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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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ABSTRACT

A high maghetic field magnetization technique has been devised which

allows rapid measurement of superconducting to normal transition fields

* o o .
(Hc2 ) for bulk high-field superconductors in pulsed magnetic fields up

, : v * v
to 200 kilogauss. Values -of HC so obtained are in good agreement with

2

those obtained by resistive techniques. A complete magnetization curve

is obtained in the same time that one point could be détermined for a
resistive critical current density vs field curve. The significance of

such a dynamic magnetization curve is discussed.



i. INTRODUCTION

It is de31rable in superconduct1v1ty research to characterlze materials

”i"belng studled as well as poss1ble To do. so requires the measurement of .

“v‘;icrltlcal temperature and of criticalvfleld'(preferably as a function of
‘"‘V-f:temperatnre). ‘The latter poses’a spec1al problem ‘when hlgb-fleld super-'
conductors are belng 1nvestlgated Conventloral -solenoids capable of hlgh
:ﬂmagnetic field.intensities are not commonly available, and those that-are ;l.
b,'lavallable often do not generate the thh magnetlc flelds neéessary. to study'
.':all materlals. Superconductlng solenomds may prov1de a partlal answer to
: J.b,thls problem, but they too have llmlted magnetlc fleld 1ntens1t1es.' A |
;;useful apparatus must not destroy itself or the spec1men.’ Pulsed-fleld“'w
.“Fbttechnlques have been dev1sed that can be used to measure crltlcal current

br?dens1ty (J ) as a functlon of field and reslstlve crltlcal field (H )

'”i{fIf the magnetlc fleld rlse tlme is long enough the Pulsed'fleld values Of

"”{ﬁ:H agree well w1th the Steady_fleld values of H " although electrlcal
wﬁii noise" llmlts the sens1t1v1ty to whlch the onset Hf can be measured for
syrthe former In elther steady or pulsed flelds aJ, Vs H curve must be takenv-'
tf?fp01nt by polnt w1th sufflClent tlme in between p01nts to allow the spec1men'

"7:1fﬂor the pulsed—fleld c01l to return to thermal equllibrlum with its surround-“

tlngs Furthermore, res1st1ve technlques requlre good‘current contacts and
istable voltage contacts Magnetlzatlon measurements eliminate the. short-
‘ﬁ”eﬂtfcomrngs of res1st1ve measurements | Experlmental 1nformatlon obtalned from -
;7€tmagnet1zatlon as’ a functlon of applled fleld is essentlally equlvalent to
T.that obtalned from re51st1ve technlques.2
For. 1deal Type IT superconductors a completely‘revers1ble magnetlza-' )

. tion curve is expected (Fig. l) : If the demagnetlzlng coefflclent is

zZero (1.e,,_the specimen is a long cylinder parallel to the applied field), o



2.

the bulk specimen remains completely Giamsgnetic until the lower critical

field, Hcl’ is reached and flux penetration begins. Increasing penetration

occurs until the magnetization becomes zero at the upper criti
the point of transition to normal behavior. Actually, for high-field super-

;

*
conductors, the transition occurs at Hc2 , the paramagnetically limited

upper critical field, where the superconductor magnetization curve has an

intercept with the normal state, paramagnetic magnetization curve. Precise
magnetization measurements are both laborious and difficult to make, particu-

larly in high magnetic fields. Useful magnetization curves have been obtained

P

in slowly-swept fields or point by point in steady fields. ’ If magnetiza-

tion vs field could be obtained in pulsed magnetic fields, characterization
of superconductors would be greatly simplified. We have devised such a

technique for the rapid determination of superconducting transition fields.



II. TECHNIQUE

Pulsed-field magnetization as a function of the applied field for high-
field superconductors can be readily displayecd as an oscilloscopo trace
and photographed with high-speed Polaroid film. .Tmo balanced pickup
coils and a matched pair of integrators are used to determine the magnetic
field intensity and the magnetization. The two coilsz which are placed
in the most uniform region of pulsed magnetic field, consists of a B coil
and a H c01l The B coil fits closely around the superconducting specimen

and the H coil surrounds: the B coil, With some Space separating them.

Since magnetization M is proportional to the difference between magnetic

ﬂjinduction B and magnetic field 1nten31ty H, it is determined by integration

of the difference ‘of induced voltages from the B coil and the H coil. In
practice, the integrated voltage from_(B-H) is connected to the vertical

deflection system and the integrated voltage from the H coil is connected

to the horizontal deflection system of an oscilloscope. The balance of

" the pair of coils is maintained with a small carbon rheostat, which is

connected to the H coil and adjusted to make the induced voltage difference

‘equal to zero When no. specimen is- present. The calibration of magnetic

fields is- made by measuring the maximum voltage on the H scale (horiéontal
deflection) which corresponds to the known maximum magnetic field for the

pulsed-field coil. The magnetization measurement apparatus is shown

_schematically in Fig. 5. A similar method of measuring magnetization has

7

been applied successfully to ferromagnetic materials.

X s ; . . s : . . . . .

Since only the relative variation of magnetization with magnetic field is
of interest, rather than an exact value Ol magnetization, thc separation of
the coils is not critical as long as it i3 lur e cnough to give a reasonable
signal for the magnetizath ion.



The pulsed-field magnet; situated in a liquid nitrogen dewar, is

capable 6f generating 200 kG peak field with epproximately an 8 msec rise

" time. The pickup coils are contained within a 3/8" 1.D. portioh of a

liquid'helium dewar which fits into the pulseé-field coil. Placement of
the H coil around fhe B coil makes it possible to use a small fegion of
good field homogeneity (deviation ~1 = 20 spherical diameter), necessafy
for eccurate high-field work. This does slightly affect the apparent value
of H, however (see Diseussion) Speeimens are affixed to the end of a

2.7 mm dlameter stalnless steel tube and inserted into a 5 6 mm diameter

thin wall stalnless ‘steel tube which extends from the top of the helium

dewar to- the end of the plckup c01ls. After thermal equilibration, a

: complete magnetlzatlon curve is produced in the same time as would be

requlred for a single p01nt on a J - curve determlned by the resistance
method. Removal of one spec1men and insertion of another can be accomp=
lished rapldly and with llttle loss of liquid hellum because only a small

thermal mass must be cooled each time.



end of the transition is caused partly by "flux motion" in the mixed state

III. EXPERIMENTAL RESULTS
The magnetization technique described above has been used to measure the
critical fields (Hcé*) of niobium carbonitrides.8 A magnetization curve for

a cylindrical NbN specimen (0.25 cm diam.x 2.0 cm long) is shown in Fig. 3a.

‘The critical field is approximately 95 kG, &s determined from the inter-

section of the specimen magnetization curve and the dummy run curve. Hy-
steres1s of the dummy run curve results from imperfect balancing of the
coils and imperfect matchlng of the integrators. The low current density

(112 A/cm ) resistive transition for the same specimen (in a transverse

.magnetic field) gives a v1rtually identical H 2* of 9.5 kG, taken as the

end of the resistive transitioh (Fig. 4). The voltage rise preceding the

9

_and partly by the dévelopment of normal state regions. The values of HCE*

determined magnetically and res1st1veLy agree with each other to an un-
certalnty smaller than the absolute uncertalnty in magnetlc fleld (approx1-

mately 2-3%). The field at which the magnetization exhibits the second maxi~

© mum corresponds to the field at whlch resistance shows a mlnlmum (the 'peak

effect" of J ~H curves ) For all spec1mens that display a relatlvely large

hchange in magnetlzatlon near H 2*, and especially those that show thé peak .

effect, accurate values of H 2 ‘can easily be determined. With a material

_-such as NbC, whlch has a low trans1t10n field, H 2 can also be accufately';f

determlned because the change in magnetlzatlon with fleld is rapld (Flg Bb)

It is quite difficult, however, to determine the exact value of Hce for

‘high transition materials'when there is no peak efféCt and the variation of

At sufficiently low search current densities the resistive transition
sharpens and approaches the end value measurad at higher current densi-
tics. Noise puts a lower lower Limit on the search current density that

will give a detectable voltage.



M with H is very low near the transiticn. Thus, as specimen perfectlon is

increased and critical current density decreased, the magnetization curve

approaches the ideal, reversible magnetization curve,  and an accurate Hc2

determination is not possible by this method.

X-

\L‘



IV.DISCUSSION

T&o’espects ef-fhis technique require consideration: (1) the.geometry
of the sensing coils eﬁd (2) the significance of the experimental results.
In part, the two are related. Placement of the H coilAéround the B coil
is somewhat unconventional. This geemetry aliows optimum centering of
both sensing coils and the specimen in thevregion of the highest field Homo—~
geneity. Although the coils can be balanced Tairly well (with the external
Vearbon rheostat), it iélapparent that as soon as a superconducting specimen
is inserted into the B coil the balance is altered. This is so because the
speciﬁen, a eore for both coils, is almost perfectly diamagnetic et low |
fields.Thus,.a slight nonlinearity in the H scale results when the specimen
‘excludes any flux. The deviation of the apperent H from the true H ( a
maximum for a completely diamagnetic specimen) depends upon the area
| occupied by the specimen relative to the area of the H coil. If the

specimen is 1/8" diam. and the H coil is 3/8"'diam., then the maximum
deviation gives an apparent‘field 11% less than the true field, i.e.,
an apparent‘flux penetration field of 2 kG corresponds to an actual flux
_penetration field of 2.25 kG.

If the sﬁecimen were to remain perfect;y diamagentic to high fields,
the error introduced in the determination of Hiwould be comparable to the .
“volume fraetion which the specimen occupies Within the H coil. Tﬁis can
'A'be minimized by separatingAthe H end B coils sufficiently. Furthermore,
high-field superconductors do not remain ﬁerfecﬁly diamagneﬁiC, because
flux penetration begiﬁs at relativeiy low ficlds. Thie problem could be
eliminated if the pulsed-field coil vo]tqme were Ted into the horizontal
deflection system ofrthe oscilloscope, Lf a proper phase relationship

between the H and M signals could be maintainel. In any case, the true



value of H shoul@ be obtained at the transition field, where the specimen
becomes normal. This is spbstantiated throuch a comparison of maximum H
deflection voltage for the calibration curve (no specimen in the B coil)
with that forlthe ﬁagnetization run curve. Since the magnetization transi-
tion field (Fig. 5a) agrees well with the resistive transition rield (Fig.
L) for high-field superconductors, it 1s aprarent that the pulsed—field
magnetization techpique provides a useful anc rapid hethod for the deter-
mination of Hc2*'

Nevertheless, the precision of HC2* as determined from the magnetization
‘ curve_is very dependent upon the magnitude of M just before the transition '
where M goes essentlally to zero. As a high-field superconductor approaches
ideality the magnetlzatlon approaches very small Values near the transition
fleld,.and the value of HCE* becomes 1mpre01se; But this is of minor im=- |

'portancé'for exploratory research where materials are genérally nonideal.

A more serious problem involves the interpretation of magnetization mea-

. sured 1n pulsed fields..

The magnltude of the magnetlzatlon itself is réduced by a unlformv
scale factor agcordlng to the area of % he.spec1men, the ‘area of the H
. coil and the area of the § coil. Thus, except for the slight non-linearity
.in apparent ﬁ,'the magnetizaﬁibn curve is hot.distorted by pickup coil
geometry

Tt has been shown that the crltlcal current den51ty (J ) of a high-
field superconductor iS»éensitive to-pulséd-field risé'time,lo Since'the B
hysteresis in'a magnetlzatlon curve is related to J it is.expected‘that
the magnitude of M will be sensitive alsc. Thus, less nysteresis should
occur as the apparent JC decreases, although induced eddy currents should

work to increase the hysteresis. To what extznt thess balance each other



' i we do not know. If it were not for the fact “hat the lowering of Jc is

‘nonlinear, i.e., the lowering is greater if the steady-field value of Jc

E oo is larger, we would think that semiquantitative comparisons could be made

between magnetization curves. Qualitative conparisons can be made. Pulsed-

'if:‘fleld magnetlzatlon eurves contain many features found in gquasi-steady-

Jvtfleld magnetlzatlon curves, including features such as the peak effect

e (Flg 3a) that . can be related dlrectly to re31st1ve measurements (Flg.

:J"E) Flux jumps are observed at low fields for some materlals (Flg 3c)

‘J“It may well be tha+ pulsed-fleld magnetlzatlon curves are closer to steady- .
' field magnetlzatlon curves than are the respectlve resistive counterparts
':?(J -H curves)beanme‘the 1nduced supercurrents in the former are naturally
T{llmlted by the response of the materlal and no excessive joule heatlng

'joccurs as when an external current is applled Comparatlve tests in

lpfifsteady and 1n pulsed fleldsvnllbenecesgmytoevaluate thls conJeCture

) Prellmlnary experlments on ‘the fluXﬁpenetratlon field (actually the fleld -

i“f.for the . 1n1t1al magnetlzatlon peak) and the magnltude of the magnetlzatlon L

'flat that peak 1ndlcate a sen31t1v1ty to pulse rate (or rlse time™).

Flnally, ve w1sh to p01nt out that very hlgh pulse rates can lead to

"Uf!eddy-current 1nduced transmtlon flelds Whlch are significantly lower than

‘”*_;the equlllbrlum trans1tlon fleld H e

ll Such pulse rates would have to be

M’at least 108 G sec l that 1s, an order of magnltude greater than the

"f_largest used . if a significant decrease in the apparent H 2* were to

floccurﬂ; ,_ﬂ257
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V. SUMMARY

A pulsed magnetic_field magnetization technigue has been developed.

Two coaxial, common center coils are used, one to detéct the rate of

e 3 4a Y .
ct the rate ol

change of the applied magnetic field and the other to dete

(')

change of the magnetic induction for a superconducting specimen. The
signals are electronically integrated and proparly combined so that a
magnetization curve is displayed by the cathode ray tube of an oscillo-
scope. A high-speedlphotograph provides a permanent record of the curve.
The field HCE* at which the transition to normil behavior occu?s can be
determihed egsily and rapidly for high-field superconducting specimens
that are imperfect. Increasing perfection of the specimens reduces
hystefesis and makes the determinat?on of HCQ* impreciss. The magniﬁude
of the magnetization and the amount of hysteresis at fields below.HCE*
may have»semiQuantitative sigﬁificancé, aﬁd hence, the teéhni@ue may be

useful for the rapid evaluation of high~field superconductors.
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FIGURE CAPTIONS

- Magnetization curve. (schematic) for an ideal Type II superconductor .

" Schematic diagram of B and H sensing coils Tor measuring magne eti-

zation, M.'

Schematic_diagram'of the critical f&éld measuring apparatﬁs.

The magnebization curve for NoN (a = M.581i0.00lK);’ Thévhéri;
zontal scale is 200 mv/cm and the vevtlcal scale is 5 mv/cm

The magentization curve for NoC (a, = L. L69+O OOLA) The hori-

zontal scale is 50 mv/cm and uhe vertlcal gcale is 5 mv/cm

Flux Jump phenomena in Nb-N (mostly hexagonal with small amount

'bof cubic NbN). The horlzontal scale is 20 mv/cm and the vertlcal

scale is 1 mv/cm.

The critical current density, Jg, vs'magnetic field, H for NbN

: o
(ag = 4.381+0.001A) showing the critical field, HCE*, and the

. M"peak effect' in the resistive transition.’
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