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ABSTRACT 

The technique of adiabatic fast passage has been 

used to measure the nuclear susceptibility of liquid He^. 

Measurements along' the vaporization curve from 1,2°K to 

2.1°K indicate that anti-parallel alignment of the He3 spin 

system in this temperature range is more important than 

suggested by previous measurements. Unless existing data 

at temperatures below 1°K are incorrect> it appears that 

the susceptibility of He3 is not given precisely by the 

ideal Fermi-Dirac expression. 

A He^ cryostat has been constructed to extend the 

measurements to lower temperatures. Both the operating 

characteristics of a preliminary cryostat and the design of 

the final cryostat are discussed. 



PART I 

MEASUREMENTS ON THE NUCLEAR MAGNETISM IN LIQUID HE3 

A. Introduction 

The success of the ideal Bose-Einstein gas calcu¬ 

lation in providing a qualitative understanding of the 

4 
behavior of liquid He , suggests that the ideal Fermi - 

Dirac gas calculation might provide a qualitative under¬ 

standing of the behavior of liquid He^. Calculations of 

the equilibrium properties of a spin system obeying 

Fermi-Dirac statistics are familiar from the free electron 

model of metals. The degeneracy temperature T0«-h/8mk(3N/srV) 

2i _ 
for the electrons in metals is 10 at ordinary 

temperatures the electron gas Is extremely degenerate. 

3 
For liquid He , on the other hand, the calculated degen¬ 

eracy temperature is 5°K, a temperature close to its 

critical temperature of 3.3^°K. 

1 
The early measurements of the specific heat did, 

in fact, exhibit an order of magnitude agreement with the 

specific heat calculated from the Fermi-Dirac formalism. 

The temperature dependence, however, differed markedly 

2 
from the Fermi-Dirac calculation. Later measurements, 

extended to 0.085°K, suggested that below 0.1°K the 

specific heat was linear in T, agreeing with the Fermi- 

Dirac formalism for T0- 2.5°K. 

Measurements of the nuclear paramagnetic suscep¬ 

tibility indicated that although spin alignment of the 



2 

sort predicted by the Fermi-Dirac formalism did occur in 
■3 

liquid He , the temperature of occurrence was a factor of 

five lower than that indicated by the specific heat meas- 
•3 

urements-. Thus any real correspondence between liquid He-' 

and the ideal Fermi-Dirac gas, even at the very loxtf tem- 
3 

peratures, was denied. Buckingham has shown-' that the 

existing data can not be explained on the basis of any 

independent particle model. 

The first measurements of the nuclear suscepti- 
•3 

bility of liquid HeJ as a function of temperature were 

4 
made by Fairbank, Ard, Dehmelt, Gordy, and Williams. 

Within the experimental error of z’lO^ the suscepti¬ 

bility was observed to follow the Curie law from 2.8°K 

down to 1.2°K. If anti-parallel alignment occurred in 
•3 

liquid He , the maximum degeneracy temperature permitted 

by these measurements was 0.6°K. 

The susceptibility measurements were extended to 

temperatures as low as 0.23°K by Fairbank, Ard, and 

Walters.'* Normalizing the data to a 4$ degeneracy at 

1.2°K, the low temperature measurements showed that liquid 

He3 exhibits anti-parallel alignment of the sort expected 

for an ideal Fermi-Dirac gas, but with a degeneracy temper¬ 

ature of 0.45°K. 

At higher pressures, the increased density of 

liquid He^ would result in a higher degeneracy temperature 



3. 
on the basis of the Fermi-Dirac gas model. Measurements 

of the susceptibility at higher pressures by Walters and 

Falrbank^ showed that, contrary to the model, the degener¬ 

acy temperature decreased with increasing pressure in 

liquid He^* 

We have employed the technique of adiabatic fast 

passage to repeat, with greater accuracy, the early sus¬ 

ceptibility measurements of Fairbank and his co-workers. 

The preliminary results of these measurements are reported 

in this thesis. 

B, Nuclear Magnetic Resonance: Adiabatic Fast Passage 

The technique of adiabatic fast passage was first 

described by Bloch.^ The sample is acted upon by two 

external fields, a large constant field HQ and, at right 

angles to it, a relatively small rf field of magnitude 

2%. The coordinate system is chosen such that HQ is 

directed along the z-axisj the rf field then lies in the 

transverse plane. The external field components can be 

written j/x*M cos <vt; S/» aft; j/i * M, . 

The sign of Hy is as the sign of y , the magnetogyric 

ratio,is t, The rf field then exhibits the same sense 

of rotation as the precessing magnetization. 

If the nuclei are acted upon by the external 

fields alone, the behavior of the bulk magnetization 

follows in time the classical equation of motion 

• 

At - ^ 



In. any real system, however, internal fields are present 

and some modification of this equation is required. In 

treating this problem Bloch introduced terms for the time 

rate of change of the magnetisation which describe the 

relaxation of the longitudinal and transverse components 

of the magnetization. The resulting equations, governing 

the behavior of the bulk magnetization, in time., are 

- H {^ /// ~ /(s/i //y J * rr 0 

- 'Y /Yy ~ ^ 77 a 

AYy ' Y( My /-/y -A/y Aff r yy st/o 

where T-j_ is the longitudinal relaxation time, and T2 is 

the transverse relaxation time. 

In our apparatus the frequency u/ of the rf field 

is fixedj the large field H0 is swept through its resonance 

value f7*~yyy. For adiabatic fast passage the rate at 

which H0 is swept through resonance must satisfy certain 

conditions. These are 

The inequality at the right is the adiabatic condition. 

It expresses the requirement that one pass through reson¬ 

ance slow enough to permit Inversion of the magnetization. 

The inequality at the left requires that passage through 

resonance be sufficiently rapid that the magnetization is 

not appreciably affected by the relaxation processes. If 

the conditions for adiabatic fast passage are satisfied 

and if H0 is initially greater than H*, the appropriate 
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solutions to the Bloch equations are 

A - Tpfj extol 

M* - 
M 
TTTfs v" * 7^V 

Jj. _ MY 
M* " -^777* 

uft 

inhere (f T //^ and M is the value of the magnetization 

at the Instant passage Is begun. Again the $ sign refers 

to X £, From these solutions we see that, as resonance 

is approached, the bulk magnetization, driven at the fre¬ 

quency t*>» is deviated from the z-direction. The magneti¬ 

zation passes through the transverse plane when Y-6y and 
finally, for large negative values of f, is inverted from 

its equilibrium direction. 

The voltage induced in the rf coil (the axis of 

the coil Is along the x-direction) is then 

where N is the number of turns on the coil, A is the 

cross-sectional area of the coil, and f Is the filling 

factor. The voltage is +■ as is i . The peak 

voltage is proportional to the magnetization. It is also 

to be noted that the induced voltage is 90° out of phase 

with the driving field. 

Assuming the Curie law,,we can calculate the 

magnetization per unit volume. For one cubic centimeter 

of He3 at 3°K, 3,2 x 10~9 and in a field of 10 kilo- 

gauss M - 3.2 x 10-5 gauss. An experimental investigation 
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of the nuclear paramagnetic susceptibility using classical 

techniques would require measurements of very high pre¬ 

cision, On the other hand, the voltage induced in the rf 

coil during an adiabatic fast passage is easily measurable. 

The factor NAf can be as large as 10, and for a frequency 

of 30 megacycles per second the peak voltage is on the 

order of a millivolt. 

C. Experimental Apparatus 

1#) Gas handling system 

Figure 1 is a schematic of the gas handling system. 

The metal storage container has a one liter capacity. 

Below the storage container is a glass U-tube which serves 

both as a manometer and a simple Toeppler pump. Pumping 

action is achieved by alternately evacuating and pressur¬ 

izing the left arm of the U-tube, A liquid He^' trap is 

inserted in the He3 line for the removal of condensable 

vapor prior to filling the sample chamber. After the 

sample chamber has been filled the trap can be closed off. 

The sample is then connected to the storage container 

through the trap by-pass. If a large amount of condensa¬ 

ble vapor is present, the trap can be vented. The vent 

also is used in evacuating the gas handling system and in 

leak testing. 

Pressure can be applied to the sample using the 

stainless steel U-tube, Gas can be admitted to the right 

arm of the U-tube at the time the sample chamber is filled. 
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7. 
Valve X is then closed and toy applying pressure to the 

left arm the sample is pressurized. The pressure is 

measured with a bourdon type gauge. The mercury level in 

8 
the U-tube is monitored with a mutual inductance, device. 

The He3 line from valve X to the sample chamber is a 

stainless steel capillary. A disconnect at the top of 

the dewar facilitates removal of the low temperature part 

of the apparatus. 

The sample chamber, illustrated in figure 2a, is 

constructed of nylon* The seal from the metal filling 

tube to the nylon sample chamber is achieved with a brass 

screw tapered at one end,9 The filling tube is soldered 

into the brass screw; the taper on the screw seats against 

a matching taper in the nylon chamber. Mechanical strength 

is provided by the threads. This arrangement has the 

advantage that in cooling to He^ temperatures the relative 

contraction of the nylon and brass improves the seal. 

2.) Cryogenics 

The cryogenic apparatus is illustrated in figure 

2b* The brass nitrogen dewar and the glass helium dewar 

are situated between the pole faces of the 12 inch Varian 

magnet. The pole face gap is 1 3/4 inches; the dewar 

system leaves a one inch working space. The helium 

dewar capacity is 1-| liters. 

The energy transfer to the helium bath is limited 

by constructing the outer conductor of the transmission 
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8* 

line of nickel-silver tubing. The center conductor is a 

copper plated stainless steel capillary which serves also 

as the filling tube. The energy transfer from the trans¬ 

mission line is thereby reduced to the same magnitude as 

that resulting, from the glass walls of the dewar. Radia¬ 

tion to the bath is reduced by a shield. With this system 

low temperatures can be maintained 20 hours. The minimum 

.temperature obtained by pumping is 0.95°Ki  

3.) Nuclear resonance equipment . . 

The large constant field H0 is produced by a'12 

inch Varian magnet. The maximum field is 13.5 kilogauss. 

This field can be swept several hundred- gauss through the 

region of the resonance by feeding suitable voltages into 

the input circuit of the magnet power supply.Both the 

sweep rate and the sweep amplitude are variable. 

The rf circuit is illustrated in figure 3. An rf 

voltage of about 1 volt rms is applied to the nuclear 

resonance tank circuit. The tank circuit resonates at 

such a frequency that the transmission line is an eighth 

wave length. (For a convenient length transmission line 

the frequency is 20 bb3Q megacycles.) The tank circuit 

coil is tapped to match the characteristic impedance of 

the transmission, line.;; An eighth wave length transmission 

line, terminated by its characteristic impedance, exhibits 

the property that impedances at the bottom of. the line 

appear at the top rotated by 90°. Thus the out of phase 

voltage induced in the coil during an adiabatic fast 
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9. 

passage appears at the top of the transmission line as a 

resistive impedance change. The signal is detected and 

the detector output fed to the high gain amplifier of a 

Dumont 403 oscilloscope* The nuclear resonance signal is 

measured on the long persistence screen of a Dumont 304-A 

oscilloscope. 

D, Experimental Procedure 

After the He^ bath is pumped below the lambda 

point, He^ is admitted to the sample chamber through a 

He^ trap. When the sample chamber is full, the trap is 

closed off. The sample is then connected to the storage 

container and to the glass U-tube through the trap by-pass. 

By pumping gas into the storage container or releasing gas 

from the storage container, the pressure above the sample 

can be adjusted to the vapor pressure at all temperatures. 

Prior to measuring the magnetization at any temper¬ 

ature one permits the sample to reach thermal equilibrium 

in a large magnetic field H0. This field is enough greater 

than the resonance field H* that, equilibrium is not dis¬ 

turbed by the applied rf field. The time required to 

establish thermal equilibrium is determined by Ti. After 

5 T£'s the magnetization has grown to within one-half of 

one percent of its equilibrium value. To measure the 

magnetization the large field HQ is swept through resonance 

under the conditions of adiabatic fast passage and the 

signal amplitude observed on the long persistence oscillo- 
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scope screen. The amplitude Is proportional to the 

volume magnetization. 

E, Experimental Results and Discussion 

The adiabatic fast passage signal amplitude is 

proportional to the volume magnetization* Since our exper¬ 

iment is performed at constant volume, the signal amplitude 

divided by the liquid density13* is proportional to the 

molar susceptibility. It is convenient to present the data 

as a plot of -g- versus temperature where X is the: molar 

susceptibility and € is the Curie constant. The Curie law 

susceptibility then appears as a horizontal' line and the 

extent to which the He3 data falls below this line is a 

measure of - the degeneracy/ Since the absolute suscepti¬ 

bility is not measured, some normalization procedure must 

be applied* 

The early measurements of the molar susceptibility 

of liquid He^ agreed within the experimental error of ±5$ 

with the ideal Fermi-Dirac gas susceptibility for TQ« Q.45°K. 

Our preliminary measurements from 2.1°K to 1.2°K are plotted 

in figure 4 along with the theoretical curve for TQ - 0.45°K 

and the Curie law curve. The data is arbitrarily normal¬ 

ized to a 2degeneracy at 2°K. 

It is estimated that our technique of measurement 

should provide data accurate to *1$. Our preliminary 

measurements, however, were affected by instrumental insta¬ 

bility. The apparent gain of our measuring system changed 
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11 

from time to time for unknown reasons. Each set of 

points in figure 4 corresponds to successive measurements 

made during periods when the gain was constant. Our 

measurements indicate?that unless the low temperature 

data of Fairbank and co-workers are incorrect, He^ does 

not follow precisely the Fermi-Dirac susceptibility. 



PART II 

A HE3 CRYOSTAT FOR NUCLEAR MAGNETIC RESONANCE MEASUREMENTS 

A, Introduction 

The production of liquid He^ was a technical 

advance of singular importance to low temperature phy¬ 

sics, The vapor pressure of this liquid was sufficiently 

high that temperatures of 1°K became accessible by pump¬ 

ing, The advantages of a liquid coolant, the large cool¬ 

ing capacity and the ease of temperature regulation, were 

present. Further, the large thermal conductivity below 

the lambda point eliminated the problem of thermal gradi¬ 

ents, Unfortunately, the presence of the mobile film 

below the lambda point enhances the rate of evaporation 

which, coupled with the decreasing vapor pressure of the 

liquid, makes temperatures much below 1°K difficult to 

obtain. The lowest temperature obtained by pumping on 

liquid He4 is 0,71°K. 

Experiments at temperatures well below 1°K are 

made possible by the technique of adiabatic demagnetiza- 

tion. This technique does not, however, share all the 

advantages of a liquid coolant. In the first place, 

large quantities of salt must be demagnetized if an appre¬ 

ciable cooling capacity is required. Further, one must 

settle for a temperature Which monotonically increases 

with time. These disadvantages can be overcome by cylic 

magnetic refrigeration. The magnetic refrigerator, 

however, is a complicated system technically. 



The availability of He3 provides a simple solu¬ 

tion to some of the problems encountered with demagneti¬ 

zation techniques. Large cooling capacities and good 

temperature regulation are achieved with ease at temper¬ 

atures signifigantly less than 1°K. Such temperatures 
■5 k 

are accessible with He , as opposed to He * for two 

reasons; first* the vapor pressure for He^ is consider- 

ably higher than for He * and second* HeJ does not 

exhibit superfluidity. The cryogenic use of He3 does 

have certain disadvantages. One is obliged to work 

with a small quantify of gas; one must ensure recovery 

of the gas; and further* the thermal conductivity of the 

liquid is low. 

Low temperatures by pumping on He were first 

15 i6 
obtained by Zinov'eva and by Sydoriak and Roberts 

in their investigations of the properties of He . Shortly 

thereafteri descriptions of He^ cryostats for other 

experiments appeared in the literature. These are of two 

kinds. In one,1^ He3 is condensed into the a bath space 

and vapor pumped until the liquid is gone. The minimum 

temperature attainable by this "single condensation" 

method is roughly 0.25°K. In the otherHe3 is contin¬ 

uously recycled. The gas :;pumpe.d^£h°ra the bath is recon¬ 

densed at He^ temperatures and allowed to drip into the 

He3 bath space. The minimum temperature for a recycling 

cryostat is somewhat higher than the 0.25°K quoted above, 

but such an apparatus provides an opportunity for handling 
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large energy inputs with a limited supply of He^. 

A He^ cryostat for nuclear magnetic resonance 

measurements has been constructed. Since recycling of 

the He^ is not warranted in this case, attention will be 

given only to operation by a single condensation of the 

He 3. 

B. General Problem 

The practicability of a "single condensation" 

cryostat rests upon the practicability of satisfying 

two experimental requirements; one of time and one of 

temperature. Simply stated, an experiment requires that 

for a time one must maintain a temperature T0. In the 

j design of a cryostat these requirements appear as condi¬ 

tions on certain parameters, for instance, the energy 

transfer into the bath space, or the conductance of the 

pumping line. It is the purpose of this section to out¬ 

line the functional dependence of the time and the temper¬ 

ature upon these design parameters. 

Consider first the equilibrium temperature at 

which a cryostat will operate under given external condi¬ 

tions. At this temperature the rate of energy transfer 

into the bath space equals the rate of energy extraction 

from the bath space. Both rates are functions of the 

bath temperature T. Assuming that the transport of gas 

along a pumping line can be treated in analogy to the 

transport of charge in a conductor, we can write for the 
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rate of gas flow 

where G(T) is an effective conductance of the line and 

V(T) a potential which is a function of T through the 

pressure. The rate at which energy can he extracted is 

then given by ffj . »fr/r ifrj 

defines the equilibrium hath temperature 7^ . 

Having found the equilibrium hath temperature 

one can calculate the period of time for which this tem¬ 

perature can be maintained. Me have 

where /Or is the number of moles of liquid left to maintain 

this temperature. 

and the effective conductance of the pumping line are the 

parameters of primary importance in designing a cryostat. 

One would like simultaneously to limit the energy transfer 

into the bath space and to maintain the conductance of the 

pumping line so that the equilibrium temperature is less 

than or equal to T0 and the length of time this tempera¬ 

ture can be maintained is greater than or equal to ^. 

C. Energy Transfer 

inhere L(T) is the latent heat and the equation 

The rate of energy transfer into the bath space 

Reducing the energy transfer into the He^ bath 
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has two desirable effects. First, it increases the 

period of time for vrhich any temperature can be maintain¬ 

ed. Second, by decreasing the rate at which vapor must 

be transported away from the bath, it makes the conduct¬ 

ance problem less severe. Reliable estimates of each 

contribution to this transfer are thus important, both 

in taking steps to minimize the total transfer, and in 

defining the conductance problem. 

The processes leading to energy transfer are 

1. Conduction 

2. Convection . 

3. Radiation 

4. Mechanical vibration 

5. Adsorption 

Other contributions to the energy input can be important 

in particular experiments. An example could be dielectric 

heating in the case of NMR experiments, or the energy 

released in ortho-para conversion if one were making 

measurements on hydrogen of high ortho concentration. Let 

us consider the processes of energy transfer listed above. 

1. Conduction: Solid conduction represents the most seri¬ 

ous energy transfer in a He^ cryostat ottfing to the presence 

of the pumping line. Besides conduction in solids, moder¬ 

ate presstire gas conduction and low pressure gas conduction 

can be important sources of energy transfer. 

The rate of energy transfer in a solid is given by 

where A is the cross-sectional area, is the thermal 
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conductivity, and ~'/y/ is the temperature gradient. 

Above 1°K reliable estimates of this transfer can usually 

be made.on the basis of existing measurements of the ther¬ 

mal conductivity.1^ Below 1°K there are few measurements 

of the thermal conductivity^ thus one must use extrapolated 

values, the reliability of which is uncertain* 

For gases at moderate pressure the rate of energy 

transfer is governed by the same.equation as given above 

for conduction in solids. Such transfer occurs along the 

column.of He^ vapor in the pumping line.20 

An upper limit for the energy transfer through 

the residual gas in the guard space can be calculated, 

-in PI 
For a pressure of 10 mm Hg, which appears reasonable, 

the energy transfer is less than one erg/sec, 

2. Convections There is no convection in a He^ cryostatj 

the gas pressure in the guard vacuum is too low,and the 

density of the gas in the pumping line is greatest at the 

bottom. 

3. Radiation: Since the radiation emitted by a body 

varies as the fourth power of the temperature, the energy 

transfer by radiation from the He** bath is extremely small. 

For the same reason, room temperature radiation funneled 

down the pumping line can result in a very large energy 

transfer. The radiation emitted into a solid angle of 

from a cross-sectional area (black) of the pumping line at 

room temperature is roughly 10° ergs/sec. For a pumping 
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line of reasonable length (100 cm.) the direct radiation 

to the bath is about 100 ergs/sec. This radiation can be 

handled by conventional shielding techniques. 

4. Mechanical vibration: Very little quantitative 

information on the energy transfer by mechanical vibra¬ 

tion exists. It has been observed in adiabatic demagne¬ 

tization experiments that the rate of temperature rise of 

the salt pill is affected by the operation of pumps. Any 

reasonable estimate of the energy transfer, however, suggests 

that it is negligible for a He^ cryostat. 

5. Gas adsorption: Gas adsorption, although important 

in adiabatic demagnetization cryostats, should not contrib¬ 

ute any significant energy transfer in a He^ cryostat. 

As an example calculation, consider the simple He^ 

cryostat illustrated in figure 5. The He3 bath is ther¬ 

mally isolated from the He^ bath by a guard vacuum; vapor 

is transported from the He^ bath space along a constant 

diameter pumping line. The energy transfer to the He^ 

bath results primarily from conduction along the pumping 

line, from conduction along the column of He^ vapor, and 

from room temperature radiation* Extending the guard 

vacuum well above the He^ bath limits the contribution 

from the two conduction processes. The path length is 

thereby increased. A simple shield limits the contri¬ 

bution from radiation. 



FIGURE 5 
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Assuming the pumping line to be thin-walled 

(.006 inch) nickel-silver tubing, the He^ bath temper¬ 

ature to be 1*2°K, and the He^ bath to be 0.5°K, we can 

estimate the total rate of energy transfer to the bath 

space. 

Source . Contribution 

Conduction along pumping line 100 ergs/sec. 

Conduction along He^ vapor column 25 " 

Radiation 75 " 

The dominant contribution to the total energy transfer 

is the conduction along the pumping line. 

D, Transport of Vapor 

For a reasonable energy transfer into the He^ 

bath, say 100 ergs/sec., the flow rate is a few times 

10-7 mole s/sec Ultimately we want to know what sort 

of pumping line will permit us to transport this quanti¬ 

ty of vapor without introducing an excessive energy 

transfer. Let us begin our discussion by considering 

the mean free path L of the gas in the pumping line. 

The mean free path, as compared to the radius a of the 

23 
pumping line, determines the character of the gas flow. 

If L is small compared to <2, the average particle col¬ 

lides with other particles many times before reaching 

the wall and the gas flow is determined by these col¬ 

lisions. In this limit the gas is said to exhibit 

viscous flow and is governed by the equation 
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where is the flow rate, S. is the radius of the tube, 

is the pressure,^? is the viscosity, 7~ is the temper¬ 

ature, is the gas constant, and^is the pressure 

gradient. On the other hand when L is greater than SLt 

the character of the flow is determined by collisions 

with the wall. For a tube which is long compared to its 

radius we have the expression 

• -S.tfS/o* a* „ A 
■ 44 yrW y 

where / is the length of the tube and Mis the molecular 

weight. In this limit the gas is said to exhibit free 

molecular flow. 

The mean free path can be evaluated from the 

'/? expression fur 
where the pressure is in microns. It is then convenient 

to plot In L versus In p for various temperatures, 

terminating each line at the vapor pressure of He^. This 

is done in figure 6. The horizontal lines j */ and 

then divide this plot into three regions which correspond 

roughly to the region of viscous flow, the region of 

free molecular flow, and an intermediate region. 

We are now prepared to make an example calcula¬ 

tion. Evidently, an estimate of the minimum bath temper¬ 

ature follows from the effective conductance of the pump¬ 

ing line. For the present, however, a less ambitious 

calculation is adequate. Consider the constant diameter 

pumping line assumed in the energy transfer calculation 
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of the previous section. Rather than calculate the 

minimum temperature let us assume a bath temperature, 

say 0.5°K, and then calculate the, conductance at: various 

points along the line. Such a calculation is important 

for two reasons. First, it demonstrates the possibility 

of obtaining temperatures significantly less than 1°K, 

even with a very simple cryostat. Second, it illustrates 

the importance of proper variation of the pumping line 

diameter.   

For. a bath temperature of 0«5°K the pressure 

drop along the line is negligible compared to the total 

pressure and, except at the high temperature section of 

the line, the flow is viscous.. In this high temperature 

region small corrections can be made for the changing 

character of the flow. We define our conductance as 

_zr s4P 
779T 24 

where all quantities are in cgs units. As points of 

interest we take T*0.5°K which corresponds to the sec¬ 

tion of line directly above the He3 bath, T= 1,0°K which 
ii 

corresponds to the section of line in the He bath, 

T=4.0°K which corresponds to the section of line just 

above the He level, T * 80°K which corresponds to the 

section of line at the top of the dewar, and T- 293°K 

which corresponds to the section of line at room temper - 

ature.. ..These results are listed below. 
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mperature Conductance 

0.5°K 1.14 x 1CT1 

1.0°K 2.80 x 10”2 

4.0°K 2.74 x 10“3 

80.0oK 2.53 x 10-5 

293.O^K 4.16 x 10"6 

For a total pressure drop along the line 

(100 cm. long) of 1 dyne/cm2, which Is less than one 

percent of the total pressure, there is no problem in 

handling the flow rate of 3*45 x 10“^ moles/sec. The 

diameter of the room temperature section of the line can 

be increased without difficulty. The drastic temperature 

dependence of the conductance can, of course, be used to 

advantage$ the diameter of the lower temperature section 

of the line can be significantly decreased, thus reduc¬ 

ing the energy transfer to the He3 bath without reducing 

the effective conductance of the entire line. 

The conductance calculations suggest the possi¬ 

bility of attaining temperatures appreciably less than 

0.5°K with this simple cryostat. At 0.5°K the pressure 

at the pump is 142 microns, the vapor pressure of He3 at 

0.5°K. But for the flow rates of interest even a fore 

pump is capable of maintaining a pressure of about 5 

microns. What happens in this simple cryostat as the 

temperature is reduced can be illustrated on our plot 

of In L versus In p, figure 6. At 0.5°K there is negli¬ 

gible pressure drop along the line and thus the pressure 
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and temperature at various points in the line define a 

locus of operating points which is vertical, as illustra¬ 

ted by line A. As the hath temperature is reduced, the 

vapor pressure decreases, the conductance decreases, and 

the pressure drop along the line increases. The quali¬ 

tative behavior of the locus of operating points for 

lower temperatures is illustrated by line. B. 

A simple cryostat, as considered here, was 

constructed. Temperatures below 0,45°K were attained 

with an energy transfer into the bath of 300 ergs/sec. 

The temperature was determined by resistance thermometry 

and the energy transfer was calculated from the measured 

rate at which gas was collected behind the pump. 

The locus of operating points for a T^ell designed 

pumping line would be quite different from line B, figure 

6, Since the total energy transfer into the bath space 

is largely the result of conduction down the pumping 

line, it is advantageous to suffer the greater portion 

of the total pressure drop across that section of the 

line separating the He3 and He^ baths. In this way the 

energy transfer is minimized. The locus of operating 

points then follows line C. 

A practical procedure for designing the pumping 

line is now obvious. Assuming a reasonable energy trans¬ 

fer at the minimum temperature, the required flow rate 

can be calculated. From the flow rate (and the pump 

characteristics) the pressure at the pump is obtained 
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which, subtracted from the vapor pressure at the minimum 

temperature, defines the allowable pressure drop along 

the line. One calculates the conductance for "typical" 

sections of the line (taking into account the type of 

flow occurring there) and distributes the pressure drop 

to advantage; 

E. Description of Cryostat 

The construction of a He^ cryostat was under¬ 

taken for the purpose of making measurements of the 

nuclear susceptibility and the nuclear relaxation times 

in He^ at temperatures where the degeneracy is signifi¬ 

cant. The early susceptibility measurements give a degen¬ 

eracy temperature of 0.45°K for He3 under the saturated 

vapor pressure. A temperature of 0.4°K and a time of 

ten hours should therefore prove adequate for our exper¬ 

imental purpose. 

Figure 7 is an illustration of our cryostat. 

The magnet and dewar system leave a one inch working 

space for the cryostat. Inside the can c which is sur¬ 

rounded by liquid He^- is a second can The He^ is 

condensed here and the vapor pumped away through a one- 

eighth inch diameter, thin-walled nickel-silver tube b. 

The whole inner assembly is suspended from this tube. 

Temperature gradients in the He3 bath are minimized by 

a copper spiral f. Below the He^ bath space is the 

nylon sample chamber g. A teflon sleeve h, used in 



FIGURE 7 
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temperature measurements, Is slipped over the sample 

chamber. The sample chamber is filled through a stain¬ 

less steel capillary k,. Magnetic material must be ex¬ 

cluded from the magnetic fields thus metal parts in 

this region are all brass. The whole inner assembly is 

separated from the outer can by a guard space d} evacu¬ 

ated through a pumping line a. Room temperature radia¬ 

tion is thermally shorted to the He** bath through the 

radiation shield 

The rf is fed to the tank circuit m. through the 

transmission line 1, The bottom section of the outer 

can 1 is nylon to permit the rf to reach the sample. 

All nylon-to-brass seals are similar to that used in the 

sample chamber for measurements above 1°K, 

The total energy transfer is estimated to be 25 

ergs/sec. The individual contributions are listed below. 

Source 

Conduction along pumping line 

Conduction along filling tube 

Conduction along He3 vapor column 

Conduction through guard vacuum 

Radiation (estimated) 

Total 25 ergs/sec. 

These estimates are based on a He3 bath temperature of 

0.35°K and a He** bath temperature of 1.2°K, Dielectric 

heating has been neglected. The rf tank circuit is 

Contribution 

15 ergs/sec, 

1 " 

1 

1 " 

7 
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placed in the He hath to avoid the large energy dissipa¬ 

tion, estimated to he 500 ergs/sec. 

The pumping line is designed such that with a 

fore pump a minimum temperature of about 0.35°K can be 

attained. The conduction of the section of the line 

separating the He3 and He^ baths was made sufficiently 

large that with the use of a diffusion pump and with 

modifications of the higher temperature section of the 

line, an ultimate temperature in the region of 0.25°K 

should be attainable. 

The punping system is illustrated schematically 

in figure 8. The room temperature section of the pumping 

line is two inches in diameter and several feet long. 

In our present system this is adequate to handle the 

required flow of gas without a serious pressure drop. 

A valve and flange are attached to the line for evacua¬ 

tion of the system prior to running, A thermocouple 

gauge in the line is used during leak testing. A Welch 

fore pump vrith a special shaft seal is used. The He3 is 

stored in the pump and in an additional one liter storage 

tank at the output of the pump. Veeco valves are placed 

on either side of the storage section. Gas from the 

back of the pump can be bled through a return line to the 

main pumping line. This flow, controlled by a needle 

valve, changes the effective speed of the pump and thus 

the equilibrium bath temperature. A manometer behind the 

pump is used to monitor the gas pressure there. 
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The pumping system for the guard vacuum isola¬ 

ting the He^ hath from the He^ hath is illustrated at the 

right of figure 8. Exchange gas can be admitted into 

region A from the He^ hath and then into the guard space. 

The method of temperature measurement depends on 

the temperature range of interest. Above 0.7°K the press¬ 

ure drop along the pumping line is negligible and the 

pressure itself is large enough that the thermomolecular 

pressure difference is extremely small. The ease of using 

pressure as a measure of the temperature then favors this 

method. Below 0.7°K the susceptibility of flwerine in 

teflon is used as a measure of the temperature. A teflon 

sleeve is slipped over the sample chamber and the magne¬ 

tization is detected with the same rf equipment used in 

the He^ measurements. 

Our scheme for detecting the nuclear resonance 

signal creates certain problems in the construction of a 

transmission line. The requirements for the transmission 

line are four-fold. 

1. ) The transmission line must be an eighth wave 

somewhere in the range of 15-40 me. 

2. ) It is desirable for the characteristic imped¬ 

ance of the line to be at least 100-150 ohms. Since 

this impedance varies with the ratio of the diameters 

for the inner and outer conductors, the limitation on 

the outer diameter of the line requires that the diameter 

of the inner conductor be rather small. 
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It must be possible to bend the transmission 

line. 

4.) The thermal conductivity of the line must not 

be too large. 

Our transmission line consists, of a fine wire 

supported by a pyrex glass capillary. The ,capillai*y is 

wrapped with aluminum foil. The characteristic imped¬ 

ance of the line is 150 ohms and the eighth wave frequen¬ 

cy is roughly 19 me. The energy transfer to the He^ 

bath is comparable to that resulting from the pumping 

line, about 15 mw/sec.. 

F. Procedure 

With exchange gas in the guard space the He^ 

bath is pumped to 2°K. The guard space is then evacuated 

and the He^ bath temperature reduced to 1.2°K. He3 gas 

is then admitted. It liquifies along the walls of the 

pumping line and drops into the He^ bath space. He^ is 

admitted into the sample chamber at the same time. When 

the inner can has cooled to 1.2°K and sufficient He^ has 

been liquified, the fore pump is started. 
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