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JINTRODUCTION

'Recent developments in coil construction and NbTi superconductors

have resulted in magnets described by the following distinctive characteristics. }

1.

Reliable. Coils have consistently operated at the high short-sample
limit of the conductoi.. The coils are self-protecting and may be
safely transitioned while partiaily submersed in liquid helium.
Compact. Aver'age‘cur‘ren.t densities of 20, 000 to 55,000 A/cmzrr
were prodqced with fiél_ds, from 40 to 70 kG and bores up to 5 in. f

Economical. Below 80 kG, NbTi superconductors operating near .

the short sample limit offer significant savings when compared wit'h_'

E presently-available NbZr and Nb3Sn conductors,

Electrically insulated. Coils can be charged to full current within

t

1 min without training effects. There are no shunt currents and

the field corresponds directly with the charge current.

Improved performance below 2°K. Operation in helium II results

in an increase in the critical current and permits high charge rates.



6. Strv;)-nbg._‘ : ..The‘. '<:i‘uctvi.1e 'N‘bTi .co.pp'e_.l;:-:cslav,.d céﬁdﬁctéx; will Withstaﬁd o
: .._-large‘ HOOp stre‘sse‘s.. Fiberglass cloth mé.intaihs electrical insu-
lation b.etw.ee.n lasrez;é undef high compre ss;iv‘e»‘loads.'
7. Moderate currents. Reduces expense of the power supply and lead
losses. The cost of the present conductors compares fvavorably
vwithblarge conductors.

' COIL CONSTRUCTION

The superconductor selected for recent coils was Supercon Nb48%Ti .

: (T48'B). A copper jacket is drawn with the NbTi and results in a metallurgi- -

~cal bond between them, “The quality of this bond is probably responsible for e |

the substantial improvement in stability of this conductor compared with

Supercon's previous T48 and A25 materials which were copper electroplated;"_:.'ﬁ‘ - .

This particular NbTi alloy was chosen because of its high current capacity at - I

high magnetic fields that can be realized with a moderate addition of copper | . '

- cladding. Area ratios of copper to superconductor of 0.169,' 1.56, and 3.00
have been utilizéd.

The new fabrication process pe rrﬁité the addition of desired amounts
of copper Qithout the ﬁeed f;)r cabling. .

A porous coil construction was utilized fo I;e rmit helium gas and liquid ’_
to vpermeate the winding.  The héliurn se.rveé to bring the coil to temperature.
equilibrium and to provide a heat sink for losses encountered durin.g charging.'i- ,

Results of tests on partially submersed coils indicate that the helium .

gas is the primary heat sink at 4.2°K operation. This heat sink is



significant since helium gas at 4.2°K has 100 'tim‘e‘s‘ aé muéh heat capacity -
v_pér unit volume as copper. | | |

.Sin_ce the pe rfo-rmance does not depend on li-qﬁid nucleate boiling the:‘e_;
is no conce'rn. f_or vapor locking ana some exposure of the coil above the
liquid can be tolerated.

Turn-to-turn insulation was obtained by chemica;lly oxidizing the coppér '
cladding until.it turned blgck. ‘(1) This oxidé layer is approximately 0.0001
in. thick and has a thermal c'o'n>duc.tivity fnﬁch higher thaﬁ organic coatings. |
The oxide is semicohdu’cting at room tempverature and insulating at liquid- |
helium temperatures. This semiconducting property could protect the coil
from uncontrolled voltaées if the magnet current were ‘interrupted.

Layer-to-layer insﬁlation was provided by a tightly woven fiberglass
cloth 0. 004 in. thick_th‘a_t was given higher strength by being impregnated
" :, with thinned, clear varnish. The presence of this varnish in the cloth‘was.

 found not to have an adverse effect on the coil pe rformance.



' Table I. Performance of Nb48%Ti coils at 4. 2°K.

-f

" Coil de signation :

Ti-1 Ti-2 - Ti-3 Ti-4 Ti-5
.. pair . pair

- | ‘Wir.e size ID/OD |
R Winding 1D '
| . Winding oD
) Winding length
.Cvonductor length
Max field on axis
- Max current |
Shoz_-t sample current
Max :éurrent at 10K
" Packing factor
Av current density
- Hevat transfer req'd'
for stability at max
current and copper

.resistance ratio of
100

()
(in.)
(in.')-
(in.)

(ft)

L (xG)

(A)
(A)

_{A)

(%) |
(A/cm?)

(W/em?)

5.0

6.3

5.1

- 4,480

133
168
220

180

16

24,000

0.6

.015/.030 ._915/.. 030

1.5

4.5

4.5

5,430
67

117

- 115 - -

19

20, 000

37,000 -

1.8

3.8

0.70x2 0.88x2

3, 640

a5

68

68

27

0.9

.010/,016 .010/.016 .010/.013

1.5 0.44
3.5 1.2
e
3,480 - 513 e
55 'lfjfss o
70 f 5 Av74,';” ;
70 70
: >71 --
‘f-33,ooé‘ '“”55,060f  ‘}
‘0.9'_';:. o

2.3
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- Table II Performance of NbZS%Zrco118at 42°K

——

Coil desigﬁé;tion ' C | Zr-1 N Zr-2 Zr-3 o  Zr-4 ;'_'_;'--Zr_5

i Wire size ID/OD B '_(i_n-.:)_- - .v0'1'o_‘/.014v .oio/'.»o;%i ;610/.014 ,.010"/.013 .oio./._bi_zi
" Winding ID ) '(,in'.l). 2. T PR '2.16 S 2z . 22
-.:.""'-",.Windi;ng op - (in.) | 32 o 41 : 3 .0_ 0 'j 35
 Winding length (n.) 4.7 47 60100 |
" Conductor lengt‘h".‘-'ﬁ"‘f‘?_ _jllwﬂ(ft)_ 7,620 '_7-,'?_'13, 120 - 3 180 13,500
| Max fie.ld on ax1s (kG) 46 '_ 53 o 16 35
| : Max current (A) | 46 - 37 ' 50 38 e .
.  Short sample current Sa) o s0 31 75 62 60
11..'.‘Max c'u:rr‘ent at 1°K. ' (A) 35 | - " -- 32 o
 Packing factor s R R 3333 | 3_8
Av _t:\irrent dénsity (A/cmz) , 30, OOO_ . _24, 060_ 33, QOO' " 30, >00_6>
| Heaturamsterreqd (Wiemd) 0.7 0.5 . 08 0.6 o
. for stability at max . .. RN B T ' L
‘current and copper -

.. " resistance ratio of .
©oo 100 :
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'COIL PERFORMANCE

The performance v‘o‘f__several Nb48%‘]é‘i ;hd'NbZS%Zr coils. igv‘tabulaté-d in
| 'i‘ables I and II. All of these coils are being ﬁtilizéd e.ffectively in ph'ysic'al "
- research, are self:—prbtécting,- and operate with high current densities‘;
The NBTi coils are superior to the NbZr coils in tF:he:s‘e respects:

1. The currentvcapacity of the NBTi conductors‘for, short Asampvles aﬁd' -
completed coils is significantly higher.

2. - The Nb’Ti conductor is dramatically more stable. The limit 0£ ,
this material to provide intense current dénsities within the
present coil construction has yef to be determined. chﬁweverv,,it-
should be noted that it does perform unstably when coated wit};' :
organic insulation, as does NBZr. The‘ current capacity of thé. -
tabulated NbZr coils is limited by the stabilization provided va’-
the questionably-bonded copper electroplate.

CURRENT STABILIZATION

Present .analytical methods do not permit a determinétion» of the
- current capacity of these coils. However, the heat transfer rates required.

for transient stability have been calculated for the condition that all of the;

conductor current is momentarily carried by the copper cla)dding.‘ The heat ' eyt

produced is then absorbed by the gaseous and liquid helium within the winding, =

The present NbTi coils have operated well beyond reasonable limits = -
for this type of stability. Nevertheless this heat transfer requirement is

given strong consideration in the design of a new coil.
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- There: have been sufficient tests made with the NbTi and NbZr covils. o )

. under widely varying conditions to add insight to their behavior.

Thermal Environment

To produce an organic environment, coil Ti-1 was impregnated with

alcohol and run at 4.2°K, The transition current thereby degenerated from .-

168 ta 90A. This performance shows that gooa heat transfer to a heat sink"

is essential during the charging process,

i

Training

" . charged to much higher currents at both 4.2°K and 1°K without transitioning.

The coil had no training effects prior to being impregnated with the alcohol.
It was not driven to transition with the subsequent higher currents because
. of possible damage which might be caused by the thermally-insulated

environment,

. Charge Rate

The Ti-1 coil can be charged to its full current of 168 A in _30 sec

 with 6 V- and to 100 A in 3 sec with 36 V while at 4. 2°K.
When at '1°K, this coil was charged to 180 A in 7 sec with 24 V. Thus o

the 19K helium II is more effective in a‘bsorbing and dissipating the ch.arging'v :

losses.

" Helium II Operation Near 1°K

Three NbZr coils were tested in helium II. The _critical currents

After the alcohol-impregnated coil Ti- 1 quenchedvat 904, it céuld be »

et s i iy o



3

8-

correspoﬁdé.d t_oA stabiiity heat transfer ratés_ from 0 4 to 0.5 W/cmz. _ Iﬁ.
these cases it appéars that the coils tx_'a'nsit‘ion’ wheﬁ 'thé_’ v‘heat transfer. is
inadequate to dissipafe the heat re sulti;ng from all of the current beingv z
car‘fied fnom'entarily bvy the copper electroplate. It is a_ssgmed that thé | '
coils will be saturated with the superfluid helium. |

The operatioﬁ of NBTi coils Ti-1 and Ti-4 at .cu;'r_ents of 180 A Vand .
71 A respéctivély would requiré heat‘transfer rates of 0.7 apd'O.,9 W/_cmzj
to recover from all of the current flcswing in the copper- cladding.. It

appears that either the current does not shift completely to the copper clad-~

‘ding, or that the shift is so rapid that the heat is absorbed by the copper

.and a thin film of helium that wets its éui’face. ’

This performance indicates that there is a fundamental difference in ,'

- stability between the materials that may be explained by the superior bonding L

of the copper jacket to the NbTi,

. Electrical Shunting

Throughout the development of superconductingrmagnets,v exceptional.lk',

current capacity for all metal coils has been noted. The main disadvantage

-of these coils is that they are inconvenient to charge. In addition to pro- '

viding a desirable thermal environment, it appeared at the time th#t the -
ébility of these coils to shunt current was aidin.g their stability, Some of
the tabulatevd coils have no insiulation on the copper cladding other than
natural oxidation. With shunting limite,d to between the turns, the se coils _‘

can be charged to full current within 2 or '3 min.
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- Coil Tifl "was wound in two different Vwaysl'to"'test the effectiveness of

controlled turn-to-turn current shun‘ting.

On the first wind, thé coil was strongly shtllrntéd'tvurn»-to.-turn because
of the bare copper cladding and also becé.use of the pre sencé of overlapping
oxidized covpper wafer shorting strips, which werevplac'ed. ac;ross each layer,
The coil required 30 min to charge to 175 A,

On the second wind, the copper cladding was fully oxidized to provide -

‘complete electrical insulation. The resulting coil could be charged to its

. maximum current of 168 A in 30 sec. The small decrease in current is not

considered significant and might be explained by the coil. being turned
inside out during rewinding.
This coil performs as though it is short sample limited although the"

short sample current data for 40 kG is 220 A. It carried 175 A at 2°K and

180 A at 1°K in conformance with an expected increase in short sample

- current capacity at these lower temperatures.

The conclusion drawn from this experiment and similar ones is that

. interturn shunting is not an effective means of current stabilization. In

fact, the heat produced by current shunting will cause premature transitions L

'~ in thick windings unless they are charged very slowly.

' Coipp_er Forms and Interleaving

Hard copper has been the preferred material for coil forms, However,
there is no evidence that this shorted secondary stabilizes the coil. Brass

was u_sed for Ti-1 and stainless for Ti-2.
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Some copper 'inéez:leaving'.foilsv wéré'uséd-qn Ziﬁ;l akncn.i‘a 5 in. bore
cable magnet. They block circulation, réquire ‘space.,_' are a short hazard,.
‘increase win;iil.lg' time, and are of no app.are'nt Qalue in the present coils,
They m?;y, however, :assist in ovgrcoming the deficiencies of a coil withva'n

organic environment.

. Thickness of Fiberpglass Insulation

Normally one layer of 0.004 in. thick fiberglass cloth is adequate for - .. o
. interlayer insulation. Coil Ti-1 used 2 layers of cloth on the éecond wind

with no significant loss in performance.

Coil Size

| Larger coils require more cbpper for‘stabiiizatioﬁ. In designirig_

~ larger coils it is aséﬁmed that the copper cladding will be called ﬁpon to.r
cé.rry tﬁe design current momentarily. At present the c.tspper is sized for:
heat transfer rates between 0,2 and 0.4 W/cmz.

COIL PROTECTION

Moderate-size coils of this construction are completely self-protecting. o

The current decays as a result of the increasing resistance within the wiﬁ‘ding-,z;.,v_

' during a transition, provided the voltage output of thé power supply 1s -
limited. Protection of the coil depends on the curz;ent decaying. before the .,
‘\.;1vi.re is overheated at the transition origin, 'f-he storéd enérgy of the _coi1.vir Coe
is absorbed by the wire and the helium gas Within the windings. - |

By comparing the heat capacity of the winding with the rate of heat

being generated within the normal conductor from 10°K to 300°K, the
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following approximate expression for the maximum safe transition time
- was determined:

Tg = 0.5x 1012 A2/12,

[

where
Ts = maximum safe transition time (sec), .
A = area (cross section) of copper claddiﬁg (in. 2),
1 = transitidn current (A).

For coil Ti-1, A = 5.3 x 104 in.2, I = 168 A, and a safe transition
time of 1 sec was determined. .

The transition time constant can be estimated for this coil construction
by an empirica;l fit of an expression developed by Stekly(z) for the three-

- dimensional propagation of a normal region:

¢ = 5x 0% AL/
where |
t = transition time constant (sec),
A = area (cross sec;ion) of copper cladding'(in. 2),
L = ind\\mtance (H),
1 = transition current (A) .

- This expression was fitted to the largest coil Tiél,_ where .

2

A =53x10%in,% L = 1H, I = 168 A, and a transition time conSt"ant L

of 0.5 sec was measured. The resulting equation is in good agreement with
~the measured transition time constants of the other coils when their copper

forms are compared with the brass form of coil Ti-1. The time constants



L =12a

)

of the coils with cA:'o;;i).er'forms are approximately half of the value determined . -

by the above equati‘on.

Coil Form Material

High-conductiirity coil forms can absorb much of the stored coil

energy if the time constant L/R of the form is ldn_g compared with the trans- L

ition time constant of the coil. Had the form -fdr thé,T_i-l coil been made of - .

copper, the time constants would have been approximately equal.

Propagation of the Normal Region

" The most effective way in which these coils aré,protected is thata =

normal region will propagate very rapidly from the warm helium gas

expanding away from the transition origin, This rapid propagation results -

in the stored energy being distributed over a large fraction of the volume. ':_

Semiconducting Shunts

Coils significantly larger than Ti-1 will not be self-protecting' whenb_l'-‘_ IR

¢

operating at high current density. Semiconduc‘til"zg' shunts consisting of v

. oxidized copper wafel;s placed in cont#ct with the oxidized coppef-clad _

| conductors offer one means of protecting these coils. The. shunts will
detour an increasing fraéti_on of the current as the region warms up .and.the. |
semi-conducting property of the copper oxide is festored.-

When the turns are not fully insulated, secti;ovns of the coil away |

from the transition origin will be driven noi'mal by transformer action
during the rapid field decreése. By these mechanisms the stored 'énergy, _

can be dispersed throughout the coil.

»
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Extern'al‘du'mping' of the enérgy depends on eléyctrovnic circuitry and-

may require excessive voltages.

5 in. BORE, 40 kG CABLE COIL

One mégnet utilizing 6, 000 ft of Nb48%Ti c‘able aﬁd‘ 6, 006 ft of
Nb25%Zr c‘able. vwas constructed. (3) The ratio of copper electrbplate to B
superconductor was 0.%4. The coil was étroﬁgly shunted.turn-to-tﬁrn and
required 20 min to ;:harge. Although the shunting did not appear to i#crease
the current capacity, a transition could be averted by detecting a resistive - - :

voltage drop across the coil. The performance of this coil does not comparé:

well with the later Nb48%Ti coils that have more copper metallurgically

bonded to the superconductor.

At present, cables are being considered only for special applications -

_such as pulsed magnets.

CONCLUDING REMARKS

The present coil construction utilizes many of the principles of stable |

coil design and permits the attainment of current densities far in excess of = - S

the stable type design that depends on nucleate boiling heat transfer rates of -

apéroximately 0.4 W‘/cmz. If r;eCessary, the préseﬁt coilé can be opera-t't_ad_.":
in helium II where this he#t transfer can be reali.:zed for momentary sufgés
of current in the substrate,.

These coils can be just as safe and reliable as stable‘céils. .In larg'e
cgils .or critical applications the magnets need not be delil;eratelyfriansi-»

tioned, so that the detection of the onset of normality is not required.
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conducting Solenoid for Operation at 1°K, " paper presented at Stanford

14

‘The present construction has permitted economic_ai;d performance

advantages not otherwise available;
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CBB 675-2819

Fig. 1. Coil Ti-1. 5 in. bore, 33 kG, 24,000 A/cm?.
Winding will be increased from 6.3 to 8.0 in. OD.



CBB 676-3451

Fig. 2. Coil system. Coil Ti-4 on bottom.
Coil Zr-4 inside compensating winding.
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Fig. 3. 5 in. cable magnet.
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This report was prepared as an account of Goverqment
sponsored work. Neither the United States, nor the Com-=
mission, nor any person acting on behalf of the Commission:
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report, or that the use of any information, appa-
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B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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