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MOE Calculations for the SHMS Dipole Conductor

1. Introduction

Martin N Wilson

The minimum quench energy MQE is defined as that pulse of energy, applied instantaneously at a
point in a conductor, which is just enough to trigger a quench. For slightly smaller pulses, the
conductor will recover. So the MQE may be taken to give some indication of the stability of the
conductor against energy releases by motion etc in the magnet.

In my report SJ1 'Minimum Quench Energy of the SHMS Dipole Conductor, I calculated MQEs for
the original conductor specification. Here | repeat those calculations for the conductor with thinner
copper strip and look at two different hardnesses with RRR=50 and RRR=100.

2. Data

Table 1 lists the key parameters used, more detail in Appendix 1. The calculation assumes that the
disturbances hits just one conductor and that the conductor is cooled by conduction along its length
and by conduction through the insulation to neighbouring turns.

Table 1: Parameters used in the Calculation

stabilizer width

stabilizer thickness

channel width

mean channel thickness

fraction of solder

unit cell width

unit cell thickness

insulation thickness on broad face
insulation thickness on edge

18.7mm
3.12mm
12.34mm
1.194mm
0.033
19.8mm
3.68mm
2 x 0.28mm
1.06mm

fraction of Cu

fraction of NbTi

fraction of solder
fraction of G10
resistivity ratio of copper

peak field

starting temperature
critical temperature in peak field

0.706
0.063
0.033
0.198
100 or 50
5.44T
4.42K
7.11K

3. Results
Table 2 lists the calculated MQEs.

Table 2: MQE for Different Conductors

conductor MQE
original (report SJ1) 40mJ
rolled with RRR=100 28mJ
rolled with RRR=50 21mJ
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4. Conclusion

I know of no way of saying whether any given MQE is OK or not. The best we can do is compare
with other magnets whose performance is known. For a fair comparison on energy released by
conductor motion, we need to scale each MQE by the magnetic force (BAl) acting on that conductor.
Table 3 presents a few numbers.

Table 3: Calculated MQEs for Some Existing Magnets.

magnet JLD Grenoble MRI CLAS LHC

RRR=50 Hybrid magnet Torus dipole
peak field 5.45T 8.5T 6.09T 3.5T 8.4T
operating current 3419A 1330A 461A 3790A 11500A
MQE (mJ) 21mJ 1.735mJ 0.2515mJ 44.65mJ 1.5mJ
MQE scaled to JLD 21mJ 2.9mJ 1.7mJ 63mJ 0.29mJ
current and field (mJ)

While not as stable as the 'gold standard' CLAS Torus, it seems that the dipole conductor, even with
hardened copper, is substantially more stable than the rest. LHC dipoles have significant training
and need very careful attention to preventing conductor motion if they are to achieve their operating
fields — so their MQE is really too small. MRI magnets work pretty well, but with some training. In
general however solenoids have less training problems than dipoles because they can support the
electromagnetic forces without needing to react them against an external clamping structure. The
Grenoble Hybrid is still a painful memory, but the killer problem here was not training but a shorted
turn caused by conductor motion — so perhaps we should also learn something from that also.

In conclusion, my feeling is that, even with RRR=50, the MQE is probably high enough and that, for
avoiding training, it is more important to worry about conductor motion.
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Appendix 1: Details of the Calculation: showing a disturbance greater than MQE

JLab SHMS Dipole MQE revisited 3 May 12

Revised 12 May 10 because new Mathcad will not accept fractional exponents of variables with units. Make th
dimensionless before raising to exponent.

Use generation term with resigtive transition from MPZSING1 and NORMPROPG, egs from TIME1W1 Sl Units

2
d _ 9 [0 Heo).D 90 _ (o). 80, 9k(O) do Hee).D
cO- = (k(e) dxj+ G(0) + QY ~HE)—  C(8)— = k(O) o o G(8) + Qx.) ~ H(®) 1

d20  dk(o) (do
solve this one + '

do 2 p
cO)- = k(e).? N &) +6(0) + Q. ~H(O)-—

where A isoverall cross section, kisaveraged over A, C and G are per unit volume and H is per unit area

boundary at x large we hawe= _ do

conditions bath temperature 0=06 atx=0 have ax 0 forallt
1) Winding Data lop := 3419.4amp Bp:=5.45T 0y :=4.4K Uo =41 -10_7-henry-m_l
speclcat5T and 6T

- h Lt
legs = 12333A  logg := 9875A ) "
a T ItChI tcab

take Ic at 5.45T and 4.42K from = i
General Jc.xls

Ic := 10450A l

+ W, L

st

2) Conductor Geometry

same asquench input

gnore corner radii Lo

stabilizer width Wyt := 18.73mm stabilizer thickness tg := 3.118mm make quench prog ffit
channel width wp, := 0.486in= 12.344mm conductor area Acqn 1= Wyttt = 58.4-mm2

channel thickness t := 0.043in= 1.092mm tehg := 0.05%in= 1.295mm  top := 0.5:(tepy + o) = 1.194mm

wire dia  dy := 0.65mm number of wires N,y := 36 mat:= 1.6
cable size from Paul ) mean ~ (1.27Imm+ 1.0530mmn) channel )
Berindza email 3 DecWeab = 11.68MM  ypinpg feap = 2 =1162mM  thickness feh = leab

. . 2
wire T2 2 A channel occupied := Wep-teh = 14.344mm
area AW = NWZdW = 11.946-mm A’Cﬁb = m =0.88 by cable

. mat 2 . . 1 2
wire copper area Awcu = Aw = 7.351-mm wire NbTi area  Apt := Ay = 4.595mm

1+ mat at

solder area Agy := Ach— Ay = 2.398~mm2
interlayer insulation tj:=0.5mm  insulated conductor width wj, := 19.29mm
width unit cell wy := wijc + tj = 19.79mm thickness t, :=3.678mm unit cell areaA, := wyty = 72.788~mm2

insulation thickness tj:= 0.5-(tu —tst) = 0.28mm insulation area Aj:= Ay — Acon

stabilizer area Ast := Acon — Wehteh = 44.056~mm2 copper area Acy = Ast + Awcu = 51.407-mm2

over unir Agt Awcu Aso
Agt := — = 0.605 Aweu = =0.101 Acu i= Agt + Aweu = 0.706 Ago ;= — = 0.033
cell AU Au Au
Ant A Iop -2
Ant ;= — = 0.063 Aj:=— =0.198 check Acyu+Ant+Agp+Ai=1 Jop := —— = 58.551-A-mm
Ay Ay Acon
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2) Superconductor critical temperature from General Jc.xls,

Co = 21.77K Cpi=—0.278Ktesla & Cyp:=-0.015K-tesla > n:=0.032 Bey := 14.05tesla
Cs

[(Beo-) 7Y

2
Cs:=-13.60K 0c(B) :=Co+ C1-B+ CoB + 0¢(Bp) = 7.114K

3)C istivit t i st f Fickett.xl — —
) Copper resistivity magnetoresistance from copper magres Ficke XS 410 1o RRR.< 50
_ RT _ _
prr = 1.67810” Sohmm po = %q — 3.356x 10~ C.ohmm PoB = Po + MeBp = 5.536x 10~ "Cohmm

4) Thermal conductiv ity (over whole conductor section) k-p = Ly-0

- - Lo Lo
Ly :=2.4510 8~Watt-0th 2 ke(0) = k0 Ke = — Keon = Acy— Kcon(0) :=xcon 0
PcB PcB
Keon = 31.256m K 2watt 5
1><10 T T T T
5 Specific Heat NB make ? dimensionlessin polynomial fits 800- 7
a) NbTi Dresner p22 use Dresner Bc20 600~ .
Bego := 14-tesla  density &y = 6.2-103-kg.m’3 keon (0) 200- 1
. . 3 -3 -1 -1 o
NbTi above crit C=B-6"+y-0 Bntr :=2.3-10 "-joulekg K 200 e
I R ( —1)3 -1 et
Yntr := 0.145joulekg ~-K Cnr(6) := 8nt-| Brer-\6-K +ynr6-K 0 2 4 6 8 10
0
B ¥ ntr
NbT below  yns(B) :=vnyr-—— Bnts = B + 3- >
crit Bc2o _1
0c(0-teslgd -K
-1 3 -1
Cus (0.8) = 3 Brs (0K Y+ 7 s (B) 0. Cat(0,8) = (0 < 0c(B), Cris (0.B).C (0))
check Cp(6K,6T) = 1.217x 104m_3-K_1-jouIe
b) copper from copper.xls .
4x10 T T T T
You = 10.9-10_3-joulekg_l~K_l
Bey = 7.510” Yjoulekg” Lkt Cnt(6.0tesld o 1ot .
3 _3 Cnt(6,2-tesld
density 8¢y :=8.9610"-kgm -~ -
Cnt(6,6-tesld 4
( _1)3 _1 210"+ -
Ceu(0) = cu| Beu\0-K +Ycu0K Cni(6,9-teslg
Cou(6-K) = 2.038x 10°m K™ Ljoule Cot(0.11tesly
1x10°+ -
c) Solder from solder.xls
_ _ _ 0
Voo = 3.910 2joulekg LK1 0 10
0
Bso = 9.3810 joulekg K1
. 3 3 “1)° _1\07 4 -3 1.
density 8, := 10.49-10"-kg-m Cso(0) := 8o - [350~(6-K ) +y50-(e-K ) Ceo(8:K) =3.4x10 m ~-K ~joule
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d) Epoxy from epoxy spec ht.xls Johnson data density 8¢ := 1.2-103~kg-m_3
. -1 -1 . -1 -1
Me1:=2.302  Agq:=0.612joulekg K Nep:=2.17 Be1:=-0.62joulekg K
Me1 Ne1
Ce1(0) = se~[Ael.(e.K 1) + Bel.(e.K* 1) } Ce1(6-K) = 9.098x 103m73-K71‘jouIe
. -1 -1 . -1 -1
M2 :=1.047  Agp:=4.62joulekg K Ne2 := 0.052 Beo := —21.4joulekg K
Ceal®) 1= -[Ae (oY) s -(e-K‘l)nez} 4 -3 -1
e2lb) -= Oe M2 e2 Cen(10-K) = 3.283x 10°'m ~-K™ ~-joule
. 0e12:= 8K
Ce(6) := if(6 < Oe12,Ce1(6) ,Cea(6)) o
e) Unit cell take only half the epoxy to allow for heat diffuson  Ajq := 1{-0.5
3 -3, -1
Ceon(0) := xnt'cnt(esBp) + AeuCeu(0) + Aso*Cso (0) + Aig-Ce () Ccon(6K) =3.392x10°m K
4><104 T T T | l><lO4 — |
Ceu(®) 310t o 810 P ]
ent Ceu(®) an /"
C 0 : ) ! _.' ’/
Cx(9) g Coo(0) P /
Ccon(0) A 6107 : / N
210* P Ceon(6) A yd
?Qt€9,3.5.tesla) I Cni(0,3.5teslg) g /
- 4100 - -
Ce(®) Ce(6) 7
4l o o o
1x10 , //
A 2x10°F - -
0 .«--fM | | |
0
0 2 4 . 6 8 10 4 6 8 10
0
6) Generation using resistive transition model from RESTRAN3.mcd Jop = 58.551-A4mm_2
definep, G and Jt over whole conductor section, breakat Js
le 3 -2
define rho over metal area pgp := pcB.(Acon) — 6.289x 10 “Oohmm Jogp = An 2:274x10"-A-mm
1 u
n
Pecu Ant
Js = Jo(8) | ——— Jo == Jegp—— ~14
= %0 |:Po'(n+ 1)} 0 cBp Acon Rg.=10 = -ohmm n:=30 )
n
eC(Bp -0 . -2 Pem
3o1(0) := Jo-—) 3,(0) = |f(e < 0¢(Bp) . 3o1(6),0.1-ampm ) 3(0) := 3o(0){ ————
(ec(Bp) - eo) Po-(n+1)
n n
2 J 2 Jop
above J.s belowJs Gl=V-Ji=Jop -po| — G1(8) := Jop -Po’| ——=
Jo Jo(6)
n+1
—_ n+1
p n n
ecu
G2 =}V = Jopdopo| ———— + Jop-(Jt—Js)- Pem
! opo'Po |:p0-(n+ 1):| o ( ! s) Pecu G2(0) :=Jop-Jo(0)-po| ——— + Jop'(Jop - Js(e))'Pem
Po-(n+1)
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AVUVE U.D UTIUW Ud VUl = Vet = Jop ‘Po’| T VL) = Yop Po| T4
L% ) %))

nLl n+1
Pecu n
G2 =}V = Jopdopo| —— + Jop-lJdt—Js)- Pem
T T Soprtorpo { po-(n+ 1)} oo (= %5) Pei - G2(0) i i do0) p] —m |+ D (Jop - 50)) e
po-(n+1)
Global G function Gy(6) := if(Jop < J5(6),G1(6),G2(6)) G(6) = if(6 < 6¢(Byp).Gt(0).Ge(6c(Bp)))
linear G for comparison
lop
Ge 1= Jop’Pem Ge = 2.156x 10°m watt 0 := 0c(Bp) - (0c(Bp) - e°)'JC3p-Am O = 6.233K
. 0 - 0g .
R(O) :=ifl 6 < 04,0, Rf(6) := if(0 < 0c(Bp) .RKO).1) GL(0) := G¢-Rf(0)
0c(Bp) - 0g
7) Heat Transfer through insulation 510°
nj
n:=043 Bj:= 0.0425wattm K ki(0) := Bi-(e-K_ 1) Ix10°k -
Ki(4-K) = 0.077K ™ Lwattm K(10K) = 0.114wattm ~K © o) 310 :
d 0 GL(6) 05
dQ' = k(0)-A-L0 Qx=A| k@do e 2107 7
dx 0o
10 -
0 :
A B :
Q'x= A~J Bo"de Q=2 (o™ oY ol
0, X n+1 6.2
0
1 B _q)" )"
hi(0) = —'_'|:(9'K ) '6*(60'K ) 0o 0.15 T T T T
X ni+1
per unit length let heat transfer = Hi o
insulation wrap thickness tj = 0.28mm 0.1r //""/ _
inter-pancake insulation thicknesst, := 0.5mm ki(0) ,
ground plane insulation thicknesstj, := 0.5mm 0.05- .
interturn conduction thicknessx;; := 2.4
| | | |
interturn perimeter Pi1 := 2-wg = 37.46mm Co 2 4 6 8 10
inter-pancake conduction thickness xj := 2.tj+ tj, = 1.06:-mm 0
inter-pancake perimeter Pip := 2t = 6.236-mm
conduction thickness to ground x3 := tj + tig = 0.78mm
perimeter to ground Pig := tst + wgt = 21.848mm
cooling per unit length
P\ B [ _q\" _q\" } )
Hi(0) = = | {lo-K 0 —(0gK )
i(6) (ijml (oY) 0~ (00~ "o
| ]
Pi P\ B _q\" _q\"
Hip(0) = | — + —= | — -[(O-K 1000k Y -90]
Xt X2 ) mi+1
. . . — — | -
avoid negative cooling  Hi(0) := ifl0 < 05,10 Jwattm -, Hip(0)) POLValUe  y(6-K) = 9.928m “watt
(0+6o) Pir  Pi
rough check Hie(6) = ki[ 2 }.(e - 60){X_i1 e Hia(6K) = 9.937m ™ watt
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spot value check

dt:=70-10" Csec

] + G(unxm,m) + Q(nxmdx, nt-dt) — Hi(unxm,n

on

T : T T
Ge-Acon = 125.913m “watt 100~ B
G(7.32K)-Agon = 125.913m “wat Hi(0)
G(6)-Acon 50
Hi(7.32K) = 19.151m Lwatt
Ocryo:=7.32
0 o Il
8 10 12
0
9 Parameters for solution define X interval dx :=5-mm time interval
cf MPZ
/ 0¢(Bp) + 6, 2-Keon(0sn)(0c(By) — 0 d
radius g, = 0c(B5) + 0 Xg 1= conl ) {0c(Bo) = 0] Xg = 13.061mm X 0383
Ge Xg
for stability ~ Keon(®0) o -
James p661 K= c(o) (9 ) A= K= A =0.254 for stability should be < 0.5
con 0 dX
Initiating h | o
nitiating heat pulse, . . 4 . -3
energy / unitvolume 0= 74K AH = L} Ccon(0) dO AH = 1.013x 10 joulem
’ (x
time of pulse = 7j = 400-10” °sec Xj = 20-mm A0 = AH X
i) =—
10-xj
total heat Qit := 2'ACon'Ti'JO Qi(x) dx Qit = 2.1x 10_2.jou|e Q(x. 1) := if(t < 1, Qi(x),0)
ntm:=5000  nxm:=100  solvin do d%0  dk(0) (do)? p
= = g C(0)-— = k(0)-—— + =2 L 22| 4 G(8) + Q(x.1) — H(B)—
dt d 2 de dx A
X
Us(nx,nf) := | for nxe1..nxm
Unx, 1< 0o
for ntel..ntm
dt U2 nt— Ui, nt 1
Ul nt+l < U1, nt+ 1 keonlu1,nt) | ———=—— | + G(u1,nt) + Q(dx,nt-dt) — Hi(u1, nt) ——
Ct:oniul,n'() |: ( ) ( dx2 ] ( ) I( ) Acon
dt Unxm-1, nt— Unxm, nt
Unxm, nt+1 <= Unxm, nt+ - kcon(“nxm,nt)' —_——
Ccon( Unxm, nt) dX2
for nxe2..(nxm-1)
dt Unx+1, nt— 2-Unx, nt+ Unx-1, nt
Unx, nt+1 <= Unx,nt+ —F— kcon(Unx,nt)' 2
Ccon(Unx,nt) dx
2
Unx+1,nt— Unx-1,nt 1
+ | ——"""| +Gluy, + Q(nx-dx, nt-dt) — Hi( u .
Kcon( 7dx ) ( nx,nt) Q( ) |( nx,nt) A
u
6 := us(nxmntm) nx:=1..nxm nt:=1..ntm U:= us(nxr'r1ntr'r)~K71
~1 -1 -1 -
parg := dx-m pary := nxm parp := dt-sec parz := ntm parg := 0;-K pars := X;-m
-1 . -1
parg := tj-Sec par7 := Qjt-joule
-3 —5 3
dx=5x10 "m nxm= 100 dx-nxm= 0.5m dt=7x10 s ntm=5x 10" dt:ntm= 0.35s
0; = 7.4K Xi=20mm  tj=4x 107 % Qjt = 2.10x 10_2<j0ule g = 6.233K
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20 T T T T
enx,4
Onx, 10
.20
enx,50 15
-9;1x-,1oo
Unx, 200
Unx,500
Unc 1000 |
-U-n>-<,2000
Unx, 3000
Unx, 4000
Unx, 5000
0 | | | |
0 0.1 0.2 0.3 0.4
nx-dx
5.dt = 3.5x 10 s
20 ' ' ' 10-dt = 7x 10 *s
20-dt = 1.4x 10 s
50.dt = 3.5x 10 s
15 -3
100-dt=7x10 s
200-dt = 0.014s
U2.nt 10 300-dt = 0.021s
500-dt = 0.035s
1000-dt = 0.07s
51 - 2000-dt = 0.14s
3000-dt = 0.21s
0 | | |
0 0.1 0.2 0.3
nt-dt
WRITEPRN'parCLAS7a5.prn)' := par WRITEPRN'tempCLAS785.pry":= U
0g = 6.233K U3,2000= 14.092 U3, 2500= 14.677 U3,3000= 15.138
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