeV Tesla, E=3 GeV
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Orbit angle, mrad

Electron beam orbit phase space

Photon beam phase space reduced to the wiggler center

\
1)

/

N
N

NANNN\NNNN NV 412227

//
7
=
N
A\

[
T )

Photon beam angle, mrad

2 \‘;
. A \ NN
4 777777 7T T TR VYNNG
008 - 0.06 - 0.04 - 0.02 0 0.02 0.04 Y25 -2 .15 -1 -05 0 05 1 15 2 25
Electron beam orbit horizontal coordinate, mm Photon beam horizontal coordinate, mm
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xt+K, xx=0

Betatron motion ion:
2K, 2 =0 etatron motion equations

Local and integral focusing rigidity

B2 , 1218 1B

* (Br)? E% s xo

K= L&JE B0
Bre s xgo

Vertical and horizontal tune shifts versus magnetic field, E = 1.9 GeV

0.05
— vertical tune shifts
"= = horizental tune shifts|
i
Tune shifts ,/
0.02
0.01
1
|
0.00 = === =toro]
- 1 2 5 k.
Magnetic field, Tesla
Vertical and horizontal betatron tune shifts for
BESSY SC 7 T WLS versus magnetic field
s level.
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u)x,z —_ KX,ZLbX,Z a L2 9 Ba f ct b .
- B - . atron g-functions beatin
b,  2sn(m,)§ 12b, 7 g 0

Bt Wogohe

Machine funetions from the ealibrared model. b0 wiggler

s frons the salibrated model with wiggler

Bota Conr

The correction scheme used is based on reducing the vertical
beta function in the wiggler.

A separate power supply increases the strengths of the
adjacent vertical quadrupoles. The adjacent horizontal
quadrupoles are also fitted with extra power supplies in order
to compensate for the extra focusing in the vertical
quadrupoles

Sinee all of the changes so far have been increased focusing,
an adjustment of the global tunes must be made by reducing
the two quadrupole families.

These corrections were calculated using the calibrated model
and then applied to the ring while the wiggler was at full
current,

A nevr response matrix was measured and the measurment
shows that this is an efficient methad to correct machine
optics,

del with wiggler
E.Wallen

Effect of 3.5 Tesla SC wiggler installed on MAX-I1 ring,
Joint US-CERN-Japan-Russia
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Foelative voenyy apreal vecaus maguetic Gebd, E - 19 Gl

000094 : ]
oanss || |
_ Alhxo- X(9)B:(9) . naomm || I
D=, ds ax,by,0x areTwiss parameters :
L 0M00EE
B S Hrlatire
DI, = B(z)ds o
3
B (S)‘ 0080
Diz = ds
Br3 B
0.0007% B - " " o
aB3 (s)x ZKX Magae e Field, Tusla
Dl = kz :(h - x(s))ds ) .
h Br? Energy spread in BESSY storage ring versus

magneticfield level in SC7 T WLS.

Horizontal emittance versus magnetic field, E = 1.9 GeV

a2 v 49+ B XNy~ X69) b,y xtKs 108

L 7.00E-

6.90E-
6.80E-009
6.70E-009

6.60E-009
6.50E-009
6.40E-009
6.30E-009

g
Emitcance, m*rad

Energy spread change

-5 6.20E-009 " P
ﬂ lg D5 _ D Magnetic Field, Tesla
ex 1,D2-0g 12 19 Emittance change ) ) .
1919 Horizontal emittance BESSY storage ring
versus magnetic field level in SC 7 T
WLS.
Joint US-CERN-Japan-Russia
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Magnetic field measurements of an ID are usualy carrying out in Cartesian coordinates which will have
designations ¢, z, s, thus the axis s coincides with a longitudinal axis of an ID, ¢ and z are horizontal and
vertical directions correspondingly. Planesz = 0, ¢ = 0, s = 0 are corresponding planes of symmetry of WLS
magnetic systems; therefore, the basic members of magnetic field expansion into multipole components in
Cartesian coordinates, following K. Steffen (1965), may be written down in the forms:

2 29 bt 4 a4
—Z +..

c b¢
+—>(c4-6c222+z4)-—>«: Z +—z +

b o o at
B =a+—Xc -2)-—x
z 2 2 24 4 12 24

c b¢
B :b>cz-l~>(zc3- 230)-—&30 +...
¢ 6 6

bt o zZ= a® 3
B =abz+—xz(c™ - —)-—xz +..
S 2 3 6

Joint US-CERN-Japan-Russia 57
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The primes in formulas mean a derivative on longitudina coordinate s. We shall designate x,(s).x(s) as
coordinate and angle of beam orbit deviation to a ID axis accordingly. In displaced on coordinate %(S) and
rotated on angle xg(s) the basic field multipole components (field, gradient, and sextupole) may be expressed
as

b c
Bz—a+§xx§+zlx>g§+...

_ c b¢, c¢
G=bx, +6><>§- >g(a¢+§>§+ﬂ>g)+...
S=h+- - S ok 4RI

If magnetic system is homogeneous enough so that orbit deviation sy ismuch lessthan characteristic size
of field decrease, the formulasmay be simplified:

__b
Bz_a+5>9€

G=bx¢ - Xt
S=b- Dtkg+abf
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Magnetic field of multipole 1D with periodic magnetic field may be approximated by formulas:
B, =By cos(kes )oos(k.c Jcosh(k2)
B, =- % Bo coslkes )sin(kyc )sinh(k,z)
Z
B =- %Bos'n(kos )eos(kyc )sinh(k,z)

z
Where ky=2p/lo kx=2p/1yky=2p/1, 10lxl. arewiggler characteristics magnetic field periods in s,
¢, zdirectionsand 2 =2 +2 are following from Maxwell equations

Field, gradient, and sextupole components in approximation k,x,<<1 ,x§ <<1 may be expressed as:
1
B,(s) = B, cos(kgs )(1- Ekfo(S )*..)

G(s) = By(cos(kss )(- k2xy(s ) +...) +sin(kys )(x§(s )k, +..)
S(5) = By (oSS )(- K2 - KBS )2 +..) +in(kes )(- 2k %y (S ) XS ) +..))

BU
K,B

xg(s ) »

: sn( ks )

- B
Xo(s ) » kUZB[rJ coy kys )
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SC ID cryogenic systems
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Bath cryostat systems

The basic cryostat function is maintenance of SC wiggler magnets at temperature of liquid helium of 4.2 K. The
wiggler magnet is placed into a bath with liquid helium and al heat emission inside the magnet and heat in-leak
outside lead to liquid helium evaporation process. The cryostat consists of external vacuum housing, 60 K and 20 K
shield screens, liquid helium vessel with a SC multipole magnet inside, throat, vacuum chamber (beam duct) with
copper liner inside, upper flange, filling tube, two 2-stage coolers with stage temperature 4.2 K/50 K, and two 2-stage
cryocoolerswith stages temperature 20 K/50 K for shield screen cooling.

Photo of SC wiggler installed on CLS storage
ring.

Pattern of a cryostat cross section.
Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Bath cryostat systems (shield screens)

The inner liquid helium vessdl is
surrounded by two shield screens to
reduce the irradiation heat flux from
outside. The temperature on the
outside shield screen is about 60 K,
and on the inner one the temperature
isabout 20 K.

Shield screens are made of
copper by thickness of 3 mm. The
60K and 20K copper screens are
assembled to common block and
inserted into the cryostat housing
using specia fiber glass balls. The
60 K screen is attached to all of four
60 K stages of the coolers by heat
sinks. The 20 K stages of the both
bottom coolers are connected to
copper liner and to 20 K screen. The
4 K stages of top cryocoolers are
attached to HTSC current leads and
to liquid helium vessel. The external
60 K screen is covered by 30 layers
of cryogenic superinsulation.

Joint US-CERN-Japan-Russia
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Bath cryostat systems (L Hetank)

There is vacuum insulation
between the helium vessel and
external warm stainless steel vessel
to reduce the residual gas heat flux.
The helium vessel is suspended
with  four vertical and four
horizontal kevlar straps connected
to the external cryostat vessel.
These straps pass throughout the
both shield screens and attach to
bolts on the external housing walls
and are used for precise alignment
of thevertical magnet position.

Superconducting magnet is inserted
into the liquid helium tank which is
located inside of the shield screens
and fixed on four vertical and four
horizontal  Kevlar suspension
straps  aftached to the externa
housing. The helium vessel is a
316LN stainless steel barrel with
the wall thickness of 6 mm. The
axis of barel is oriented

horizontally.
Joint US-CERN-Japan-Russia 63
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Cryostat heat load budget
Main processes of heat load:
S U S e
-heat conduction Q= % dx g?( M g
X,OA(X)
-radiation Q=ex XAXT*
-image current of electron beam
First 60K shield | Second 20K shield LHevessel 4.2K,
screen, Watt screen, Watt Watt
Radiation 8 0.7 0.0001
Central throat bellows 5 0.9 0.03
Vacuum chamber bellows 8 0.7 0.02
Support system 05 0.01 0.01
Current leads heat conduction 70 0 05
Current leads Joule heat 60 0 0.2
Measuring wires 5 0.1 0.1
Liner 0 10 0.2
TOTAL 156.5 12.41 1.0601
Cooling machine capacity 210 25 3
1 W=1.4liter/hour of Lhe at 4.2K, or ~2.6kJ=1liter of LHe
Joint US-CERN-Japan-Russia 64
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Cryocoolers capacity (example)

SRDK 415D -W71D SRDK 4082 -W71D

Refrigeration Capacity R‘_efri geration Capacity

First Stage 35W/45W @ 50 K (50/60H2) First Stage 35W/40W @ 50K (50/60Hz2)
Second Stage 15W @ 4.2K Max. (50/60H2) Second Stage 5.4/6.3W @ 10K K Max. (50/60Hz)
Welgnt 185kS Weght T85kG

RDK415 Typical Load Map (60Hz)
(Flexiine: 20m)

2 Stage Terrperatire
o o
I

2nd Stage Temperature (K)

RDK-40852 Typical Load Map (60Hz)

18t Stage Temparaturs 1st Stage Temperature (K}

Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Beam vacuum chamber system

Insulating vacuum is separated from UH vacuum of a storage ring
and keep at vacuum level 10 — 107Torr by 300l/s ion pump

= r - (]! ((LCEEERTE
A [

‘t\\\? “\\\\\\ \\\\\\\\\‘

i .||m; =

Joint US-CERN-Japan-Russia
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Liquid helium vessel with vacuum chamber
fittings

Copper liner

LHe vessel

66
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Protection of liquid helium vessel from electron beam heating (copper liner)

Beam heating effect:

« synchrotron radiation from upstream bending magnet
« image currents

«wake fields

« electron clouds

ultem balls

Joint US-CERN-Japan-Russia 67
Accelerator School, 6-16 April 2011

Polegap and electron beam vertical aperture

As it was aready mentioned above, the formula for multipole 1Ds forms a bond of key wiggler parameters: field,
period, and pole gap. That strongly limits freedom of achoice. Low limit of beam vertical aperture of modern storage
ringsis about 67 mm by requirementsof beam dynamicsin storagerings.

In the bath cryostat design, it is supposed that inside of pole gap, a vacuum chamber and 20 K shield screen should
be installed. The vacuum chamber is a part of liquid helium vessel and has temperature of 4.2 K. Shield screen with
temperature 20 K (copper liner) absorbs heat which is raised by electron beam moving inside the copper liner (SR,

heating by image currents, etc.). Indirect cooling magnet

Direct cooling magnet with liquid helium (magnet Magnet in insulating vacuum
in bath cryostat) :E e

0,70 0,50 0,75

28/01/2010

Polegap =V aperture + 1.5 mm
Pole gap=V aperture+ 4 mm Joint US-CERN-Japan-Russia
Accelerator School, 6-16 April 2011
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Cryogenic System of indirect cooling of magnet

SC magnet He fill/vent turret

LHe vessel

LHe piping
20 K radiation shield
60 K radiation shield
Beam chamber

Beam chamber

thermal link to
cryocooler

Example of cryostat with indirect cooling of undulator magnet in APS

Joint US-CERN-Japan-Russia

Current feeding of SC ID
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Electrical connections

Two power supply units are used to feed the central and side coils. Such connection gives a possibility to
control the field integral to zero with required accuracy.

Circuit diagram of ALBA-CELLS 117+2 - pole wiggler o s

F-finish of section
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1 2= 2508 —
—

Central poles
Side poles Side poles Y.
brass [HTSC
© ® ® ® €] @ @ HTSC | brass
3 F s s F Fs |OO|s F|@B|F s s F g
u W

1

F s
vl 0T L e L T Byl H By prrren.
’7 11 11412 11412 11412 11412 12412 —‘ ” 1

1 1+12=430A

12
+
2K | 60K
300K
11412 12412 1 T
A A S Lamrmp | e \
s F

11412 11412 11412
S |10.8 | s

Ty 12
L
—

H

) s F F Fos s F
© ® ® ® @ @ @
|
e, 1 1= 1808
1 2= 2500
x
60K
300K ‘\
Joint US-CERN-Japan-Russia 7
Accelerator School, 6-16 April 2011

Normal conducting current leads

The primary goal of current leads design is minimizing heat in-leak into cryostat at set current in a magnet. This heat
in-leak hastwo components: oneis caused by current leads heat conductivity, and another — Joule heat. Thereforeitis

natural, that heat conductivity and current leads electroresistance should be minimal. However, according to law
Wiedemann—Franzlow these two metal propertiesare linked:

fomropo o (k) o 10 waoK-
o ol 3 \e o

This low is well enough correct for majority of metals and alloys. It means that the minimum heat in-leak into
cryostat depends not on current leads material but on their form and dimensions.

The equation for temperaturedistribution along not cooled by gas current leads with acurrent is as follows:

dé dgu, I°r(@) _
HEDA G A 0

Not cooled by gas current are used as the first step combined rcurrent leads from normally spending metal in a

rangeof temperatures 300K-70K. The second part of current leads consists of a warm superconductor in a
rangeof temperatures 70K-4K.

For optimal current lead calculated for current |, made of pure copper the heat in-leak due to heat conduction is

equal to W/1,=0.7*10 WI/A if there is no current, but for electro- technical copper the heat in-leak is
W/1,=0.4*10° W/A.

Than a current lead materia (i.e. the it has smaller heat conductivity) isless pure, it is more suitable for current
leads.
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Combined normal and high temperature SC conducting current leads

Feeding current is passing through current lead which consists of normal conducting brass current lead and high
temperature superconducting (HTSC) current lead. The current leads are grouped on two special current leads blocks
together with cryocoolers. The top ends brass current |leads are connected to power supplies at room temperature in an
atmosphere. The brass current leads feedthrough into insulating vacuum volume and their bottom ends have thermal
contact with first stage of cryocoolers for interception of heat in-leak at temperature 55-60K. In the point of heat
interception the brass current leads are connecting HTSC current leads. The junction is supervised by the temperature
probesas interlocks for HTSC current leads safety if the temperature of this current leads above 70K.
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SC ID magnetic measurements
systems
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Hall probes measurements
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Field integrals measurements with stretched wire method

Main purposes:

*  Tomakeatable of currents(main and correctors) to provide field ramping up and down without orbit
distortion

¢ Tominimizefield rampingtime

¢  Toedimatefield multipoleintegrals at any field level

A method of strained wire with a current was used for field measurements and coil currents matching. The
method is based on a very similar behavior of the wire with dc current in magnetic field and electrons moving
along this magnetic field.

The wire strained by aforce P was passed through the vacuum chamber of the wiggler. At the ends of the
wiggler, the two Wire Position Probes (WPP) were installed to measure displacements of the wire during the
experiment. The space resolution of WPPs is about 0.005 mm.

Parameters:
Current wire | = 24, L1=L2~2-3m
¥ 1~05-2A
Wire- brass 0.3 mm diam.
WPM accuracy — 3-5 mkm
Tension force - ~10 N
1-st Field integral accuracy - ~4*10°5T*m
2-nd field integral accuracy- ~ 104 T*m?

E]
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Motivation of the method

di;‘ _B(9 - beam orbit in magnetic field B(s), Br . peam rigidity
ds Br
ExJ xg+T XQ =158(s) " bending of stretched wire with current in magnetic field B(s)
ds ds

7 - Rigidity of stretched wire with current

First term of equation for wire may be neglected for thin wire
d?x _ 1 . . . . T

d—sf =?>43(S) The equations for beam and for wire are identical for Br =—
Beam orbit and wire bends are described by formulas (L-magnet field length)
if initial angle and coordinate are equal to O at +L/2:

s

L= Busydst XS _L(S)

angle deviation of beam orbit or wire at s-position

L2 ds Br
s st
12(8)= () ds¢ (B,(s9AsE (g = 1,(S  X-coordinate of beam orbit or wire at s-position
-L2 -L2 Br
T TR X
1 i 2 i
da=_828 =_€26  Angle and coordinate at L/2
Br Br
dxl | dx2 - a0 T _Taekd dx26
=+ g =1 f=da*—=—CG—+—=%
da 11z Total angle deviation first 132,3 5 ng 25
Lo . " a0 T_.T
dx=dx2- dx.  Orbitdistortion at condition da =0 lwon = Ize%:B:dwT =T(dx2- dx1)
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Scheme of measurements and data readout
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Results of measurements

1stintegral, Tesla'm

1stintegral, Tesla'm

Field ramping with zero field integrals using two power supplies
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Thanks for your attention
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