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Installation for Adiabatic Demagnetization Experiments 
at the National Bureau of Standards 

D. de Klerk 1 and R. P. Hudson 

A descrip t. ion is given of t he National Bureau of Standards equipment for the productio n 
and m easurement of very low temperat ures by t.h e m ethod of ad iabat ic demag netization . 
T h e const ruction of t he cryostat a nd t hat of the mut ual-inductance bridge arc described in 
det.a il and the relati ve ad vant ages of iron-cored elect romagnets and iron-free solenoids a rc 
disc ussed . 

1. Introduction 

In recent years, with the rapid increase in the 
number of low- temperature laboratories throughout 
the world, there has been a coinciden t growth in the 
number of ins tallations for the production and 
m easurement of very low temperatures by the 
magnetic method. In th e period from July 1951 to 
July 1952, an adiabatic demagn etization apparatus 
was set up at the National Bureau of Standards. A 
detailed description of this installation is given . It 
was built with th e special purpose of making accurate 
determinations of absolute temperatures in the 
region between 10 and 0.001 0 K , but the construction 
is such th at other investigations in the region below 
10 K can also be performed with i t. 

2 . General Description 

The principle of cooling by adiabatic dem agnet
ization was enunciated in 1926 [1] 2 and first applied 
successfully 7 years later [2]. A detailed descrip tion 
of the physical principles involved would no t be 
appropriate here; for this the reader is referred to the 
li terature [3] . Briefly , however , use is m ade of the 
fact that certain salts retain their paramagnetic 
properties down to temper atures in the region of 
10- 20 K and possess, at liquid-helium tempera t ures, 
a large en tropy by virtue of their almost free elec
tronic magnetic moments. This entropy may be 
removed for the greater part by isothermal magnet
ization at about 10 K in readily ob tainable fields. 
A subsequen t adiabatic removal of the field will 
r esult in a fall in the temperature of the sal t , until 
the small internal interaction forces in the crystal 
bring about the same degree of order as does the 
strong magnetic :field at 10 K . It is self-evident that 
the final temperature is the lower, the stronger is the 
magnetic fi eld and the lower the star ting tempera
ture. In fac t, for most of the sal ts used in the 
adiabatic dem agnetization process the en t ropy re
moved in the isothermal magnetization is a function 
of H IT. 

Thus one needs a suitable paramagnetic salt in a 
cryostat with liquid helium of as Iowa temperature 
as possible, and mounted in such a way that it can 
be magnetized in heat contact with the liquid 

1 Present address: University of Leiden, Netherlands. 
2 Figures in brackets indicate the litemture refereuces at th(end of this paper. 

(isothermally) and demagnetized under thermal 
insulation (adiabatically). 

The cryostat is loca t.ed between the poles of an 
electromagnet or along the axis of a high-power 
solenoid. Wi th an iron magnet one can obtain flelds 
of the order of 20,000 oersteds, making usc of the 
high B value of the iron. If much higher fields are 
required (up to 100,000 oersteds), the contribution 
of iron is relatively small and high-power iron-free 
solenoids are used. The energy consumption in the 
case of an iron magnet is of the order of 25 kw; the 
above-mentioned solenoids r equire about 1,000 !cw. 

In order to obtain a low s tarting temperature for 
the demagnetization process, the liquid helium is 
evaporated under reduced pressure. This is accom
plished by m eans of ~ large-capacity m echanica.} 
vacuum pump operating through a large-diameter 
pumping line. A suitabl e diffusion pump inserted 
in the system may bring abou t a further r edu ction 
in the vapor press ure. (As m en tioned above, t he 
entropy removal in the isothermal magnetization is a 
function of HJT, and i t is a more economical process 
to achieve a very low T rather than an enormously 
high H ). 

The heat contact between the salt and the liquid
helium ba th is made and brol;;:on with t he help of 
exchange gas: The sample is moun ted in a vacuum 
space, and during the isothermal magnetization the 
space is fill ed with helium gas at a prcssure of 10- 3 to 
10- 2 mm H g. Thereafter the gas is pumped off wi th 
a diffusion pump and then the field is removed . As 
the specimen is now thermally isolated from the 
surrounding liquid, the demagnetization is isentropic 
and the tempera ture of the salt fall s. 

The final temperature, which is well belo,Y 10 Ie, 
canno t be measured by conventiomd high-tempera
ture m ethods, but indirec t processes must b e applied, 
often rather laborious ones [4], in which use is made 
of the magne tic propert,ies of the sal t, such as t he 
static susceptibility x, the real and imaginary parts 
of the dynamic susceptibility, x' and x", or, in t he 
case that hysteresis effec ts occur, the residual mag
netic moment~. These quantities, the so-called 
"thermometric parameters ", are usually determined 
by an induction bridge m ethod. Both se1£- and 
mutual-inductance bridges are in use, and the 
measuremen t can be performed ballistically fIoS well 
as with alternating current. An a-c method has the 
advantage that many measurements can be taken in 
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a short time and with high preClSlOn, but ballis tic 
methods become particularly useful at the very 
lowest temperatures where relaxation and hysteresis 
effects appear , since here an alternating magnetic 
field may cause an appreciable heat supply to the 
salt. 

If an iron-cored magnet is employed, provision 
must be made for the separation of the cryostat and 
electromagnet immediately after the demagnetiza
tion because the iron mav have a considerable influ
ence on th e setting of the induction bridge for the 
temperature determination. If the magnet is rela
t ively small , it is possible to have a cryostat in a 
fixed position and to mount the magnet on wheels 
or an eleva ting mechanism, but for a very heavy 
magnet this is impossible, and the eryostat with its 
pumping lines must be movable. If a solenoid mag
net is used, its influence on the induction coils is 
mu ch smaller, but even in this case the coupling 
between the measuring coils and the coaxial wind
ings of the large solenoid produces undesirable effects 
unless speeial precautions are adopted in the con
struction of the measuring coils [5] . 

I t is often desirable to study the magnetic proper
ties of the salt as a function of a magnetic field, and if 
relatively low fields (up to about 500 oersteds) are 
suffieient, it is advantageous, for the above-men
tioned reasons, not to use the big electromagnet 01' 

solenoid itself but to construct a separate small 
iron-free coil magnet. The influ ence of the coupling 
of this magnet, with the measuring coils can be 
decreased drastically by mounting them mutually 
perpendicular. 

In some cases even the earth 's magnetic field ha s 
a noticeable influence on the magnetic properties of 
the salt, and t,hen special earth-field compensation 
coils must be installed . 

The components of the new NBS demagnetization 
equipment are described separately in the followin g 
sections. 

3 . Electromagnet 

The electromagnet is a rotatable, adJustable
height model [6]. The pole gap , which must be as 
small as possible, was determined by the amount of 
space necessary to accommodate a salt specimen of 
about I-in . diameter surrounded by a vacuum cham
ber and two glass Dewar vessels, the inner one of 
which contains liquid helium and the outer liquid 
nitrogen. The gap is 2X in. and the pole face 5% in . 
D esigned to be operated up to a level of 125 kw, 
the magnet is being used at present at 25 kw, the 
rating of the available d-c generator. The loss in 
magnetic field is not great, however, owing to the 
rapid saturation that sets in at about 20 kw. At 
25 kw the field is 23,000 oersteds; at 125 kw it is 
26,000 oersteds. The magnet was calibrated, using 
a Rawson "gaussmeter", ch ecked in turn in fields 
stabilized by proton resonance, through the kind 
cooperation of Dr. Hipple. The accuracy of this 
instrument is about one-half percent, and within 
this limit the fi eld was found to be uniform out to 
within l}fi in. of the edge of t he pole face. 

The magnet is energized by a four-unit a-c- d-c 
synchronous motor-genera tor set mounted in the 
basement of the Bureau 's Cryogenics Laboratory. 
This method has the advan tage that the complete 
control of the magnet current, and the action of the 
protection devices (against, for instance, failure of 
cooling supply, overload, surge on current-break, 
etc.) can take place through the exciter field. The 
generator is star ted with a motor-control panel, and 
the current is adjusted at a separate exci ter-control 
panel. Bo th panels are placed in the magn et room. 
The current is measured accurately by means of a 
millivoltmeter and a series of 50-mv shunts. 

Several automatic control circuits have been devel
oped for the elimination of slow drif ts in the magnet 
current [7], but in the present case manual adjust
ment proved to be satisfactory. A more serious 
source of trouble may be the ripple in the magnet 
current, which has the commutator frequency. If 
the ripple in the field is large, it will cause relaxation 
heating in the paramagnetic salt during the evacua
tion of the exch ange gas, su ch that, by the time that 
the field is r emoved , th e s tarting temperature of the 
demagnetization is much higher than that of the 
liquid-helium bath . For any frequency above a few 
hundred cycles per second the solid mass of iron in 
the electromagnet becomes ineffective, and the only 
choking effect is due to the self-inductance of the 
coils, which is generally quite small . But, on the 
other hand, in the contribution of the ripple curren t 
to th e m agnetic field the iron is ineffective as well, 
and this is one reason why in most iron m agnets the 
influence of the ripple vol tage of the generator on 
the field is negligible. Another is, of course, that 
the windings are generally quite far removed from 
the pole [gap and thel direct effect ofl the current is 
sma~~_ 

The ripple voltage,-with a load current of 100 amp 
d-c, was 2 v at a frequency of 2,400 cis (commutator 
ripple). From the values of the self-inductance at 
v= 2,400 and v= O and from the initial slope of the 
calibration curve of the magnet, it was estimated 
that this ripple voltage might cause a ripple in the 
field of not over 0.04 oersted, No ripple in th e field 
could be detected by means of a search coil connected 
to a cathode-ray oscilloscope. It should have been 
possible in this way to detect 0.1 oersted at this 
frequency. (With respect to the ripple, an iron
cored magnet has an advantage over an iron-free 
high-power solenoid. In the la tter the ripple voltage 
is higher because a higher energy is used, and more
over the contribution of the ripple voltage to the 
fi eld is larger because the windings are much closer 
to the fi eld space than in the case of a Weiss-type 
magnet. Usually, special precautions must be taken 
to filt er out the ripple current of a solenoid magnet.) 

The magnet is cooled by circulating a low viscosity 
silicone oil through the coils and through a heat 
exchanger, the heat being carried off by m eans of 
tap water. The heat exch anger and the circulation 
pump are mounted in the basement just b elow the 
magnet, but the circulation can be started and 
stopped from the magnet room. 
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4 . Movable Cryostat and Vacuum 
Installa tions 

The cryostat, consisting essentially of two coaxial 
Pyrex D ewar vessels , is mounted on th e far end of a 
1'0 ta t in&, wooden framework tha t pivo ts , by means 
of sLeel collars, on a vertical steel pillar. This 
framework carries the entire high-vacuum system 
and a 3-in. coppcr pumping line, which enters the 
side of a brass cryostat ca.p. The whole installation 
is shown in fi gure 1, and a vertical cross section of 
the cryostat is given in figure 2. 

The inner D ewar vessel (liquid helium) is fi tted 
with its upp er end in a brass ring ll eld in place by 
sealing wax. The ring fi ts smoothly into the cryostat 
cap on the wooden arm and thus alines the D ewar 
vertically. A wired-on rubber sleeve provides vacuum 
tigh tness and helps support the weigh t of the cryostat. 
The outer vessel (liquid nitrogen) fits around the 
liquid-helium D ewar ; it also is provided wi til a brass 
ring, which fi ts in to a brass Cftp waxed to llle outer 

FIGURE 1. General view oj the adiabatic demagn etization 
installation. 

The Dewar-I'essel assembly issuspendeel Crom the Ca .. enel of the rotating arm, 
w hi ch carries Lhe high-vacuum equ ipment. The electromagnet is in the back
ground. 

wall of the helium D ewar . Tbis ring is also a close 
fi t in its cap , and with a I'll bber leeve over til is 
join t, too, the weight may be suppor Lecl; for extra 
safety, however, a simple ha rn e s of string is ])),0-
vid eel . 

The h elium Dewar becomes sin gle-wall ed a bout 
20 cm from its up per cod and about LO em below .. the 
ni.trogen cap. If the nitrogen D ewar i.s kept well-

FIGURE 2. Cryostat. 

TO HIGH 
VACUU M 

TO MANOMETER 
SYSTEM 

TO KINNEY 
PUMP 

The paramagnetic specimen is mounted within the vacuum case, on which is 
wound the secondary of the pickup mutual inductance. The primary of the 
latter is shown on t he outside of the tail of the inner (liquid belium) Dewar vessel. 
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filled, the rim of the helium vessel is at liquid-nitrogen 
temperature, and the heat leak to the liquid h elium 
is smaller than if the rim were at room temperature. 
Hence the evaporation is less and experiments can 
be carried out for a longer time. 

The two D ewar vessels are madc with a narrow 
lower portion (the "tail") so that , although con
taining a large quantity of refrigerant, they may fi t 
into a relatively small pole gap in the magnet. The 
tail of the liquid-helium D ewar is 33 cm long and 
3 .2-cm inside diameter ; it then widens to 7 -cm inside 
diameter for 43 cm up to the ring seal ; the single
walled section (20 cm long) is 8-cm inside diameter. 
The tail of the nitrogen vessel is 5.45-cm outside 
diameter, the tolerance between a pole face and the 
glass being only 0.5 mm. The wide part is 58 cm 
long; the outside diameter is 1l.5 cm. 

The nitrogen D ewar cap is provided with monel 
tubes for the admission of liquid nitrogen and escape 
of vapor. Five monel tubes pass through the helium 
D ewar cap. One accommodates the transfer syphon 
and may be sealed off after transfer by a plug and a 
rubber sleeve; glass tubes pass through each of two 
others (sealed in by black wax) for connection be
tween the experimental apparatus and the high
vacuum system; the remaining two, which are much 
mll'rower, provide the connection to the manometer 
system and an inlet for the leads to the coils of the 
mutual-induction bridge. 

The rough-vacuum pump (capacity 50 liters/sec) 
is located in the basement beneath the cryomagnetic 
laboratory. It is mounted on vibration eliminators, 
because even the energy of small vibrations of t.he 
cryostat is sufficient to develop an appreciable 
amount of heat in a demagnetized sample [8J. A 
vertical 5-in. copper line passes from a short length 
of flexible steel tubing at the inlet to the pump to 
the room above and is surmounted by a 3-in. globc 
valve; the latter connects through an S-shaped 3-in. 
inside diameter reinforced fl exible rubber hose to the 
3-in. copper line, which is mounted on the mo ving 
arm. The arm is then free to rotate abou t its sup
porting pillar without interruption of pumping the 
bath , and the vibrations of the pump arc not trans
mitted to the cryostat. As a final step in the suppres
sion of vibrations, a large sandbox was built around 
the 5-m. line and valve in the upper room. The 
cryostat can be conveniently swung out of the mag
net and into the fram e"vork supporting the earth's 
field compensation coils, 'which may then be raised 
into position (see section 6). 

The temperature of the liqiud helium in the cryo
stat is derived in the conventional way from its 
vapor pressurc. A system of three manometers 
was constructed: First, a mercury manometer; a mil
limeter scale engraved on a glass mirror 'vas mounted 
directly behind the tubes of the manometer and 
permitted readings of pressures in the region between 
1 atm and 5 cm with sufficient precision without the 
use of a cathetometer. For the region between 5 

and 0.5 cm of mercury, a similar oil manometer was 
constructed . Lower pressures are rc[l,d with the 
help of a small McLeod gage with a wide capillary. 
It is sensitive in the region between 1 and 0.01 mm 
of mercury . The whole manometer assembly is 
shown in fig me 3. 

The high-vacuum sys tem as a whole is mounted 
on the rotating arm and follows the movements of 
the cryostat. It consists of an oil-diffusion pump 
(cll,pacity 20 liters/sec), a spherical Pyrex liquid-air 
trap, and a v9.1vc system. A side tube permits the 
admission of exchange gas to the experimental cham
ber directly from the cryostat (see fig. 2). Pressures 
in the region between 1 and 10- 3 mm of H g are meas
ured by means of a Pirani-gage, and lower pressures 
(down to 10- 5 mm ) are read with an ion gage. 

When the cryostat is between the electromagnet 
poles or in the earth 's field compensator, it is rigidly 
held in position by means of locking clamps on the 
beam, which are pro\Tided with a screw for accurate 
adjustment (fig. 4). 

FIG URE 3. lYI anometel' system. 

l\tlounted on the framework, from le ft. to right, are (I ) over-pressure release 
"bubbler," (2) mercury Jl1anometeJ', (3) difIerential oil lllanometer, (4) oil manom
eter, and (5) NI' cLeod gage. 
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FIGURll .J. Clamping device for locking in position the Totating 
arm. 

'}'wo are used, one abo \"c the electromagnet and one above the earth'swfielu 
compensation coi ls. 

5 . Experimental Chamber 

For adiabatic demagnetization experiments, 111 

which only the tempera t li re and magnetic propeIties 
of the salt itself are investigated, t he apparatus is 
extremely simple . It comprises a paramagnetic salt 
specimen mou nted with iu a vacuum case and ther
mally isolatcd from the walls as effi ciently as possible. 
This may be achieved by suspendin g the specinw ll 
from fine nylon fibers or mount ing it in an "egg
cup" fixed to tho lowel' end of the vacuum case by 
a thermally insulating pedostal. The vacuum case 
may bo made ei thor of metal or of glass. Glass 
apparaLus is always preferable to motal becauso the 
latter can cause undesirablo electromagnetic effocts 
in the measuring equipment through the agoncy of 
eddy currents and , on occasion, ferromagnetic im
puri ty. A motal apparatus is more conveniont, 
however, for repeated fissem bly and dismantling. 
In this case tho tubing should be very thin-walled, 
and of high electric resis tivity nonmagneLic material. 
Finally, the "cleanup" of exchange gas on pumping 
is markedly more rapid whtn glass is ll sed rather 
than metal. 

In this apparatus tbo vacuum case is made of 
glass. Soft glass is used to avoid the possibili ty 
of heating (and so seriously damaging) the salt 
during assembly. (Some paramagnetic salts lose 
their water of crystallization even a t 25° C.) 
The Pyrex of the high-vacuum system is joined to 
the so ft-glass tubing emerging from the cryostat cap 
by m eans of a tapered joint (see fi g. 2). If tbe 
egg-cup type of specimen support is used, the ped
estal may be of thin-walled glass tubing with an 
extra- thin midsection. 

The pumping tube emerging from the vacuum 
case is ben t as shown in figure 2 to provide radia tion 
traps. vVith the sample mounted inside the vacuum 
case the whole apparatus is silvered externally to a 
point above the traps, and a protecting coating 
of suitable varnish is applied. The radiation
screening precau tions are of paramount importance 
in minimizing the heat influx into the specimen 
after demagnetization. The glass tube above the 
silvering is coated with aquadag over its whole 

length so that only a very small cone of room
temperature radiation can penetrate into the first 
trap. The sccondary coil of Lhe mutual indu ctance 
(ee below) is wound on Lo the tube arouncl the 
specimen and covered with a wrapping of very th in 
paper. Care must be taken to avoid electrical 
leaks from the lead wircs to Lhe aquac1ag layer. 

The paramagnetic salt may be in the form of 
powder 0 1' a single crystal. In ordel' to be able to 
calculate the internal fi.eld of the specimcn, it sh ould 
be spherical or ellipsoidal. X ot only is heating 
dangerous for the salt , but also pumping may cause 
loss of water of crystallization, expecially if tho 
sample is in powdered form . The experimental 
chamber must never be evacuated at room tempera
tUl'e; evftcuation is safe, however, at tempe ratures 
well below 0° C. A single-crystal specimen may 
he pro tected by a coating of varnish , collodion, etc. 

6 . Earth's Field Compensation and 
Auxiliary Field Coils 

The necessary apparatus, which is strictly free 
of iron or other magnetic material , was built in to 
one uni t and is mounted in a brass-tubing frame
work. By means of coun terweights and supporting 
cables over pulleys, the unit, weighing some 180-1b, 
can be convenien tly raised and lowered to permit 
movemen t of the cryostat (see above) into and ou t 
of the field. 

The ear th 's field compensation is efl'ected by means 
of Lhree pairs of mutually perpendicular square 
coils, Lhe units of each pair being separated a distance 
of 0.55 Limes the side of the square, which is a 
" pseudo-Helmholtz" condition for maximum uni
formity of field at the eenLer of the unit. The 
windings are set in periph eral slots cu t in wooden 
frames , and the current in each of the three pairs 
of coils (which are fed from a common accumulator 
source) is con trolled through a rheostat and read on a 
small d-c milliammeter. The wooden frames are 
secured together at their points of contact by small 
brass right-angle brackets and wood screws. A 
flip-coil and ballistic galvanometer circuit is used as a 
detec tor of magnetic field, and the currents are 
adjusted to reduce to zero each of the three com
ponents of thc field at the center. 

The 500-oersted coils are wound on cylindri cal 
wooden cores between end-plates of Bakelite. They 
are made in two sizes, the smaller pair just far 
enough apart to accommodate the tail of the cryostat 
and the larger pail' approaching close to the walls 
of the cryostat where it widens. The end-plates 
of the larger pair are square and %-in. threaded 
brass rods pass through holes at the corners. These 
rods are fitted with pulleys at each end, and these 
guide the assembly along the vertical members of 
the suppor ting framework. The smaller coils arc 
bolted to the large ones, and the end-plates of each 
coil are held by bolts passing through the cores. 
These bolts must be sufficiently strong to withstand 
the large strains set up during the winding. In 
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each pair the coils arc separated by a distance equal 
to the mean radius of the windings to obtain a 
reasonably uniform field at the center . The assem
bly is shown in figure 5. 

The constructional de tails are as follows: Large 
coils: E ach winding is 1,080 turns of No. 1M6 gage 
Formex wire, resistance 10.8 ohms; calculated fields 
for the two coils in parallel, 23.15 oersteds/amp ; 
calculated initial rate of rise of temperature, 4.2 
deg/min at 6 amp. Small coils: Each winding is 
588 turns of K o. 16 gage Formex wire, r esistance 
4.7 ohms; calculated field for the two coils in parallel , 
24.75 oersted/amp; calculated initial rate of rise 
of temperature 8.4 deg/min at 6 amp. 

The coils arc connected in a symmetrical sel'ies
parallel manner and fed from a battery d-c supply, 
giving 52.5 oersteds/amp. In general, two sources 
of 10 v and 100 v , respectively, are used , which may 
be selected by means of a double-pole double-throw 
switch . For fast measurements i t is convenien t to 
be able to var.\- th e field in predetermined steps, and 
for this a panel WRS constru cted to carry a network 

F I G URI; 5. Earth's-jield compensation coils and 500-oersted 
Helmholtz-coils unit . 

of ohmite resistors. A rotary selector switch 
mounted on the front of the panel permits Lh e 
cutting in or out of the resistors in s llccession, and a 
second rotary selector switch permi ts one to select 
the appropriate current range on one or other of two 
3-rangc d-c ammeters. 

To r educe contact-sparking a sm all thyratron is 
connected across the coils as shown in figure 6, so 
that when the main circuit breaker is opened the 
energy stored in the coils may be dissipa ted in the 
circuit now closed by the thyratron instead of in a 
spark across the switch con tacts. 

The control panel is shown in figure 7. 

+~ I----=-II~ 
6. Thyratron circuit for reducing arcing at switch 

contacts on deenergizing 500-oersted coils. 

FIGURE 7. Auxiliary-field control unit. 

Tbe main panel contains the control circuit for tbe 500-oersted coils and the 
The control panel for the synchronous moior of tbe 25-kw motor-generator set three rheostats for adjusting tbe current in eacb of the earth's-field compensation 

is)nJ;he background. coil-pairs may be seen at the right. 
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7. Mutual-Inductance Bridge 

The bridge is of the HarLshorn type [9] and is a 
close eop:v of the one used for the demagnetization 
work in the Kamerlingh Onnes Laboratory [10]. It 
can be used both for ballistic and a-c measurements. 
As was already mentioned, the a-c method is the 
more convenient one: A higher preeision can be 
obtained by it and more measurements can be taken 
per unit time; l!l0reover, at the lowest temperatures, 
where hystereSIS and relaxation phenomena occur, 
the bridge gives valuable information on the heat 
absorption by the salt from the alternating magnetic 
field. On the other hand, this heat may give rise to a 
fast warmmg up of the sample, and hence, when 
measur~m?nts are required at constant temperature, 
the ballIstlc method must be profened in this region. 
",Vith the latter, moreover, data can be obtained on 
the remanent magnetic moment and the shape of the 
hystm'esis loop. 

Schematic diagrams for boLh the a-c and the bul
lis tic bridges are given in figure 8, a and b. S 
represents the paramagn etic salt urrounded by Lhe 
primary and secondary windings of a mutual induc-

S.G 
r------ ----------~ 

B.G. 

(b) 

l " rGuRE 8. Schematic drawing oj alternating. current and 
ballistic measuring circuits. 

(a) n·c measuring circuit: SO, signal generator; S, paramagnetic salt; MI, cryostat 
luutual inductance; M2, variable mutual inductance, opposing Ml; T, phase·shift 
potentiometer; A, anlplifier; and VO, vibration glavanometer. 

(b) ballistic measuring circuit. SO, storage cell; BO, ball istic galmnomcter. 

12 v 

e Ta c BRIDGE 

FIG URE 9. Direct-current power-supply circuit. 

Dl, 2- to 12-v selector switch; A , ammeter; SI to Se, sw itches for step-variation 
of CWTcnt; D 2, reversiog switch. 

Lance, 111• This is connecLecL in series wiLh a vari
able mutual inductance, M 2 , provided by Lhe bridge 
circui t. In the case of the a-c bridge Lb e primary 
circui t is fed from a low-freque ncy (abouL 200 cis) 
si.gnal .generator, SG, Lhe detecLing device being a 
vibratIOn galvanometer, VG, preceded by an ampli
fier, A. The mutual inductance, M 2, is continuously 
variable so that exact compensaLion of M l is possible, 
VG being used as a null detector. If a-c losse occur 
in S, these will give rise to a phase shifL in Lhe sec
ondary voltage of M I. Now Lhis volLage can be 
resolved into two components , of which only one can 
be compensated by M 2 . Th e other compo nent, 
which is in quadrature with the voltage of ~12 (and 
hence in phase, or 180 0 out of phase, with the pri
mary current) can be compensated by taking off 
a small voltage from a potentiometer, R , in the pri
mary circuit. Zero deflection of VG can only be 
obtained if both 112 and R are set to the correct 
value.2 

For ballis tic meas uremcnts the primary circuit is 
fed from a s torage cell, SC, wiLh a combination of 
switches and adjustable resistors. In this case only 
larger dials of M 2 are used , and ~11 is only approxi
mately compensated by 112. The susceptibility (or 
the magnetic moment) of S is now calculated from 
Y[2 and the residual deflection of a ballistic galva
nometer, BG. In this case the resistance, R, is not 
n eeded in the circuiL. 

The a-c and ballistic bridges are built into one net
work. The t ransiLion from one to the olher can be 
mad e in a few seconds by set ting some switches. 
SG is Lhen replaced by th e storage cell , VG, and A by 
BG, and R is switched out of t he circui t. 

The following arc shor t de cl'iptions of Lhe separate 
components of the bridge network. 

The a-e power supply consists of a commercial 
audiofrcquency signal generator . The frequency 
can be varied beLween 20 and 20,000 cis, but gen
erally frequencies of a few hundred cycles pel' second 
are used . In the presen t work the stand ard fre
quency is 210 cis, just between two of the mains 
h armonics, so that dis turbing influences from the 
mains are as small as possible. At the rated power 
output of 5 w the distortion of the sign al is less than 
1 percent. The current is read on a precision milli
ammeter, with a se t of intcrnal shunts for different 
ranges. 

The d-c power supply is sbown diagrammatically in 
figure 9. With the dp-dt switch , D 1, either of two 
storage batteries (2 and 12 v) may be selected. 
Ballistic susceptibility measurements are performed 
by reversing the primary current through Ml and 
M2 by means of D 2 • :NIeasurements of hysteresis 
loops can be made by switching the current on or 
off in six approximately equal steps with the help of 
"! ' [f a·c losses o[ tbe above·mentioned kind occur, the magnetic behavior o[ the 
salt can be descri bed by means o[ a complex susceptibility: x=x'-ix" where 
x', the llinductive com p6nent," gives rise to the part of the maf!netic mom~nt that 
can be com pensated by M 2, and x", the "resistive component," can be compen
sated by R . Since the heat absorption per second [rom an alternatin~ magnetic 
field is equal to , h02wX" r 4J (where ho is the amplitude o[ the field), this heat can 
be derived at once [rom the value of R. For the calculation of the magnetic 
moment (iu magnitude and in phase) both M , and R are needed . 

It should be noted that spurious a·c losses in t he bridge also gave rise to a con· 
tribution to R . 
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81 ••• 86 • If only the remanent magnetic moment 
is of interest, the current is made and broken by 
81 , This can be done in both directions by revers
ing D z, when 81 is open. The current is read on the 
precision milliammeter, A, with a set of internal 
shunts for different ranges. 

The primary coil in the mutual inductance, M 1, 

consis ts of one layer of No. 30 double-silk covered 
enam.eled copper wire wound onto the tail of the 
liquid-helium D ewar and h ence immersed in th e 
liquid nitrogen (see fig. 2). The secondary coil is 
wound, in threc sections, on the outside of th e 
vacuum case. Thc centcr section surrounds the salt 
specimen and consists of several hundred turns of 
No. 42 Formvar-enamcled copper wiTe (Formex) the 
number being the greater, the weaker is the para
magnetism of the salt and the smaller the size of 
th e sample. The remaining two sections are wound 
above and below this in the opposite direction at a 
separat ion of about 1 cm, each containing half th e 
number of turns in th e center winding. vVith this 
arrangement of coils the mutual inductance of the 
whole set will be zero un til the salt is placed withill 
the center windulg. Thus at high temperatures 
where x' is very small, the bridge may be balanced 
at a low value of M 2• As both the prilnary and 
secondary coils are at a low temperature, theu' re
sistance is low, and this is advantageous for the 
stabili ty of th e bridge. 

The mutual inductance, 112, is mounted on th e 
measuring table, of which an ovcr-all view is given 
in figure 10. Difl'erent equipmen t is used for a-c 
and ballistic measurements. 

The a-c par t of M2 consists of three uni ts. TIlC 
main unit is variable up to 3 mh in steps of about 
3 I-'h, th e variation being made by svvitchulg the 
turns of th e secondary coil in and out of th e cu'cuit 
by means of a three-decade dial system. The sec
ond unit, t h e so-called "ten ths of turns unit", con
sists of one decade, each setting being equivalent to 
one-ten th of the smallest unit of t he main mutual 
inductance. The thu'd unit, the "variometer" is 
continuously variable and is a fine adjustment on 
the foregoing one. 

The primary coil of the main mutual inductance 
comprises two parallel solenoids wound in opposite 
du'ections and connected in series. They consis t of 
one layer of No. 20 Formex wU'e, wound on cylin
drical ceramic formers, 40 cm long and 4-cm outside 
diameter. In order to reduce the capacity between 
subsequent turns, a nylon thread of 0.3-mm thick
ness was wound between th e turns of the copper 
wU·e. In order to preven t th e accumulation of 
moisture b etween the windings, the solenoids were 
vacuum-impregnated with microcrystalline wax and 
covered wit h oil tape before the wax had hardened. 

Bakelite bobbins fittUlg closely over the primary 
solenoids carry the seco ndary coil. The latter is 
wound from 10-strand cable made up from No. 30 
double-silk covered enameled copper wu'e as de
scribed below. Three coils are wound on a bobbin, 

one having 100 turns of this cable, one having 10 
turns, and one consisting of a sUlgle loop . Th e 
location of the turns is sh own in figure 11 ; they 
are wound in snch a way th at all thc co ils ha ve the 
same average diameter. T he secondary coils are im
pregnated in the same way as the primary solenoids. 

The 10-strand cable is made with the belp of a 
sim pIe device, as follows: WU'es from 10 supply 
spoo Is spaced around the perimeter of a large ply
woo d disk are led radially toward the center of the 
disk and then through right-angled glass tubes par
allel to the axle . The latter projects from the 
opposite face and is mounted in a la the. As the 
disk is rotated the 10 wu'es are pulled continuously 
outward and the cable forms; in winding it on to a 
storage spool the latter must be given an occasional 
turn to reduce tbe possibibty of kinking. Doubtless, 
an automatic device could be devised to carry out 
this process somewhat more con veniently and rapidly, 

FIGURE 10. General view of bridge table. 

From lert to right, variometer, mutua1-inductance dial box, sensitivity control 
and galvanometer selector, and resistance boxes for P e ff network (see fig. 15 and 
text) . rrhe main mutual inductances and the "one-tenths" unit are enclosed in 
the two boxes at top left, and the ballisti c gal vanometer may be seen at top right. 

~~'" PRIMARY COIL 

OOOOOO( nQnnQOQ~ 

NYLON THREAD 

uooouo,~ooooo'"'ooo 

FIG U RE 11 . Mutual- inductance unit (detail) showing location 
of secondary windings which are made from 10-strand cable. 

::: 0 , II undreds of turns; . , tens of turns; ®, unit turns. 
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but it has been found that two persons (one pulling 
steadily :'lI1d one storing th e cable) can manufacture 
the ca ble at a rate of 5 to 10 m/min with no difficulty. 

Th e advan tage of the use of this tenfold s tranded 
wire in the bridge is obvious. I t is the easiest way 
to obLain 10 coils that are identical to a high degree 
of precision (a few parts in 104). The disadvantage, 
however, is that the capacitive coupling between 
Lhe 10 coils is not very small, so that the bridge can 
only be used for investigaLions aL relatively low 
frequencies. In practice, the upper limit is of th e 
order of 500 cycles . 

As mentioned above, Lwo parallel primary sole
noids wound in opposite directions and connected 
in series are used. Tb ey arc set in a wooden box on 
a board 3 ft above the table (fig. 10) . Each solenoid 
is surrounded by a secondary bobbin, as described 
above, a nd the t urns of these bobbins are also 
connected in series. This aJ'l'angement h as th e 
advantage of boLh a negligibl e stray field from the 
primaries on Lh e measuring lable and a negligible 
pickup in the seconclary coils from spurious alLer
naLing magn etic fields. Th e resullanL 1,110 Lul'l1S 
(in fact, pairs of tUl'l1 on tbe Lwo bobbins) arc led 
to three seleclor switches providing decades of 
hundreds, ten s, and uniLs of turns. Due to tIl e 
fact that all the windings have the same average 
diameter , th e relat ions 10 X 10 turn s= 1 X 1 00 iul'l1S 
and 10 X l lum= l X lO lurns hold wiLh a high 
degree of precision. Theil' validi ty can be impl'Jved 
further by shifting the secondary bobbins along th e 
p rimary coils, making usc of the fact that th e field 
of a solenoid of fin ite length is no L exacLly homoge
neous. After some adjustm.en t we obtained: 10 X lO 
tUl'lls - l X lOO turns = 0.003 tum , and l OX l tu]'[} 
l X lO turns= 0.01 3 t urn . In Lhis pos it ion tbe uni ts 
of turns correspond to a mutual inductance of 
3.061 ,.h each. For very precise investigations this 
cOl'l'eetion may be applied, bu t for ordinary de
magnetization work it can be neglected. The 
rotary selec tor switches (commercial low-thermal
emf type, with 11 contacts) arc mounted in an 
aluminum switchbox placed on the bridge table. 
The cables arc led from the bobbins to the switch box 
through a copper tube to minimize electrical pickup 
(see fig. 10). 

PR IMARY COILS 

PRI MARY COILS 

FIC'C RE 12. "One-tenths" mutual inductance (see text). 

" The secondary wind ing for each half of tbe u nit comprises a single turn of 10· 
s trand cable and is located at a position of minimum primary field to ensure tbat 
eacb strand encompasses the same magnetic flux . 

The" ten th of Lurns unit" is consLructecl in a 
similar manner to the above-described unit and is 
depicted diagrammatically in figure l 2. This uniL 
also consists of tv,ro symmeLl'ical parts wound in 
opposite directions in order Lo minimize s tray fields' 
and pickup effects. Th e primary of each part is 
wound in th e sh ape of a Helmhol tz coil, with three 
turns on each h alf. The secondary consisls of one 
t lll'll of tenfold stnmrleel cable of such a diameter 
tha t th e wires pass through a region of minimum 
primary field, so that the flux linkage is liLtle affecLecl 
by irreg ul ariLy of winding. It is connected to a 
fourth rotarv selector switch in the switch box on 
the table. A sm all trimming coil wound on a glass 
tube inside the unit and connected in series with the 
primary winding may be moved along the axis of 
symmetry in order to adjust the total mutual in
ductance exactly to that of one turn of the main 
m utual inductance. 

The variomete1' is shown in fIgure 13. Again , this 
unit is double to minimize stray fields and pickup . 
The Bakeli te fonTIer (ll -em diameter ) holds a pe
ripheral primary winding of 5 turns of No. 20 Formex. 
The secondary winding is actually a single , incom
plete, loop of brass fixed Lo one fac e of the Bakelile 
former , with one lead soldered in the rear to the 
midpoin L of the loop and the oth er connected to the 
sliding con tact, which moves ovor the brass ring. 
The mutual inductance is positive or negati\'e 
according Lo whether the contact is moved clockwise 
or counterclockwise away from Lhe midpoint. TIl e 
position of the sliding contact is indicated by a dial; 
the point for which the mutual indu ctance is equal 
to one-ten th of a tll1'n of th e main unit is found by 
experimenl and marked. The space beLween this 
point and the midpoint is then graduated linearl y 
with 100 d iv isions, and this is repeated for the 
opposite rota tion. 

The ballistic par t of 112 is very similar to the main 
unit of the a-c par t. Actually, the same primary 
solenoids arc used in both cases. Another pair of 

FIGURE 13. Variomeler. 

r The two halves of tbe primary winding and one of the second aries- a single 
(split) ring of brass- may be seen at tbe right. Tbe dial (left) is graduated ± lOO, 
one scale division corresponding to approximately 0.003 microhem y. 
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bobbins was mounted on the primaries, and second
ary coils of tenfold stranded cable were wound on 
them, but only the hundreds and tens of turns, since 
the ballistic measurements require only partial 
compensation of M I by M2 (see the beginning of 
section 7). The coils were connected to double (22 
point) rotary selector switches and 20 noninductive 
spools of copper wire were wound, each trimmed to 
the resistance of a particular mutual-inductance 
winding. The connections were then made in such a 
way that as inductance turns are switched out (for 
instance) the appropriate noninductive resistance is 
switched in. By this means the total resistance of 
the secondary circuit remains constant, and hence 
th e ballistic sensitivity of the galvanometer is con
stant. The reason that these coils are not also 
used for the a-c measurements is that the compensa
tor resistances give a noticeable increase of the 
spurious a-c losses in the bridge circuit. An inside 
view of the switchbox showing the wiring to the 
switches and th e ballistic compensator resistances 
is given in figure 14. 

The phase-shift potentiometer may be constructed 
as R in figure 8,a, but a practical difficulty is that 
resistances of the order of 10- 4 and 10- 5 ohm must 
be measured with some precision. For this reason 
the circuit shown in figure 15 was built , in which 
1'1 is a O.l-ohm fixed resistance, R is a three-decade 
resistance-box variable between 100 and 105 ohms, 
and 1'2 is a four-decade box variable from 0.1 to 1,000 
ohms. The voltage taken off in the secondary circuit 
per unit current of the primary is (rlrz) / (rl+r2+ R ). 
This quantity is called the "effective resistance of 
the circuit," Rell . If R is set at a constant value 
well above 1'1 and 1'2 (for instance, 104 ohms), R ell is 
practically linear in 1'2, the proportionality factor 
being ri /R . The complete layout of the bridge is 
given in figures 16 (schematic) and 17. 

The grounding of the bridge is a point of impor
tance. The system of figure 16 has the advantage 
that both the signal generator and the preamplifier 
of the vibration galvanometer are grounded. A 
reversing switch must be included in the circuit, 
however, so that phase shifts in both directions 
may be compensated with the Rell network. This 
problem was solved by connecting the revcrsmg 
switch between P and Q. 

The a-c detecting device consists of a vibration 
galvanometer preceded by an amplifier. The design 
of the amplifier is very simple. It consists of three 
stages, a 6AK5, a 6AS6, and a 6AQ5 resist rrllce
capacitance coupled to each other, and the last 
stage is coupled to the galvanometer with a trans
former. No frequency-sensitive element has been 
inserted, and the maximum amplification is about a 
factor 104• Under these circulllstances, special atten
tion must be given during the construction that no 
oscillations will take place. Signals down to 1O- 7v 
must be detected, and the reason that no difficulties 
occur with the noise level from the first stage is that 
the frequency width of the galvanometer is very 
narrow, only a few cycles per second. 

FIGURE 14. Interior of mutual-ind~lctance dial box. 

The two ballistic turn, selectors (100-10) and 20 nonindnctiye resistance-com
pensation coils are at the left ; the four a-e turns selectors (100-10-1- 0.1) and the 
a-c-balJistie selector are at tbe rigbt. 

PRIMARY CIRCUIT 

SECONDARY CIRCUIT 

FIGURE 15. Phase-shift potentiometer. 

Q 

10 

FIGURE 16. Mutual-inductance bridge circuit (schematic). 

SG, signal generator; I , ammeter; MI, cryostat mutual inductance· S main vari
ab}e mutual.-ind ~ctance unit;. T, "one·te~ ths". unit; V, variomete;; Reft, phase
sblft potentIOmeter; A, amphfier; va, VibratIOn galvanometer. For PQ, refer 
to text. 
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A 

CRYOSTAT 
COMMU TATOR 

CRYOSTAT 
lJj OR QlD" 
(PRIMARY) 

CRYOSTAT 
IN OR OUT 
[SECONDARY) 

B. 

c.c.l BALLISTIC 
POWER 
SELECTOR 

o .c'/BALLISTIC 
TURNS 
SELECTOR 

c.C./BALLISTlC 
GALVANOMETER 
SELECTOR 

VARIO 
METER 

R 

FIG L:Rl'; 17. CirCllit diagram of aiternating-current/ lwilis/ic mutual- inductance bridge 

D 

w -M M' ... . .. ... . .. ... . .. m m ... . .. 

B 

c ~ 

F] (: I ' R E 18. Casimir-typp vibration galvanometer (horizontal 
cross section) . 

AD , electromagnet; ~I !\'t/ , magn etic-alloy mirror; \r, pbosphorbronze:suspen} 
sian; C, deOecting co ils; D, copper cl amping block. 
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The vibration galvanometer was originally de
signed by Casimir and constructed in the Kamerlingh 
Onnes Laboratory. A cross section is shown in 
figure 18. The vibrating system consists of a small 
piece of highly magnetic alloy, MM', 2 mm square 
and 0.2 mm thick attached to a flat strip of phosphor
bronze, W . :M::'1' is magnctized perpcndicular to 
thc strip , and one side is ground to a mirror. The 
a-c coil , C, is mounted in fron t. The resonance of 
MM' with the a-c frequency is adjusted by applying 
a constant d-c magnetic field, the CUl'l'ent through 
electromagnet AB being adjusted to such a value 
that the deflection of MM' is maximum for a given 
a-c current through C. In this way the galvanometer 
can be tuned to any frequency between 100 and 500 
cis. D is a movable copper block, which is used for 
damping the vibrating system. If D is far away 
from th e mirror , the clamping is very small; it takes 
a long time for MM' to reach its final amplitude for 
a given current through C, and the frequency band 
width 1S so narrow that the resonance adjustment 
can hardly be found. If D is placed very close to 
MM' , the mirror changes from one amplitude to 
ano ther in a fraction of a second, the band width is 
still a few cycles per second, and the sensitivity of 
the galvanometer is quite satisfactory. If the 
galvanometer is in resonance and well-damped, the 
sensitivity is about 1mv in the neighborhood of 200 
cis; hence, in combination with the amplifier, 
signals of the order of 10- 7 v can be detected. 

The ballistic detector device is a voltage-sensitive 
galvanometer with a sensitivity of 10 mmlJ.1.v and 
a period of 5.1 sec. It is aperiodically damped with 
a shunt resisttl nce, and th e deflections are read by 
means of a telescope and a lighted scale. The 
commercial "ballistic ga lvanometers" with periods 
of half a minute or more are not suitable for these 
investigations as their ballisti.c sensitivi ty is smaller 
by about a factor 10, and the long period prevents 
one from taking more than one reading a minute . 
Measurements with a fast galvanometer require 
some experience, but if the deflections are kept under 
10 cm (by proper adjustment of 112) tenths of milli
meters can be estimated easily. With the above 
arrangement, it is possible to take at least six 
readings a minute. 
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The possibility was considered of using a still 
fa ster galvanometer and registering the deflcctions 
pho tographically . This system has been applied 
successfully in Leidcn, using galvanometers with 
p eriods of 1.3 and 0.2 sec. The method works 
quite satisfactorily , but in some cases difficul ties 
occur in the interpretation of the results when the 
relaxation time of the sal t becomes of the sam e order 
of magnitude as the swinging time of the galva
nometcr. 

The first author, who was at the National Bureau 
of Standards for 1 year as a consultant, expresses his 
gra titude to members of the staff of the Bureau for 
the rcady cooperation and assistance he received 
d uring his stay, for th e many valuable di scussions, 
and for the high priority that was often awarded to 
his work. 
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