CBN 95-14
Observations on proposed CESR Phaselll Interaction Region Quads

G. Dugan

1. Basic requirements

The basic requirements are documented in the RFP1. The most fundamental
requirement isthat of the integrated field gradient. This comes, in principle, from the
optical requirements necessary to match the insertion into the CESR lattice, and to

achieve the required B* at the IP (B"y = 7 mm, B'h = 1 m). The requirements are 30 T for
the vertically focusing Q1, 24 T for the horizontally focusing Q2 and 3 T for the skew
quad(SQ). Trims are required also, vertical and horizontal, of strength 0.03 T-m each.
The quads are also to be rotated by 39, which introduces an additional skew quad field of
15T fromQland 1.2 T from Q2.

The available slot length for these devices determines the required gradients.
Assigned slot lengths? are 0.6 m for Q1 and Q2, 0.15 m for SQ and the trims. Assuming
(optimistically) a magnetic length equal to the slot length, this sets the required field
gradients at 50 T/m for Q1, 40 T/m for Q2, 20 T/m for SQ, and .2 T for thetrims. Itis
clear that the trims, needing only 2 kG fields, could just as easily be resistive magnets, if
slot length could be found for them outside the cryostat.

Thefinal principal requirement for the quadsistheir clear aperture. They must
have awarm bore, since beam-related radiation is sufficiently large to require extraction
at room temperature. The minimum inner diameter of the warm bore is set by beam stay-
clear requirements to be 110 mmin Q1 and 160 mm in SQ and Q2.

Theinner diameter of the coil is not specified in the RFP. The radial clearance
allowed for the warm bore is a significant design feature, since it drives the coil aperture.
In the CERN LEP quad design?, this radial clearance was 25 mm. They used 45 layers of
aluminized kapton superinsulation, which was apparently sufficient. In the LEP200
design!2, the radial clearance was 20 mm. The RFP discusses water cooling of the bore
tube. This may require more radial clearance. However, if we stick with 25 mm, it would
put the inner coil diameter at 160 mm for Q1 and 210 mm for Q2.

Tablel
CESR Interaction Region super conducting magnet parameters
Magnet | Multi- Integrated | Length Gradient |Boreid Cail id
polarity field /Field
Q1 Quad 30T 60 cm 50 T/m 110 mm 160 mm
Q2 Quad 24T 60 cm 40 T/m 160 mm 210 mm
SQ Skewquad |[3T 15cm 20 T/m 160 mm 210 mm
H,V Dipole .03T-m 15cm 2T 160 mm 210 mm

Auxiliary requirements and/or operating parameters specified in the RFP include
the following:
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(a). Field quality: the higher multipole fields are required to be <5x10-4 rel ative to
the quadrupole field at areference radius of 50 mm. This requirement ensures that the
field errors do not compromise the dynamic aperture of the machine. Persistent current
magnetization should be small (see section 5 below) so its time dependence should not be
an issue.

(b). Alignment requirements. The alignment requirements are specified at 0.2 mm
transverse, 0.5 mm longitudinal, and 0.2 mrad rotational. Presumably, the relative
positioning of Q1, Q2 and SQ within the cryostat will not be adjustable after fabrication.
Thus, in order to satisfy the requirements on the relative transverse and rotational
alignment, the vendor must assure this sort of accuracy by mechanical design (liable to be
costly), or he must measure the magnetic center and angle of each quad and place them
within the cryostat with this accuracy. In addition, he must establish external fiducials on
the cryostat, with the required precision, which can be used to reference the (cold)
magnetic center and rotation of the assembly during installation.

With regard to the alignment requirements themselves, an error of 0.2 mmin Q1
placement, for example, produces a dipole field integral of about 6x10-3T-m (from Q1).
Thisiswell within the range of the correction dipoles, and so should be OK. However, in
general the ultimate placement error of the quad magnetic center relative to the design
reference orbit involves a contribution not only from the fiducial-field center error, but
also from the error (which comes during installation) between the actual and design
location for the fiducial in the tunnel-survey reference system. It isthistotal error which
needs to be compared with the correction dipole strength. If the survey error was also 0.2
mm, then the overall error would be more like 0.34 mm, which is, however, still well
within the correction dipol€e's range.

The longitudinal alignment requirement (0.5 mm) seems unnecessarily restrictive.
Similarly, the stringent rotational alignment requirement appears very tight, in light of the
strong skew quad available for correction.

The interfaces between the magnets and support systems are:

(i) Mechanical: Overall cryostat slot length 185 cm; outer diameter of the cryostat:
40 cm for Q1, 46 cm for SQ and Q2. The inner end of cryostat should be as close as
possible to inner end of Q1. Mechanical interface details of the lead end of the cryostat,
including power leads, cryo lines, instrumentation, etc. to be specified later. The cryostat
itself must be non-magnetic, which rules out the (conventional) use of steel for the
vacuum vessel. Other possibilities include stainless and aluminum. The L EP quads? used
304L SSfor the vacuum vessel, and 304L and 314 L for the bore tubes; this material has
arelative permeability of lessthan 1.025, which may be adequate.

(ii) Electrical: No requirements are given, since presumably the electrical system
will be designed around the magnets. A preference for low current is suggested in the
RFP. No requirements are set for voltage-to-ground during quench, although alow value
for this quantity reduces insulation demands in the power bus and power supply .

(iii). Cryogenic: LHe at 4.6°K, 1.4 bar available, aswell asL N at 2 bar. The
refrigerator will presumably be able to satisfy the liquid mass flow and vapor (current
lead) requirements. The expected cryostat heat leak is20 W. There is no discussion of
transfer line requirements, if any, between cryostat and refrigerator.
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2. Smilar magnets which have been built

Table 2 list several similar large-aperture SC quads and their major design
features which have been built over the past 15 years. The examples which are closest in
aperture to the CESR quads are the FNAL quads and the LEP quads. In both cases, the
coils were wound with monolithic wire, rather than cable. The LEP quads used no iron
and had awarm bore, making them the closest anal og to the quads needed for CESR.

Table2
Existing lar ge-apertur e super conducting quadrupoles
Descriptor ISRIR | FNAL | TRISTAN| RHIC LEPIR | LEP 200
quads | beam line| IR quads IR quads | IR quads
quads guads
Reference 9 8 45,6 7 2,3 12
Date built 1980 1983 1989 1993 1989 1994
Cail ID (mm) 230 150 140 130 180 160
Super - Mono- | Mono- Cable Cable Mono- Mono-
conductor lithic | lithic MF lithic MF | lithic MF
MF wire wire wire wire
Bore Warm Coald Warm? Cold Warm Warm
Geometry | 2Blocks| 1 block 4 shell 1shell | 2Blocks | 2 Blocks
Iron Yes Yes No Yes No No
Turns/pole 290 275 27 184 200
L ength(m) 0.7 2.8 1.45 1.44 2 2
Operating 1.6 0.9 34 5 1.6 1.9
current (kA)
Operating 43 50 70 48 36 60
gradient(T/m)
Operating 4.3 4.5 4.6 4.3 4.3
temp (°K)
Operating 12% 22% 21% 57% 50% 23%
margin
Field quality | <4x103 | <4x103 | <5x104 | <5x104 | <3x103 | <2x103
(typical) @65mm [ @50mm | @40 mm [ @40 mm| @50 mm | @59 mm
Inductance 1.12 .058 23 .28
(H)
Cryostat OD 82 66 40 52 50
(cm)
Cryostat heat 3-4 11 13 20
leak @4K (w)
Cryostat 35
guench
pressure (bar)
Peak temp. 450K 2000K 100-
after quench 1500K
Quench 150v. 200v.
voltage
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The quads made with wire ran at much lower currents than the cable quads. This
is presumably because it was not possible to achieve alarge number of turns with the
cable. Lower currents are certainly much preferred from several points of view: for the
magnet, for the cryogenic system, and for the electrical system. Thiswould strongly favor
wire as the conductor.

3. Model designs

It is possible to sketch a crude estimate of a 2-D design for the Q1 and Q2 quads
using analytical formulae for fields in conductor-dominated magnets. The starting point is
the vector potential for an infinitesimal line current di (of infinite extent in the z-

direction), located at coordinates (a, ¢') in the x-y plane:

The vector potential at the field point P dueto the line current dl is
dA =dA k

dA,(r,9a@

E):F-:El, p=\r*+a’ - 2arCos(@- @)

): HOdI |n§'
21

The log can be expanded to separate variables.

w zlmr Cogn(p-¢@)] for r<a

_ Ho z 1lrad O
n— + Codn(op- for r>a
m@ S oD Codn(o- @I

For adistribution of line current density in the x-y plane J(a, @),

= J(a,¢')adadq ,

so the total vector potential from the current distribution is then

4 August 11, 1995 10:14 AM



PR dA,(r,¢,8,¢)
dl

AL(1,0) = [ada[ dg'd(a.¢)

For a simple quadrupole single-shell geometry,

ofor —@ <@ <@ and-@ <@ -T<@
Jag)= %—J for-¢1<<ﬁ-—<¢1 and - <P1<<ﬂ-?n ®
g)for r<a, and r>a,

MO

the vector potential becomes (see Appendix 1):

coi J 1
AT O =20 S R(12,8,) 00 (0.0)

2 m odd
in which the quantities R, (r,a,,8,)and ®_(@,@,) aregivenin Appendix 1.
Thefieldis given by

aAcoiI
B,(r,@ =—-——
o1 @) o

_Hody ¢ 1dR,(ra,8,)
an &ym dr
1aACOI|
B, (r,Q) ==
r oo

_ Mol « 1Ru(ra,8)de,(¢q)
AT (S M r d(p

@, (0.¢)
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For r<az, the quadrupole part of the field (m=1) is
B,(r, @) = —rM I niSianpposZ(p
n a
B,(r,p) = —rﬁlnisianplSinZ(p
n a
which corresponds to a constant gradient

g= Mh‘]&s n2(p1
n a
If NI isthe ampere turns/pole in the magnet, then the current density is given by

2Nl

R (.

and the gradient isrelated to NI by

g= AN IniSianp1

(a2 -2) g
The effect of an iron shell at r=Rg, centered at r=0, can be included as described in

appendix 2, for the case of iron with a homogeneous, isotropic permeability p. For r<
Re, the presence of the iron results in an additional contribution to the vector potential,

iron — UoJo “ B “0 1 iron
A (r, Q) = R, (r,a,a,)P. (¢
= T 2 am (A& Pn(6.6)

inwhich RI'™(r,a,,a,) is defined in Appendix 2.

Thetotal vector potential for pointsinside the cavity in theironisthen

AZ(Le) = AT (@) + A ()

The gradient at r<a; isincreased to
0 O
NI a, -y, (a-a) 0
2 2In—Sin2cp1%L+ 0 2
(@ -a) 0 u+uo4Rg|nazH
a

g:

The inductance per unit length of the magnet (L) can be calculated from these
equations using the expression for the energy stored in the magnetic field. The details are
in Appendix 3. Theresult is
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16u.N? Sin’[2 coi B iron
L L2 21, 2,) + H Mo 101 3, 2,))

T[(pf(ag_af)zmodd m U"‘Uo

with 1% (r,a,,a,) and 1" (r,a,,a,) defined in appendix 3.

We apply the above relations to the magnets listed in Table 2 (except for the
TRISTAN quads, for which the above model is a poor approximation to the 4-shell
geometry), and to example designs for the CESR Q1 and Q2 quads: the results are given
in table 3. The example designs for Q1 and Q2 use the same wire parameters asin the
case of the LEP quads, with the coil id aslisted in table 1, and the current required to give
the desired gradients. For the other cases, the currents are as specified in table 2, and the
gradients and fields are calculated from the above equations, assuming a uniform current
density and a shell angle of 30°. The reason for this choice of shell angleisgiveninthe
next section.

In table 3, the outer coil radiusis calculated from the number of turns and the wire
area; the current density and gradient are calculated from equations above. The peak field
occurs near r=az, and iscalculated from the field equations given above. The field in the
ironisthefield at r=Rg, a the same azimuth as that of the peak field (about 30°). In
generd, in the table, the numbersin italics are calculated, the others are inpui.

Table3
Model design parameters

Descriptor ISR LEP FNAL |[RHIC |LEP200 |CESR |CESR
quads [quads [quads |quads |quads Q1 Q2
Turngpole | 290 184 275 27 200 200 200
Wirearea 6.4 6.4 4.2 11.9 5.8 6.4 6.4
(mm?)
al (mm) 115 90 75 65 80 80 105
a2(mm) 143 112 100 74 104 106 126
Re(mm) 200 | ----- 153 N |- |- 175
| (amp) 1600 [ 1600 905 5000 1900 1700 1700
g(T/m) 43 38.2 48 50 60 52 40
J(amp/mm?2) | 250 250 215 420 327 265 265
B-peak(T) 5.9 4.2 4.1 3.95 5.7 4.9 5.05
B-iron (T) 2.56 1.45 24 | ---- 2.27
length(m) N4 2 2.8 1.44 2 .6 .6
L(H) 27 .26 .88 .006 .3 .09 114
W-stored 345 330 360 73 535 127 164
(kJ)

Figures 1 and 2 show contour plots of the magnitude of the fieldsvs. r and @in the
model CESR Q1 and Q2 designs.
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4. Field quality in the body

The conventional expansion of the magnetic field in terms of normalized harmonic
coefficientsby, and a,, is
-1

B,(.¢)=B ZETH (b,Cos(ng) +a,Sin(ng))

-1

B.(r,¢)=B Zgg (b,Sin(n) - a,Cos(n)

in which Bg isthe “reference field”: for an n-pole magnet, the peak value of the n-pole
field at the reference radius, ro. In terms of the previously-devel oped expressions for the
magnetic fields, we can get expressions for the field harmonics for r<a;. The details are
givenin Appendix 4. Theresult isO for by, n odd, and a,=0 for all n; for m=even, bym=0;
for m odd,

oﬁm2 H—H, Bar, Dzm Iﬁa
%D K+ Ho QRTE EVE %Sm 2me@,

H-Ho 30 Sin 2¢,
R4D

ﬂl.+
I

Choosing @1 such that @, = 2“ , for the smallest allowed harmonic mq, will suppress

0
that harmonic due to the Sin(2mgy) term in bom. All harmonics which are integer
multiples of mg are also suppressed. Thus, for mg =3 in the quadrupol e case, choosing

(0 :g suppresses m=3, 9, 15, etc. Thisleaves m=5 and m=7 as the lowest non-zero

harmonics. Of course, this al assumes perfect quadrupole symmetry is maintained:
otherwise odd-n b, even-m by, and skew terms a, will arise.

One simple measure of the sensitivity of the harmonics to symmetry violationsis

to let 1 deviate from 30 © and calculate the resulting bg, and big terms. In table 4, we
give, for the parameters for each quad listed in table 3, the calculated multipole
coefficients bpm, assuming the simple 300 shell geometry (which of course, no real
magnet has), and also the values of bg and byg if an error of 0.5 mm ismadeinthearc
length of the shell, causing it to deviate from 30°. The calculated errors are smaller than
those of an as-built magnet (shown in the last column), presumably due to minor design
differences, manufacturing errors, and end effects, which can easily dominate the
“theoretical” body field errors. Nevertheless, the calculation is useful in getting afeel for
the expected error scale and tolerances required. The strong dependence on coil radiusis
evident in the small numbers for the CESR Q2 magnet.

The field quality achieved, for example, for bg, for the LEP200 quads, was (on

average over 8 magnets) about 14x104 @ 59 mm2, In the model used for table 4, this
would correspond to an arc length error of about (14/21)*.5=.3 mm. If the CESR Q1 and
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Q2 guads were built to the same level of mechanical tolerance, the resulting bg terms
would be (14/21)* 10=7x10-4 @ 50 mm for Q1 and (14/21)* 3=2x104 @ 50 mm for Q2.

Thus, the specified requirements of 5x10-4 @ 50 mm for Q1 and Q2 require tolerances
roughly the same as that achieved for the LEP200 quads.

This argument, of course, assumes all the errors are in the body. Actually, end
field errors may dominate, in which case the situation for the shorter CESR quads will be
worse.

Table4
HarmonicsxlO4

Quadrupole ro(mm) | bg b1o b14 b1g bn
(6=0.5 (5=0.5 | (typical)
mm) mm)

| SR quads 65 -5 -7 3 -.001 <40

LEP quads 50 -6.7 -7 3 -.001 <30

CESR Q1 50 -10. -13.2 [.85 -.006

CESR Q2 50 -2.9 -2 .05 0.

FNAL quads |50 -12 -20 1.5 -.015 <40

RHIC quads |40 -14. -18 14 -.018 5

L EP200 quads | 59 -21. -57. 6.9 -.10 <20

5. Persistent current magneti zation.

Long-lived eddy currents are induced within the superconducting filaments
(called "persistent currents") as a superconducting coil is energized. These currents flow
in such away asto attempt to shield the interior of the superconducting filament from the
applied field. The persistent currents flow at the maximum current density which the
filament can support in the applied field at the operating temperature: this current density
iscalled the critical current density. At applied fields above afew tenths of a Teda, the
persistent currents entirely fill the filament volume, flowing down one side of the
filament and back the other side. This current pair constitutes a magnetic dipole. The
overall net magnetization (magnetic moment per unit volume) from a single filament can

be shown10 to be
4
M_=—J (B)sa
p 3_’_[ c( )

in which Jo(B) isthe critical current density, ais the radius of the filaments, and € isthe
fraction of the wire which is superconductor. In general, as discussed below, J(B) will
decrease with B.

The fields generated by these persistent currents will contribute to the field errors
discussed above. In general, the leading order field error due to the persistent currents
will be the first allowed harmonic (after that of the main field): that would be bg (the
duodecapole moment) in the case of a quadrupole. The genera scale of the relative errors
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generated by the persistent currents can be determined by calculating the ratio of the field
associated with the persistent current magnetization (LM p) to atypical peak field:

5 =20y B)ea
3mB

pc

inwhich B is, for example, the peak field. The effect can be suppressed by reducing the

filament radius a, although not without Iimitlo. In Table5, | calculate this quantity for the
different quads. The filament sizes and superconductor fraction (in the form of Cu:Sc
ratio) assumed are givenin table 5: for FNAL, | just used the same as that for LEP
guads. The dependence of the critical current density on B, and its value at areference B
and T, are taken as described in the next section.

Table5
Persistent Current Magnetization

Quadrupole | Filament Cu:sc | Je(Bpeak) Bpeak M 4

radius (um) |ratio | (A/mm?) (T) ?19) P | opcx10)
| SR quads 25 1.7 1038 59 .00513 [8.7
LEP quads 18 1.7 1452 4.2 .00516 [12.6
CESR Q1 18 1.7 1143 4.9 .00406 [8.3
CESR Q2 18 1.7 1110 5.1 .0039%5 | 7.7
FNAL quads |18 18 1328 4.2 .00455 [10.8
LEP 200 20 1.7 1230 5.7 .00486 |8.6
quads

This simple calculation probably overestimates the magnitude of the effect. The
scaleistypically that of the geometric errors. This problem is typically much worsein
magnets which must have alarge dynamic range in field, because at low fields J.(B)

increases, making dpc large: in this case the geometric multipoles are much smaller than
the persistent current multipoles. However, in the CESR quads, which are used only at
"full field", the problem should not be significant. 1t should be noted that the persistent
currents die away on time scales of hours, leading to very slowing-varying error fieldsin

. 10,12
an accelerator. There are also hysteresis effects .

6. Superconducting wire

The performance of the magnet is greatly dependent on the properties of the
superconducting wire. The standard choice is wire fabricated from filaments of
superconductor, embedded in a copper (or aluminum) matrix. The filament diameter
should be small to suppress the persistent current effects noted above. The copper matrix
isrequired for reasonable cryogenic stability. The ratio of copper to superconductor in the
wireisthe Cu:Scratio, typically around 1.5-2. The wire used for the LEP quads was
rectangular in cross section, 1.8 mm x 3.6 mm, with Cu:Sc of 1.7, and containg about

2000 36 pm diameter filaments.

The quadrupole coil could be wound directly from such wire (such as usually is
done for superconducting corrector magnets), or ssimilar wires (usually called "strands’ in

12 August 11, 1995 10:14 AM



this case) can be bundled in parallel to form cable. Cable has higher current-carrying
capacity and is favored in applications using long strings of magnets.

For the superconductor in the wire to remain in the superconducting state, the
current density carried by the superconductor must be below the "critical current density”
Je. Thecritical current density is afunction of temperature T, field applied to the wire B,
and the material propertiesintrinsic to the superconductor. Associated concepts are the
“critical field" B¢(T), which isthe field at which the critical current density vanishes; and
the "critical temperature” T¢(B), which is the temperature at which the critical current
density vanishes.

The dependence of the critical temperature on field , and vice-versa, for NbTi
superconductor is10

T.(B)=T.(0)1-B/B,(0))"
B,(T) =B, (0)1-[T/T(0)]")

with B in Tedaand T in °K. For standard NbTi aloy, B¢(0) =14.5T and T¢(0) = 9.2 K.
In terms of these, the dependenceof J; on T and B is
OT.(B)-T LIB(T)-B O

J(B) =T, 1B, (T) B,

J.(B,T)=J3.(By,Ty)

Thisrelation breaks down for B< 4T but is OK for high fields. Unlike the quantities B¢(0)
T¢(0), which are the same for all NbTi samples, the quantity Jc(Bg, T) isaproperty
dependent on the metallurgy of the specific wire sample in question.

Table 6 gives examples of these quantities for the quads listed above. Ty isthe
bath temperature of the coils. The wire parameters have been taken all to be that of the
LEP or LEP200 quads except for the RHIC case, in which the cable parameters were
used. Thelast column gives the critical current density at the peak field in the magnet.

Table6
Critical Temperatures, Fieldsand Current Densities

Quadr upole To Bo Jco Tp Bop: Tc(Bop) Bc(Tb) Jc(Bop,Tb)
oK | T |amm?| K Bp_?ak OK T A/mm?2

ISRquads | 42| 5 | 1300 | 4.3 5.9 6.7 10.5 1038
LEPquads | 42| 5 1300 4.3 4.2 7.5 10.5 1452
CESR Q1 421 5 | 1300 [ 4.6 49 7.2 10. 1143
CESR Q2 42 5 1300 4.6 51 7.1 10 1110
FNAL 42| 5 1300 4.6 4.2 7.5 10 1328
quads

RHIC 42156 2300 [ 4.6 3.9 7.6 10 2783
quads

LEP 200 43| 5 1400 4.3 5.7 6.8 10.5 1230
Quads
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The critical current for agiven wire (or cable) isjust the critical current density
times the area of superconductor. If the total wire areais A, and the copper-to-

superconductor ratio isp, then the fraction of superconductor is
1
= 5
and the critical current is
[.(B,T)=J.(B,T)eA.

As the operating current of amagnet is increased, the peak field B increases (along the
"load line"), according to
B=cl

where c isthe transfer function. As B increases, the critical current decreases with B
according the equations above. When the operating current exceeds the critical current,
the magnet quenches. This value of | quench is given by

J.(cl T, )eA=1

quench? quench

Using

1)-BT,)-B)

J.(B,T,)=J.(B,,
C( ) ( (Bc(Tb)_BOp)

which is approximately correct for B near Bop, we get

B.(T})
I uencl (T ): L
quencht " b c+ Bc(Tb)_Bop

J.(B,,,T,)EA

op?
The margin at some operating current lop is

Iquench(-l-b) - Iop
I

op

mar(T,) =

Another measure of the margin is the temperature difference AT between the bath
temperature and the temperature at which the margin is zero at the operating current.
Using

(Tc(Bop) B T)

J(B.,TY=J.(B ,Tb
BN =Bo T T 5 )7,
We get
IOp
AT=(Te(Be) Ty (BT

At TpathtAT, the current starts to flow in the copper as well as the superconductor, since
the latter has gone normal. Thus Tpgn+AT iscalled the "current-share” temperature.
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Larger values of AT are of course preferred, since this corresponds to less sensitivity to
sources of heat which can raise the local temperature enough to cause a quench.

These quantities are given in table 7 for the various quads.

Table7
Current and temperature margins

Quadrupole Tpath Bpeak |0p | C(Bop,Tb) |quench mar gln AT

OK T A A/mm2 A % oK
| SR quads 4.3 59 | 1600 2460 1887 18 0.8
LEPquads | 4.3 41 | 1600 3442 2365 | 47.8 1.7
CESR Q1 4.6 49 11700 2709 2097 23 1
CESR Q2 4.6 51 | 1700 2633 2062 | 21.3 0.9
FNAL 4.6 41 | 905 1992 1327 46 1.6
quads
RHIC 4.6 3.9 | 5000 11831 7690 | 53.8 1.7
quads
LEP 200 4.3 5.7 | 1900 2641 2182 15 0.7
quads

One of the consequences of the imposition of solenodial field will be areduction
in the quench current and the margin, since the operating field increases. However, except
at the ends of the solenoid and the quadrupole, the longitudinal solenoidal field is normal
to the radial and azimuthal quadrupole fields, so the operating field goesto

2 2
Bow — /Bop T B

Table 8 shows the change in margin and quench current for two cases.

Table 8
Effect of solenoid field on margin
Quadrupole Bsol Bop |0p IC(BOvab) |quench margin
T T A A A %
LEP quads | .6 4.2 1600 3419 2360 46.9
CESR Q1 15 51 1700 2577 2037 19.8

Not much change is seen. However, near the end of the solenoid, if significant radia
and/or azimuthual fields develop, the situation could change rapidly in the CESR Q1
case.

7. Quench parameters

Quenches in superconducting magnets are generally caused by local heating (due,
for example, to frictional heat caused by conductor motion, or beam loss) which causes a

local region of the superconductor to increase in temperature by more than the AT
calculated above. The local critical current density drops below the current density in the
wire, and aregion of the conductor goes normal. Because of “flux-flow resistivity”11, the
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superconductor will continue to carry its critical current density, with the excess current
going to the copper matrix.

Energy beginsto be dissipated by Joule heating both in the copper and the normal
NbTi. Inthe normal region, Joule heating per unit volume occurs at aratell

pe*3,[ 3y = (B, T))]
1-¢
in which Jop=lop/€A, and p is the resistivity of the copper in the wire matrix. Using the

expression above for the temperature dependence of the critical current density, this
becomes

G(T)=

[T-(T,+AT)]

G(T)=G,
[ To(By) ~(T, +AT)]

G _PeY,

¢ l-g

For T>T¢(Bop), G(T) remains constant at Ge.

Meanwhile, since the cail is still surrounded by LHe, some of the heat is
conducted away. Depending on the balance between heat production and heat transport,
the local region may shrink to zero (if the heat transport is sufficiently good) and the
whole coil becomes superconducting again; or, if the transport is not sufficient, the
normal zone will grow, generating more heat, and the whole magnet will eventually go
normal: thisis a quench.

If we assume that heat is transported from the wire to the LHe at arate per unit
area

R(T)=h(T-T,)

where h= heat transfer coefficient to LHe (in wattsm?/°K), then the balance between heat
transport from the wire and heat production (assuming | gp=I¢) is measured by the “ Stekly
parameter”:
GA
O=———
Ph(T.-T,)
in which P isthe cooled perimeter of the wire. For a >1, heat production exceeds cooling

and the normal zone spreads and the magnet quenches; for a<1, the normal zone shrinks
and no quench occurs. In the latter case, the magnet is said to be “cryostable”: it will
never quench under any circumstances. This condition israrely satisfied in
superconducting magnets used for accelerators.

Using typical valuesfor p (3x1010 Q—m) and h (1000 w/m2), Table 9 gives
valuesfor Gec and a for the magnets. As can be seen, none are cryostable.

Conduction of heat longitudinally along the wire has been neglected in the
previous discussion. When one considers this, one finds that, even in amagnet which is
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not globally cryostable, if asufficiently small region of the conductor goes normal, heat
conduction from this region to the rest of the wire can be sufficiently large to transport all
the heat generated in the small normal region away. In this case, the normal zone shrinks
and no quench occurs. The length of the “minimum propagating” zone in which heat

conduction just balances heat generation is givenl0 by

Imin:2T[ )\Z(TC_Tb)
VG

in which Azisthe heat conductivity along the wire( which is dominated by the heat
conductivity of the copper, since that of NbTi is severa orders of magntiudude smaller).

Az has been taken to be 260 W/m/OK. Normal zones smaller than Iminwill not propagate

longitudinally. Thus, local temperature rises greater than the temperture margin AT can
occur without causing a quench, provided they do so over lengths smaller than Imin.
Obvioudly, the larger Imin, the more stable the magnet--from this point of view, smaller

values of € (more copper in the matrix) is preferred. Table 9 gives calculated values of
Imin.

Table9
Cryostability parameters
Quadrupole [ Jop P (mm) Ge(mwatt | Imin (Mm)
(A/Imm?2) /mm3)
| SR quads 675 10.8 30 1.2 29
LEP quads 675 10.8 30 54 33
CESR Q1 717 10.8 34 7.6 28
CESR Q2 717 10.8 34 7.8 28
FNAL quads | 603 7 22 4.5 37
RHIC quads | 1176 735 82 4.4 19
L EP 200 quads| 884 8.9 51 13 23

Because the magnets will not be globally cryostable, the details of what happens
when the magnet quenches need to be considered.

During a quench, the stored energy in the magnetic field (1/2L12) is dissipated: if
no measures are taken to bypass the current around the magnet (i.e., there is no quench
protection), this energy will al go into the magnet. The local, instantaneous energy per
unit volume dissipated by Joule heating will result in arise in the temperature of the coil:

o(T)F(t)dt =C(T)dT
Heretistime, T istemperature, and C(T) isthe material’s specific heat per unit volume.

Integrating both sides gives

[P0t = f CF()R‘;'T =F(T)

Th
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The peak temperature which is reached by the coil, Tmax, depends on the time integral of
the square of the current density, as well as material properties of the coil. The time
integral depends on how rapidly the quench develops. The quench develops by heat
conduction down the wire and radially through the insulation. A rapidly developing
guench spreads the energy over alarge region of the coil and reduces Tmax.. The velocity

with which the quench propagatesis 10

—_ JOD

PA,,

Vor =—~
’ C\/TC—Tb

inwhich Az isthe longitudinal (radial) heat conductivity. Typically the radial
conductivity is much smaller than the longitudinal, because of the coil insulation.

Assuming simple forms for the dependence of F and p on temperature,

—

_e /T _, T
F(T)—Fl\/T and p(T)=p,

1 1

asimple model 10,11 of the quench development leads to the following result for the time
tg, which is characteristic of the duration of the quench:

.| _SOLF:A
@l 4nd p,v2v
opM1VrVz

in which L isthe inductance of the magnet. In this simple model, the quenching zone
does not encounter any boundaries (like the coil edges radialy, or the magnet ends

longitudinally). A better approximation, which includes the effects of coil boundaries!?,
reduces the quench time to

—_—
|

|2
t =4 ——t
° islStatb °
in which

and I=magnet length.

Then the peak temperature in the coil is

J4 t:2
Tmax = Tleo
Fl
In table 10, the longitudinal gquench velocity, quench time, and maximum temperature
have been calculated for each magnet. The fixed parameters used have been T1= 100°K,
p1=3x10-9Q-m, F1=2.1x1016A2-sec/m?, C=5200 Jm3/°K, A= 260 w/m/oK, A= .25
w/m/oK .
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Table 10
Quench parameters

Quadrupole [ vy (m/sec) th, (sec) Tmax(©K) Vmax(V)
ISR quads |85 75 492 700
LEP quads 1.4 .62 339 803
CESR O1 8.8 55 346 326
CESR Q2 8.9 .62 435 375
FNAL quads [6.8 g2 255 1328
RHIC quads | 13 23 381 152
LEP 200 quads| 11 42 450 1650

It is generally accepted that peak temperatures of up to 4009K are acceptable
during a quench, and pose no risk of damage to a magnet. Such a magnet thus needs no
scheme to bypass the current during a quench (quench protection) and is said to be “ self-
protecting”. The CESR quads appear to be on the edge of qualifying as self-protecting. If
they can be designed to be self-protecting, this significantly simplifies the electrical
system for the magnets.

Actual measurements of Tmax in the LEP quads? have given Tiax ~ 2000 K.

The quench time tg also sets the scale for the magnitude of the eddy current
forces induced in the beam tube during quench. The requirement of stability under this
load usually plays arolein the choice of beam tube thickness.

During a quench, as the field collapses, the magnet inductance is effectively
separated into two pieces by the normal zone.1! Inductive voltages opposing the current
change are induced across the magnet pieces, resulting in the peak voltage drop
appearing across the normal zone. The size of the voltage drop is related to the rapidity of
the quench, the magnet inductance and the operating current. The requirement on the
(turn-to-turn) breakdown voltage of the coil insulation is set by this voltage, so it is good

to minimize it. Under conservative assumptionsll, the maximum voltage drop is

_ 21,

max t

ytt,

Q

Values of Vmax are shown in table 10.

Measurements in the LEP quads of the voltage across each coil have given V max
of 100-150 v. Thisis substantially less than indicated above. Inthe CESR quads case,
voltages of no more than afew hundred volts should be expected.

8. Electrical system

The required currents for the CESR quads appear to be in the range of a2000 A
power supply. The voltage requirement on the supply is principally determined by the
voltage drop in the normal bus connections, plus the inductive voltage required during
current changes. For L< 0.2 H, atuning adjustment as specified in the RFP (3% Al in 10
sec) requires about 1.2 volts. The bus voltages drop would be, e.g., for 200 ft. of 6 200-
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MCM copper cablesin parallel, about 3 volts. Thus atotal voltage of 5 volts would
probably be sufficient (10 kW power supply).

Although voltages during a quench do not normally appear directly across the
magnet terminal's, the power supply's insulation to ground should be rated for these
voltages-up to 500 volts.

Current regulation requirements at low frequencies can be estimated from tune
modulation considerations. The tune shift dv due to a variation the focal length of a quad
apis

sv=Psl-B 3

ant f  A4rf |
For example, for the quad Q1, %:17 m™, B,=65 mso dv= 8.8%. To limit tune
modulation to dv < 104, it is sufficient to have dl/l = 107>

Even if no quench protection isrequired for the magnet, the power supply should
have the ability to be turned off automatically after a quench, in atime on the order of the
guench time, in order to limit additional heating of the magnet when it isin itsresistive
state.

9. Cryogenic system

The LEP quad cryostat refrigerator system provides, to some extent, a model for
what might be done in the CESR quads case.

The LEP quad cryostat was designed for a maximum internal pressure of 4 bar.
The shell was made from 304L stainless steel. No liquid nitrogen was used: the insul ation
of the cold mass was provided by superinsulation and a vapor-cooled heat shield. This
presumably simplified the internal plumbing. The cold mass was cooled by pool-boiling
LHeat 1 bar. The vapor was passed through the heat shield, used to cool the power leads
(2000 A leads), and collected at room temperature. The total heat leak for the cryostat
(2.5 mlong) was 13 watts, including the power leads. The helium inventory in the
cryostat was about 45 |. Quench relief was provided by a spring-loaded relief valve set at
3 bar; apparently, not much He was lost during a quench.

Thetotal consumption of LHe can be estimated from

v, =2
pLp

in which V| is the volume of He consumed per unit time by a heat leak Q Lpisthe

latent heat of vaporization, and p the density of liquid helium. For a20 W heat leak, this
gives about 30 I/hour of LHe.

A similar system could be used for the CESR quads if the vapor could be
recovered and reliquified. Also, use of pool boiling He at atmospheric pressure would
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reduce the operating temperature to 4.3°K, increasing the margin in Q1 from 23% to
29%.

10. Mechanical issues-forces

The electromagnetic force per unit volume on the current density within the
magnet is (neglecting end effects)

F, =JxB=J,B,¢-J,B,f
The force/length on an individual wire, of area A, carrying the current density Jo, is
F\(1,@) =F,A = JAB, (1, 0)0~ JAB, (1, ¢)f

Since B varies like Cos(m¢) and By varies like Sin(my), the azimuthal

component of the force is zero at ¢=0 and maximum at @=@,. Since B;<0, it isin the (-¢)
direction, and it tries to compress the coil package azimuthally, pulling it away from the

coil stop at @1. The radial component of the force isin the (+r) direction at r=a;, and the
(-r) direction at r=ap (since By changes sign across the radial extent of the coil). The

radial force compresses the coil package radially, and is strongest at ¢=0.

The azimuthal force pulling the coil package from the coil stop must be restrained
to prevent wire motion. Thisis done by preloading the coil package sufficiently to ensure
that it remains in compression throughout the operating range of the magnet. The precise
value of the compressive preload required depends in detail on the elastic modulus of the
coil package and its supports, as well as on the electromagnetic forces. However, a crude
estimate of the scale of the compressive stresses can be obtained by computing the
electromagnetic pressure on awire: this is approximately

r_F
p =~
w
inwhich w = % isarough measure of the width dimension of the wire (A=wire area,

P=wire perimeter).

Table 11 gives peak force/length and pressure for the various quads. Figures 3 and

4 show the azimuthal and radial force/length as afunction of r and ¢ for the CESR Q1
case
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Table 11
Electromagnetic For ces

Quadrupole Azimuthal Radial Azimuthal Radial
forcellength | force/length pressure(N/m | pressure
(N/mm) r=ag, | (N/mm)r=a;, [m2)r=ag, (N/mm?2) r=ag.
=1 ¢=0 o=Q1. ¢=0

| SR quads 8.5 1.2 35 3.0

LEP quads 6.0 4.8 2.5 2.0

CESR Q1 7.5 6.2 3.2 2.6

CESR Q2 7.7 6.3 3.2 2.6

FNAL quads 3.3 2.9 14 12

L EP 200 quads 9.7 79 3.7 3.0

The actual azimuthal prestress used, for example, in the LEP200 quads!?, was
about 35 N/mm? (350 bar).

Poor training behavior is usually due to coil motion, and this may be related to
insufficient preload, although thisis not always the case. Motion of the conductorsin the
ends, where support is more difficult, is sometimes a problem. Support of the coilsin the
ends is one of the more difficult mechanical problemsin the fabrication of magnets. This
problem will be exacerbated by the presence of an axial solenoid field. In the coil body,
since such afield is parallel to the current, it exerts no force on the coils (although, as
noted above, it will reduce the margin). In the ends, the current has azimuthal
components, and hence there are radial forces on the coils even if the solenoid field is
purely axial. Typical values of the force on one “coil package’ (1/4 of the quadrupole)
would be roughly

F,, =B,NI ag = lSTxZOOxl?OOAx.OSme =3.2x10°N

Thisforce, about 7000 Ib., isin theradia direction. It tries to bend the coil endsin
and out (alternately).

If the solenoid fields are non-axial, then there are also forces in the body
of the magnet: in addition, the margin may be further decreased. In the design of these
magnets, it will be important to include the effects of the actual solenoidal field, based on
the best information available, early in the design process.

11. Conclusion

The CESR quadrupoles can be very similar in design to existing magnets
(particularly the LEP quads). The use of hundreds of turns of wire, rather than tens of
turns of cable, seems preferred into order to keep the operating current in the 1500-2000
A range. Field quality requirements are stringent, but should be achievable, particularly
for Q2. Persistent current multipole effects should be small at the operating point.
Marginsin excess of 20% should be achievable, which should mitigate training issues.
The magnets will not be cryostable but may be self-protecting. The electrical system
requirements are relatively modest. About 30 I/hr of He will be required; He vapor
recovery would be very convenient. The use of pool-boiling He at atmospheric pressure
should be considered to increase the margin. Forces on the coils are not unusually large,
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but the presence of the solenoid field is a complication which needsto be included in the
initial design considerations.
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Appendices
Appendix 1: Vector potential for a single-shell quadrupole

We wish to evalute the integral

A(r.¢) =Iadafd(ﬁ3(a,(p)w

dl

in which Jand dA,/dl are given above in the text. The result will have the general form
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coi J -1
AT (1) =120 S R, (1,8,8,)9,(00)
n=1

inwhich

™,

o (00)= J’dcﬂCos[n(cp @)+ jdchOS[n(cp @)l

2 2

r[IOKP'COS[IH((P @)l - J’dCP’COS[n(CP ¢)]

“Pl

o EEinG- o)+ Explin(o- - 1) 0
=R
°J qurExp{m(cp @ -2 - Explin(o-¢/ - )0

and

for r<a1D
:

R, (r,a,a,) = [ada]
I EEBET for r>
s aza

—J’adaD ﬂ+'[ada[adj for g, <r<a,
The angular integral is

%1+Exp{—inn}—Exp{—inl[}—Exp{—in%Tﬁ)g
®,(¢.¢) = Rel o
%xp{mcp} [ Exp(-ing)

¢

OO

®,(@) = 2Sin n, R EXPLing} L+ (-1)")(1-1")]

@Sin ne,Cos ng , n:2,6,10,...H
e R 0
HD otherwise H

Equivalently, using n=2m,

(Dm((p,(pl):%Sin 2me@,Cos 2mg, m odd
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Theradial integral is

2 Oord™ ord™’O
For r<a R, (ra1<312)—2 Zm%m H;l% %

2 m+2 m2 ]
For r>a, R, (r.a,a,)= m+2%r ey Qrg H

For a, <r<a,

1 g, r O 0" m, "

Ry (1,3,8,) =17 = —
om+2 2-2m0 2-2mFaH " 2m+2Br B

These equations are not valid for r<ap and m=1: in this case, the results are

3

D+r In
rzg

For a,<r<a, R _(r,a,a,)= i%z

2

In

For r<a, R,(r.a,a,)=r %

In terms of these integrals, then,

coil :I-lo_‘Jo i
AT () =720 5 - R(12,8,)P,(0.0,)

2T[ m odd
Appendix 2: Effects dueto iron shell at r=Re

The effect of an iron shell at r=Rg, centered at r=0, can be included as follows, for
the case of iron with a homogeneous, isotropic permeability .

Let therebealinecurrent | at (a,¢'), located in acylindrical cavity of inner radius

Re, centered at r=0, in an infinite iron block of permeability p. Then the field inside the
cavity dueto theiron is equivaent to that produced by an image line current of
magnitude |I' located at (a',¢'), where

2 —
a':& and I’:&I.

a W+ U

For a quadrupole current distribution as described above within the cavity, the effect of
the iron inside the cavity is equivalent to a (non uniform) image current density

4
HJR

Jo(@) =
L+,
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2 2
extending from &, = % to a = % This current density results in an additional

contribution to the vector potential,

iron — Uo 0 I“l I"lo 1 iron
A Q H l q)m 1
(r,@= 21 L mZOddZ (r,a,a,)®.(¢.q)

in which
r2dr

% D2m+2 _ Eal D2m+2 0

R (88) = ez HIr0 TOr0

Thetotal vector potential for pointsinside the cavity in theironisthen
AZ(re) = AZ () + AZ"(r¢)

For asingle line current | within the cavity at (a,¢), the vector potential in the region in
theiron, r>Re, isthat dueto aline current I” in the cavity at (a,¢), where

Thereisaso animage line current at r=0, but when one considers the image current
distribution of a quadrupole current shell, which has net total current zero, the total image
current at r=0 sums to zero. Thus for r>Re, the vector potential isjust

oK
AT = AT (1)

0
Appendix 3: Inductance/length

The inductance per unit length of the magnet (L) can be calculated from these equations
using the expression for the energy stored in the magnetic field,

oo 21 r r 1
—IrdrId(pJ A= E |
with
_I-lo‘Jo 1 coil H—Hy Hiron
Az(r!(p)__ _(Rm (r1 ’ )+—Rm (r1 ’ ))(Dm((p! )
o 2o ()t o R (0220 On(00

and J as given above in the text, we have
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Uonaz coil p’ uo iron
W, = IZ 2m(R (ra,a,)+—°R"(r,a,a,))rdr

amodd +p‘0

Re quExp(Zi m@)[1+ Exp(-2mim) — Exp(-Tim) — Exp(-3mim)|

¢

4
—3in[2
—Sinf2mo]

Theangular integral is

M(l—(—l)m):M for m odd
m m

Theradia integral is

aj(2m-2-(2m+2)r* +4r
2(2m-2)(2m+2)

2m+2)
for m#1

| = IRC""(r a,,a,)rdr =

4 4 _
SACIRCR QR P,

a

4,2m+2 _ 432 m
17 = [RI(raa,)ror =200 2

(2m+2)? MR.H

e

inwhich r=2
&,
Then
_ZU Jz S|n [zm(pl] coil IJ- “ iron
W, = =950 I o
==y 07 raa)+ 21 (ha,a)
_2NI
Using Jo—mweget
8, N?I? Sin’[2m@,] ,; i T
W, = : (5 (ra,a,)+—211"(r,a,a,))
gl L TV
S0
— 16“0N2 Slnz[zm(pl] coil U_P-o iron
L, = (I (ra,a,) +=——=17"(r,a,3,))
| T[(pf(ag_af)zmodd m3 alaz |J-+|J-0 3132
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Appendix 4: Field harmonics

Using
— p'OJO 1dRm(r’a1’a2)
B,(r,g)=-100 § — Tl (g,
() =—ErL 5 S R, (06)
and
q’m((P,(p1)=%Sin 2m@,Cos 2ma,
and
0 om om am+2 _ o 2m+2](] D4mD
R (ralaz)=r2mE(a222 A~ )+“_“°[a2 . ]D%QED 0
my 0 2-2m H+H, 2m+2 0
0 0
=r?"g(m)
We get

2U4J r*"s(m)...
B , = - 0%0 SI 2 2
o(1,®) 2 n 2me,Cos 2me

m odd

Thereferencefield is

B, = —ZH—T"[‘]"rOs(l)Sin 20,
SO
Bo r2m—1s(rn)
rOS(].)SI n 2(p1 m odd m

Equating like coefficients of the harmonic functions, we conclude that b,=0 for n even,
and ap=0 for al n; otherwise, boy,=0 for m even, and for m odd,

B, (1,9 = Sin 2me@,Cos 2m@

Dr |jm—lB b _ Bo I,.2m—ls(n,.|)
H’ZE oM s)Sin 2¢,  m

_ pem-2 (M) Sin 2m@,
Mm% mg(l) Sin 2¢,

Sin 2mae,,

in which
0 om om am+2 _ o 2m+2 0] D4mD
o -a TR Gl i, N C
0 2-2m H+H, 2m+2 0
sm) _0 _ _ O
ms(1 _ 4 _ 4
) ménaz+H o ?1 g
a H+H, 4R, E
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Using a, =a,(1+ %), and keeping terms of first order in Aal/g only, gives

Ealz—zm + H—H, a12m+2 O

m U
M) _Q H+H, R
ms(l) m +H_HO£D
0 H+u,RiO
and so
m-2 m
TN e s
b _%D H+HOERe o HSin 2me,
2m _ 4 .
0 HtH RO
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