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I. INTRODUCTION 

The material contained herein describes preliminary studies of the 

magnetic resonance of solid hydrogen below 4.2 0 K and Includes a plan of 

attack for further investigations. 

Professor C. J. Gorter was the first (1936, 1942) to attempt nuclear 

magnetic resonance in solids. Actually the first use of magnetic resonance 

was in the atomic beam experiments by Rabi (1939). Bloch, with his co- 

workers, and Purcell and his associates independently discovered magnetic 

resonance in solids, for which the two men shared the Nobel Prize in 1952. 

Bloch used an experimental method which he called nuclear induction, uti¬ 

lizing two rf coils -- one transmitting energy, the other detecting the nu¬ 

clear signal. PureelPs apparatus was a bridge type absorption device ca¬ 

pable of detecting either the real or imaginary part of the susceptibility, 

X1 - iTt"> which is discussed below. 

With these new techniques available for investigation of atomic and 

molecular structure, scientists soon applied them to many aspects of research 

until magnetic resonance became the vast field it is today. 

Before we begin a discussion of magnetic resonance in solid hydrogen, 

it would perhaps be worthwhile to review briefly the nature of nuclear mag¬ 

netic resonance, including a discussion of earlier work in solid hydrogen. 

A. SIMPLE THEORY 

Many atomic nuclei (those which possess nuclear spin angular momenta) 

have magnetic moments. The magnetic moment, |9 , of a nucleus is aligned 

either parallel or antiparallel to the spin and is related to the angular mo¬ 

mentum, ]?, by; 

1) 



where g is known as the nuclear g-factor, 'iJ is the gyromagnetic ratio, 

I is the spin in units of , and m^ is the proton mass, g and V 

are experimentally determined quantities. |9y\ is the nuclear magneton. 

I is either integral or half-integral. 

Having made these definitions we may now consider resonance from 

either a classical or a quantum mechanical view point, in the manner of 

Pake1. 

If a constant magnetic field B is applied to a system of N nuclei, which, 

for the sake of simplicity, we take to be identical and non-magnetic except 

for the nuclear spins, a torque is exerted on each moment given by 

U- - xf ^jQxB - p'xB = -Y§xp 2) 

Now by analogy with the equation Ctf X , we see that the 

spins process about the direction of the magnetic field with frequency 

- | X&_l - l \ 
VL ~ iTt l Tf » “■ » 

which is the Larmor frequency. 

The potential energy of the magnetic moment in the field is given by 

3) 

U* - = - w\ 4) 

The last equality follows from quantum mechanics which tells us that, in a 

magnetic field, the energy levels of a nuclear moment have only discrete 

values. That Is, the spin acts as though it is allowed only certain directions 

such that its component along the direction of B is m where -\l\ \l\ 

and m precedes in integral steps from -ttl » \l\ . 

From statistical mechanics we know that the number of particles in 

a given energy level is proportional to e . Thus the ratio of the 

number in level m to the number in level m* is given by 

Wttv/N (e-U~M)/U-W~'/KT) 

(2) 



Confining our discussion to nuclei, like that of hydrogen, with spin 

1 , we have two energy levels corresponding to m zz *i \ , with the com¬ 

ponent m ^ in the lower level. Thus 

S) 

For kT » 

5a) 

for protons in a field of 20,000 gauss at 300 K, Thus the excess of the num¬ 

ber in the lower level is 14 in one million under these conditions* It Is 

evident that as T becomes small and 1 large, this excess increases* 

With these ideas in mind we are now prepared to consider the actual 

resonance phenomenon from a simple quantum mechanical viewpoint. If 

radiation of energy h*y falls on the system of nuclei, an energy transition 

from the lower state to the upper will occur if 

This Is the condition for resonance absorption of radiofrequency energy and 

plied. For protons ~Vu ~ 42.57 me in a field of 10,000 gauss. Thus we 

see that when energy of the iarmor frequency is applied to the system of 

nuclei, transitions occur and energy absorption takes place. From the theory 

of Einstein2, a transition in either direction is equally probable in the pre¬ 

sence of an r.f. field. Hence, an excess of spins in the lower level is nec¬ 

essary to maintain this absorption. We shall consider this problem further 

in a later paragraph. 

A classical picture of resonance is obtained by considering the pre- 

h-v- U _ - U v - ^ Pv-vB 
or 

is ap- 

(3) 



cession of the spins rather than the transitions between energy levels. If a 

small magnetic field B^, rotating in the plane of precession of the spin, 

(that is, at right angles to the large field B) is applied to the system of mag- 

netic moments, a torque normal to both p and will be exerted on each 

moment. This torque, i» Pake's notation, at any instant of time will 

tend to tip the spin either toward or away from the large field direction. How¬ 

ever, if the frequency ~V of is different from ~VL, of the moment, the 

constantly shifting phase of the two frequencies causes ^fjDp to average to aero. 

If > the torque will be constantly in the same direction with respect 

to the moment, resulting in a net change of direction of the moment either to¬ 

ward or away from the direction of B. Hence, there is either an absorption or 

emission of energy. With an excess of spins in the direction of the field, there 

will be a net absorption of energy. Rabi, et al,^ consider these ideas by the 

use of a rotating coordinate system. Although rotating rf fields have been used 

in our discussion, an oscillating field suffices in most experiments. By resolv¬ 

ing the oscillating field into two oppositely rotating fields, we have, effectively, 

the same conditions as for a pure rotational field. One of the component fields 

will rotate in the same direction as the moments; the other will be oppositely 

moving and hence out of phase and have no effect. 

Thus, we see that considered from either a quantum mechanical or clas¬ 

sical viewpoint, the condition for magnetic resonance given by equation 6) 

is obtained. However, in the simple classical picture the additional condition 

is imposed that the rf field be normal to the large field. 

Having arrived at a simple understanding of the theory, let us now brief¬ 

ly discuss the effect of interactions on the resonance absorption and find the 

conditions needed to maintain the necessary excess in the lower state. In 

the following discussion, the lattice refers to all the influences external to 

(4) 



the spins. 

a con* The expression 5a) gives the ratio N+-/N- for equilibrium in 

stant field B. If now the rf field upsets the equilibrium by increasing N _ , 

interactions between the spin system and the lattice will tend to restore 

the ratio to the equilibrium value. If one still wishes to express the ratio 

Nv/W- by 5a) in the presence of the rf field, T is replaced by Ts, the "spin 

temperature’1, and it is said that the spins are heated up by the application 

of the rf field. Another way of looking at this is to consider the system of 

spins in zero field. If a large magnetic field is suddenly applied, the popu¬ 

lations of the two states are equal for an instant, but interactions with the 

lattice bring the spin system to the equilibrium value expected by equation 

5a). The "spin-lattice relaxation time", Tj, is a measure of the speed of 

this relaxation process. 

Let us now consider these spin-lattice interactions in the absence of an 

rf field to find an expression for the effect on the number of excess spins in 

the lower level. If initially the populations of the two levels are equal, 

then in order for the lower level to achieve its excess, the probability per 

unit time of a downward transition W— must be greater than that of an up¬ 

ward transition W+ . If N + is the number of nuclei in the lower level 

( VVN^=*V
-
^) and N_ is the number in the upper level { VY\ - — ), at equili¬ 

brium 

tH. - V*r. _ p 
N- VH c 

VJ*. +W- 
Let W = — ~ . Then 

N- W- = N/-v Wv 

~ \ v - I r KT 
7) 

W+ ^ V ( \ ~ «T ) 

w-*wu * 8) 

N ow considering non-equilibrium and letting n — N4. - N_ , the excess 

in the lower state, we recognize that n changes by 2 in each transition. 

(5) 



where 

Jt - UW.N.-W^ilwVh) 

h.= ; N= Nv + N- 

9) 

N is the total number of nuclei and it is easily seen that aQ is the equili¬ 

brium value of n, the excess. The solution of "Xte ~ ”2-WCw0 — V\) is 

-iwt -"t/r, 
n- V\o+CVN,-ho)e = h0 10) 

where is the number of excess nuclei in the lower state at tr 0, It is seen 

that n approaches the equilibrium value exponentially. — xw is the 

spin-lattice or longitudinal relaxation time and varies from seconds to 

*9^ seconds with the longer values generally occuring in solids, the shorter 

ones in gases and liquids. 

Avv 
We shall use the differential equation for again in considering 

the Bloch solution of the resonance problem. 

One other interaction that must be taken into account is that between 

the spins themselves. Each magnetic moment has associated with it a magnetic 

field which from electromagnetic theory goes as . This field may be 

o 
of the order of several gauss for r =? 1 A. Asa result, the various nuclei will 

"see” different field values and their Larmor frequencies will vary. Hence, 

the resonance will be "smeared out11 in frequency and in field. Another type 

of spin-spin interaction is that which results from the field, rotating at , 

which one precessing nucleus casts on another. This rotating field may in¬ 

duce a transition in which both nuclei flip one giving up energy, the other 

gaining it. A result of this interaction is a loss of phase between the neigh¬ 

boring spins and a spread of the energy levels by the Heisenberg indeterminacy 

principle. Both effects tend to broaden the resonance line. The spin-spin or 

(6) 



transverse relaxation time, T2 , is a measure of this effect. Assuming an 

exponential expression for the loss of phase of a system of spins, T2 is the 

time for 1/e of the spins to lose phase. 

While spin-lattice effects affect the relaxation of the nuclei in the 

direction of the field B, the spin-spin interactions influence the phase of 

the spins and hence their components in the plane perpendicular to B. 

It is seen that the application of the rf field upsets the condition of 

equilibrium between spins and lattice and transfers spins from the lower 

level to the upper, thus destroying the excess or “heating up the spins.” 

If the absorption is to continue to be observable, some step must be taken 

to allow the spins to relax back to the lower level. This is achieved by 

varying either the rf frequency or the value of B about the value for the 

resonant condition. When the system is off resonance, spins in the upper 

level can relax back to the lower level by giving off energy K"Vu • Often 

in experimental work, B is varied with a sinusoidal sweep field, although 

various methods to allow relaxation are used. The sweep field serves the 

additional purpose of giving a time base proportional to the field against 

which the signal strength is plotted by an oscilloscope. 

The method of detecting the resonance condition varies from one ex¬ 

periment to another, but since the work herein uses the technique of nuclear 

magnetic resonance absorption, we will mention it briefly. In our experi¬ 

ment, a very weak rf field is set up in a properly aligned coil which is part 

of a tank circuit. B is swept about the corresponding resonant field value. 

The sweep of an oscilloscope is driven by the sweep field. At resonance, 

energy is pumped from the tank circuit into the spin system, with a resulting 

decrease in the amplitude of resonance in the tank circuit. This changing 

signal can then be amplified and displayed on the scope. 

(7) 



The final aspect of the general theory that we should consider before 

describing the work on solid hydrogen is a treatment of the real and imagin¬ 

ary susceptibilities which determine the shape of the resonant line observed 

in experimental work. 

Bloch4 in his classic paper of 1946, first derived the line shapes to be 

expected. The conditions imposed on the nuclei are as follows; 1) a steady 

field B, along the z~axis, is modulated by a sinusoidal field; 2) an oscillat¬ 

ing field 2%i coswt is set up along the x-axis. 

By resolving the oscillating field into two rotating fields t Bi cos wt- 

j&isitwtand ~ Co$ cut $ 0i Stv\wt 9 and by choosing the one rotating 

in the sense of the spin precession, Bloch was able to derive the line shapes. 

3 
He stated and Rabi showed that the rate of change of the z-component of 

the field must be | V &it . From a physical standpoint, B must change 

slowly enough to allow the "hot” spins to relax back to the lower level. The 

exact resonance value of B must be on for a long enough time to allow tran¬ 

sitions to be highly probable. 

Considering the macroscopic aspects of the application of the fields B 

if* 
and Bj and of the relaxation processes, Bloch arrived at the equation for 

the rate of change of M, the magnetic moment per unit volume 

a * T, “ t Tx ~ \ T» ll) 

where 6-t.t ~ ® * +‘ 1 «**) \ 

The first part of equation 11) represents the macroscopic equivalent of 

a w 
equation 2). The second part follows from the equation for since the 

z-component of the magnetic moment per unit volume is proportional to the 

excess n. The last two parts represent the dephasing action of the spin-spin 

interactions. 

(8) 



4 i 
Bloch and PakeA give different derivations of the equations for the 

—^ t * ft 
components of M. Pake introduces a complex susceptibility, A- — \ , 

Xii 
, 

the out-of-phase component of the susceptibility* 

Then, for an equilibrium condition between rf field and relaxation pro- 

, and the resulting equations for the components of 

the magnetization are found. These yield the important formulae for the 

real and imaginary parts of the susceptibility* 

too iCo Ti. CWo—Co) 

%' - v \ iz> 

— Q 
cesses, -j ^ ^ 

/ ^OTCOTICWQ^) \ 

V I + Tx C^>V"W)X+ ^X6^TIT1/ 

# ( \ <QOT6QTX.    

l +T^(w*-W)l+ YlB,aT,Tj 13) 

-v/ _ /to^ld+l) ^Ph c. >, .. ,n 
where Ko —  ^ f ~ - , the Curie susceptibility, w0-“4- JO, 

the resonant frequency, and (JO-3-B“V , the frequency of oscillation* If 

V 8i T\TX is small compared to 1, we say that saturation effects are small 

since is not flipping spins to the upper level so fast that the excess pop¬ 

ulation of the lower level becomes too small to give an appreciable signal* 

Xn 

is decreased and the signal weakened* Plots of ~X* and x" are given in 

Figure 1* No abscissa is given since the plots are valid for variation of either 

B or "V . 

In our resonance absorption experiments, ~ is the quantity observed, 

Xtt 
* 

or TC/ , It is possible to plot the derivative of 7^* by sweeping B with a 

very small field and at the same time increasing either B or *V linearly. 

Homogeneity of the field B is essential to an accurate signal pattern* 

(9) 
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It can be seen from equation 12) that for small the half width 
t 

at half-maximum occurs when T;>> ^ 1 w-ul#l . T^ can often he found by 

saturating the spin system, cutting the rf field to a small value and observ¬ 

ing the rate of growth of the signal. If T| is too short to be found in this 

way, it can be found from the decrease in signal strength for a given in¬ 

crease of B| * 

B. SOLID HYDROGEN 

Hatton and Rollin^ first investigated the signal of liquid and solid 

hydrogen. In studies from 2Q® K to 1*1° E, they found that the peak under¬ 

went a broadening from .1 gauss at 20° K to 10 gauss at 1.85° K. At 1.5° 

they noted the appearance of two symmetrically spaced side peaks separated 

from each other by about 50 gauss. At lower temperatures, the side peaks 

grew at the expense of the center peak. Their measurements of the spin- 

lattice relaxation time showed that T| increased from .02 seconds at 20° K 

to 2 seconds at 1 f 1° K. 

These authors suggested that the interactions which affect the width 

and shape of the resonance curve are the interaction of the protons in a mol¬ 

ecule with the fields due to the neighbors, the effect of fields due to rota¬ 

tion of the molecule, and the dipole-dipole interaction of the two protons 

within a molecule. In the liquid, these effects average nearly to zero be¬ 

cause of molecular motions* But at lower temperatures in the solid, molecu¬ 

lar motion decreases with a resulting increase in the effect of the interactions. 

Rollin and Hatton suggested that the rotational interaction may be quenched 

by crystalline fields at low temperatures. A cooperative orientation of the 

molecules was suggested, and the authors Indicated that at the lowest temper¬ 

ature, the dipole-dipole interaction may account for the shape of the reson¬ 

ance. 

itO) 



6 
Reif and Purcell in 1953 did further work with solid hydrogen. They 

observed the field line shape and plotted derivatives of the frequency line 

shape using a recording meter. They observed the same qualitative effects 

as did Rollin and Hatton. However, the splitting found was 39.5 gauss, and 

in addition, two small humps appeared with a separation of around 75 gauss* 

Figure 2 gives the line shape observed at 1.16° K with a sweep of 135 gauss, 

peak to peak. 

Reif and Purcell explained the line shape quantitatively by considering 

the effect of the crystalline field on the hydrogen molecule. At low temper¬ 

atures only the lowest rotational energy levels (J ~ O j 4. ) are occupied. 

Ortho hydrogen (I — 1 , J a 1 ) contributes to the resonance; para (1:0 , J-O) 

does not. It is important to note that, in the case of the hydrogen molecule, 

what is observed is the resonance of the total spin, 1*1, of the ortho mole¬ 

cule. The energy levels of the unperturbed ortho molecules have the same 

splitting as those of the hydrogen atom. By assigning a general form to the 

crystalline potential, the authors arrived at a splitting of the degenerate 

J =: 1 level and a quenching of the rotational magnetic interactions. The 

three energy levels corresponding to I - i were then found, and the se¬ 

lection rule & i 1 resulted in two possible transitions of different 

energies. This gave the desired splitting of the peak. The paper of Reif 

and Purcell is considered in greater detail in the Appendix where we have 

developed the energy levels and the line shape. Reif and Purcell, from their 

calculations, predicted a peak at zero field due to the dipole-dipole interac¬ 

tion. They observed it at the predicted value of rf frequency. 

Sugawara, Masuda, Kanda, and Kanda? performed experiments with hy¬ 

drogen of various ortho concentrations. They obtained the same splitting as 

did Reif and Purcell, and noted that the temperature at which splitting oc- 

(11) 



cured decreased with decreasing ortho concentration* This agrees with the 

simple view that interactions between the ortho molecules decrease by di¬ 

lution with para hydrogen* The Japanese group also made more extensive 

measurements of peak width than earlier experimenters. For hydrogen which 

was initially normal, they obtained a peak width of 5*4 gauss at half maxi¬ 

mum from 1.6° K to 10° K* Below this temperature, the splitting into two 

peaks of 39.5 gauss separation with additional humps at 75.5 gauss was ob¬ 

tained. The fact that the ortho concentration affected only the temperature 

of the appearance of the splitting and not the magnitude of the separation 

suggests that only dipole-dipole interaction of the two protons in a molecule 

causes the splitting. 

The Japanese group explains the double peak in the following manner. 

A crystalline potential due to the ortho molecules, splits the J - 1 rota¬ 

tional level of an ortho molecule into three states. At high enough temper¬ 

atures, the thermal energy of the molecule may be large compared with the 

energy separation of these states. Then the populations of the three levels 

are nearly equal and the ortho molecule will behave like a spherically sym¬ 

metric one. Hence, the crystalline potential field will be symmetric and 

will not be effective in orienting the molecule. However, as the tempera¬ 

ture goes to zero, the splitting of the rotational energy levels becomes large 

compared to kT. As a result, the ortho molecules tend to occupy their lowest 

rotational level. This causes an anisotropy in the crystalline potential which 

aids in the splitting of the levels and a cooperative ordering of the molecule 

as the lowest level becomes more highly populated than the other two. It is 

evident that for low ortho concentrations, the crystalline potential becomes 

weaker and cooperative ordering less effective for a given temperature. The 

interaction of the magnetic moments of the atoms within a molecule give the 

(12) 



three energy levels for I si mentioned previously. This discussion is 

effectively that of Reif and Purcell which is given more fully in the Ap¬ 

pendix, 

Two results of the Japanese group which may be of importance to the 

present investigation are that, for percentages below 5996 ortho hydrogen, 

no side peaks were observed above 1.17° K, and that the ortho-para con¬ 

version rate was fairly rapid (6996 to 5796 in five hours). 

The work of Hill and Ricketson** revealed a X-type anomaly in the 

specific heat of solid hydrogen. Measurements to 1,15° K were made on 

hydrogen of various ortho concentrations. Anomalies in concentrations of 

7496 and 6696 ortho were found with the peak in the curve appearing at a 

higher temperature for the higher concentration. No peaks were found in 

concentrations of 5696, 4196, 2596, 796, and 0,596 above 1,15° K. Plots of 

specific heat versus temperature for 7496 and 6696 ortho hydrogen as given by 

Hill and Ricketson are shown in Figure 3. These authors associate the speci¬ 

fic heat peaks with a cooperative ordering of the rotation of the ortho mole¬ 

cules. The total anomalous entropy, evaluated from 1.15° K to the triple 

point was found to be very close to the value RlogB expected for the order¬ 

ing of the 3-fold degeneracy of the ortho hydrogen molecule in the J -a 1 

level. In Figure 4 we see that the concentration dependence of the appear¬ 

ance of the specific heat anomaly as found by Hill and Ricketson (curve A) 

compares very favorably with the concentration dependence of the splitting 

in the magnetic resonance peaks as the Japanese group observed it (curve B). 

This graph is from the work of the latter experimenters. 

Hill and Ricketson emphasize that ortho-para conversion is a sizeable 

heat source and give a value of ,056 calories per mole per minute as the 

rate of heat development in normal hydrogen (7596 ortho) at liquid helium 

(13) 
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temperatures. This causes a temperature rise of .1° K per minute. 

The dual nature of hydrogen was first clearly explained by D.M. Den¬ 

nison9 in 1927. He suggested from experimental evidence, that the anti¬ 

symmetric rotation levels (J 7 odd) had a statistical weight three times that 

of the symmetric levels (J rs. even) and then showed that this is a correct as¬ 

sumption when the nuclear spins and the antisymmetry of the total nuclear 

wave function are considered. Dennison suggested that the three to one ortho¬ 

para ration Is frozen in at low temperatures. This was shown to be correct 

although we have seen that there is a sizeable conversion rate. 

It was felt that the interaction causing the rotational alignment dis¬ 

cussed above might be very sensitive to modest pressures. Accordingly, the 

research problem which we have undertaken requires the following: a) ob¬ 

serve the nuclear resonance signals in solid hydrogen at 4.2° K (normal 

boiling point of the liquid helium temperature bath), b) observe the split¬ 

ting at temperatures close to 1° K caused by dipole-dipole interactions, 

and c) apply pressures up to 25 atmospheres in the temperature range from 

1° K to 4.2° K to see whether a measureable change in the signal could be 

found. 

(14) 



II, THE PRESENT WORK--EXPERIMENTAL 

A, RESONANT SPECTROMETER 

The circuit diagram of the magnetic resonant spectrometer used in the 

present work is give in Figure 5* It was developed by Dr. Peter Franken and 

was supplied to us by Dr. G. E. Pake. The frequency of oscillation is deter¬ 

mined by capacitor Cj which, with the sample coil , makes up the tank 

circuit. The coaxial line has a calculated parallel capacitance of about 18 

mmf. The strength of oscillation is controlled by Rf , and the ideal condition 

for operation is obtained when Rf is so tuned that the oscillation is weak. 

When conditions for nuclear magnetic resonance are obtained, the pump¬ 

ing of energy into the nuclei decreases the strength of oscillation. That is, 

the rf voltage in the circuit is decreased when the external magnetic field 

has the proper value for resonance absorption. This rf voltage is amplified 

and rectified and the output of the detector is then a pulse of the shape 

which is repeated with the frequency of the field which sweeps the external 

field. 

Microphonics are a problem and to minimize this difficulty, the com¬ 

ponent parts of the circuit are taped down to prevent vibrations (Figure 6). 

At times the oscillator tube becomes microphonic, in which case it must be 

replaced. 

The characteristics of operation are easily affected by small changes 

within the circuit. Very few tubes are satisfactory as oscillators. Only a- 

bout one in twenty is capable of weak enough oscillation. It was necessary 

at one stage in the present experimentation to change sample coils, and as 

a result, the range of oscillation changed from the values given in Figure 5 

to slightly lower frequencies. When the sample coil is cooled, its resistance 

(15) 
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FIG. 6 - Chassis Bottom and First 
Sample Container 



falls, increasing the of the coil and the strength of oscillation. This 

again requires compensation. The value of the B voltage is not critical, and 

so at times a supply of 90 volts is used to decrease the strength of oscillation. 

Two resonant spectrometers were built along similar lines, the first to 

test the electronics and the second for use at low temperatures. Both instru¬ 

ments were tested with a sample of diphenylpicryhydrazyl (DPPH), an organic 

compound containing an unpaired electron. The electronic resonance was ob¬ 

served at fields of about 4-5 gauss with frequencies of the order of 10 me. 

Helmholtz coils supplied the field, and a second coaxial coil swept the field 

about resonance. 

In making these measurements, the output of the oscillator was applied 

to the vertical axis of a Dumont 304-A oscilloscope. The horizontal sweep 

was at times accomplished by driving it with the 60 cycle voltage driving the 

sweep field. In other instances, internal sweep of 120 cycles was used, and 

the exact resonant field value obtained by adjusting the value of B until two 

peaks which appeared on the scope coincided. When this was achieved, the 

60 cycle field was sweeping equal amounts on either side of the resonant value 

B. Figure 7 is a resonant peak obtained with DPPH using the second spectro¬ 

meter. The line width is of the order of one half gauss. Figure 8 shows the 

two spectrometers. 

The second spectrometer is designed to fit into the specially constructed 

helium dewar which is mounted in the large electromagnet used in these ex¬ 

periments (Figure 15). The spectrometer chassis is bolted on a round brass 

top plate which during experiments is secured with a vacuum-tight seal over 

the top of a large pumpout tube leading from the helium dewar (Figure 12). 

Through the top plate extends a one-half inch stainless steel thin walled tube 

which forms the outer wall of the coaxial line between the chassis and the 

sample coil. Stainless steel is selected because of its poor heat conductivity. 

(16) 



FIG. 7 - Electron Resonance Signal 
From DPFH 

FIG. 5 - First and Second Resonance 
Spectrometers and Test Gear 



The central conductor of the coax is .035 inch wire, held in place by poly¬ 

ethylene spacers. To insure field homogeneity, brass replaces stainless 

steel as the outer conductor of the coax in the vicinity of the magnetic field 

(Figure 12). 

A cylindrical brass sample chamber, one inch in diameter and two inches 

long, is mounted at the lower end of the coaxial line. In our first experiments, 

the sample chamber contained a pyrex cylinder, one inch by one-half inch 

(about 2 cc inner volume), on which was wound the rf coil (Figure 9). This 

system was used with sweep coils mounted on the iron magnet pole faces. Af¬ 

ter this setup proved unsatisfactory, the present hydrogen sample container 

and sweep coil arrangement was constructed. The sample chamber now holds 

a glass hydrogen cylinder, and rf coil form, and the sweep coils. The glass 

hydrogen container, which has a .25 inch diameter and a volume of about .8 cc, 

fits snugly into a .34 inch diameter teflon rf coil form. This coil form in turn 

is held within a teflon helmholtz coil form. The helmholtz coils have a dia¬ 

meter of .804 inches and are so mounted as to be exactly orthogonal to the rf 

coil. Since the helmholtz coils provide the sweep field, their axis coincides 

with that of the electromagnet. Twenty turns of #30 wire wound in a solenoid 

1/4 inch long and 1/4 inch in diameter make up the rf coil. Forty-five turns 

of #36 wire on each helmholtz coil form produce a sweep field calculated at 

(1*1 gauss where I is the root mean square value of the A.C. current. 

Figure 10 shows the present coil arrangement. 

From the glass bulb in the sample chamber, a 1/4 inch glass tube runs 

through the top plate to a joint where connections to a vacuum line and to 

the hydrogen supply are made (Figure 11). Mounted concentric with the coaxial 

line is a brass can (Figure 12) which serves to hinder convection currents in the 

helium dewar and thus cut heat leaks. 

(17) 
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A,C,D   HELMHOLTZ SWEEP COILS a TEFLON FORM 

B RF COILS TEFLON FORM (FITS INTO HELMHOLTZ FORM) 

FIG. 10 



FIG. 11 - Tb* Second Spectrometer 





In the top plate are the usual holes for the transfer tube and the man¬ 

ometer line as well as for the helmholtz coil leads* All holes except the 

transfer hole are waxed shut* The transfer hole is firmly stoppered when cry¬ 

ogenic work is taking place* 

B* CRYOSTAT* EXPERIMENTAL SETUP 

During experimentation, the spectrometer is firmly bolted in position 

on the magnet assembly so that the coax extends down into the helium dewar 

mounted between the magnet pole faces* Outside this assembly is another 

dewar which contains liquid nitrogen during a run. 

Figure 1 3 is a schematic diagram of the experimental setup, minus the 

cryogenic gear* The sweep coils shown are those of the first experimental ar¬ 

rangement* There are essentially two circuits shown -- an electromagnetic 

circuit and a hydrogen supply circuit* Let us consider the former since we 

have already discussed it. The variac supplies 60 cycle current through a 

rheostat to the sweep coils about the sample coil; the rms value of the cur¬ 

rent is measured by the ammeter* The voltage across the rheostat is in phase 

with the current in the sweep coils, and hence with the magnetic field, if the 

coils have little inductance* This voltage drives the sweep of the cathode 

ray oscilloscope in phase with the sweep field* The output of the magnetic 

resonance spectrometer is applied to the vertical plates of the scope. Thus 

the phase relationship between scope sweep and signal should be very nearly 

that of the resonance and sweep field. The frequency, of oscillation is mea¬ 

sured by a radio receiver or by a frequency meter. Since accuracy is not needed 

at present* the former is used. The magnetic field is measured by a fluxmeter. 

In Figure 14 is seen the electronic measuring gear. 

Hydrogen is supplied to the sample from a cylinder of normal gas. The 

(18) 
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FIG. 14 » Magnet and Electronic Gear 



gas passes through a deoxygenator and liquid nitrogen trap in which oxygen 

and water vapor are removed. Potassium hydroxide in the line helps dry the 

hydrogen further. A two liter glass sphere serves as a storage vessel from 

which the gas is supplied to the sample chamber. One more nitrogen trap in 

the line assures the dryness of the hydrogen. A fore pump Is used to clean out 

the line before each run. Figure 11 shows the magnet with a clear view of the 

hydrogen supply circuit. 

€. PROCEDURE OF A RUN 

After the gear has been mounted and the hydrogen line pumped out9 the 

helium dewar is evacuated and flushed with helium gas. One atmosphere of 

helium is admitted to the dewar and a small pressureof the gas placed in the 

vacuum jacket to act as a heat exchanger during the precooling which follows. 

The precooling is accomplished by pouring liquid nitrogen into the outer dewar. 

After the gear has cooled to temperatures of the order of 80° Kf the vacuum 

jacket of the helium dewar is pumped out, and nitrogen is placed in the traps 

of the hydrogen line. The supply sphere is filled and the line opened all the 

way to the sample chamber* The line from the sphere to the hydrogen cylin¬ 

der is closed off. Liquid helium is now transferred to the inner dewarf cool¬ 

ing the sample chamber to 4.2° K. As the sample chamber cools, the hydro¬ 

gen gas condenses and then freezes in the chamber, sucking more and more gas 

from the sphere. Eventually the hydrogen supply is exhausted and the sample 

chamber closed off from the rest of the line. When the dewar is filled with 

liquid helium, the transfer gear is removed and the dewar tightly sealed. 

The two magnet pole pieces are brought together, spaced equally on 

either side of the narrow tail of the nitrogen dewar which hangs between them. 

The spectrometer is warmed up and tuned to weakest oscillation. The fre- 

(15) 
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FIG. IS - Magnet, S^tcttamtU! Circuit Housing, 
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FIG. 16 - Hydrogen Resonance, 33 Ctan Sweep, 

Bath Temperature 1.276° K. 



quency is measured and the resonant magnetic field value calculated. With 

oscilloscope and sweep in operation, current from a diesel*-engine powered 

generator is supplied to the electromagnet. The magnet is cooled by circu¬ 

lation of oil through the coils. The oil is in turn cooled by water flowing 

countercurrent to it in a heat exchanger. 

Resonant signals are observed at various temperatures and at various 

values of sweep field. Up to one ampere can be passed through the sweep coils. 

This value corresponds to a calculated sweep of 111 gauss peak to peak. Either 

internal or driven scope sweep may be used. 

The operation characteristics of the spectrometer are sensitive functions 

of the temperature of the rf coil, and for this reason, it is easy to tell when 

the helium dewar is depleted of liquid. 

(20) 



III. RESULTS 

We shall now describe the results of our low temperature magnetic 

studies. Good resonance signals from the solid hydrogen have been observed 

(see Figures 16 - 18). The splitting reported by other laboratories has not 

been seen. Our liquid helium bath has been pumped to approximately 1° K, 

No pressure effects have yet been tried. 

To datef five runs have been made three with external sweep coils, 

two with the internal ones. Lack of magnet stability has plagued all the 

runs and has made visual evaluation of the peaks difficult since the field 

drift would not allow the peaks to remain on the scope. Use of a scope cam¬ 

era in the last run improved the situation. A current stabiliser for the mag¬ 

net is now being constructed. It is evident that the present large iron magnet 

is not ideal for this type of study. 

The first run was made with a jury-rigged sweep coil and served little 

purpose except to prove that the spectrometer could be used at low tempera¬ 

tures. Sinusoidal pickup from the sweep coils made signal sise rather small 

compared to the pickup* In the next two experiments, new external sweep 

coils, designed to fit over the magnet pole pieces, were used. With them the 

60 cycle pickup was reduced and the signals improved although the peaks were 

broad and characterless. It was thought that the external coils, sweeping the 

pole piece iron as they did, might produce an inhomogeneous field over the 

sample and thus ruin the signal. 

With the present rf and sweep coil setup, no pickup is present an in¬ 

dication of the perfect orthogonality of the two coils. Signals are now possessed 

of a good gaussian shape and the signal to noise ratio is excellent. 

In the fourth run, a peak about two gauss wide was found at 4.2° K with 

a field of approximately 1950 gauss and a frequency of 7.9 mc/sec. At a tem¬ 

perature of 1° K> and sweep of four gauss an indication of peaks at 1930 and 

(21) 



FIG. 17 * Hydrogen Resonance, $5 Gauss Sweep, 
Bath Temperature 1.276° K. 

FIG. 18- Hydrogen Resonance, 82 Gauss Sweep, 
Bath Temperature 1.276° K. 



1970 gauss was obtained when the magnet was allowed to drift through a 

wide range* At present, we do not feel convinced that these were actually 

the double peaks. With 65 gauss modulation, the expected splitting was not 

observed. 

Experimental difficulties combined to make the fifth run a short one. 

As a result, investigations were made at only two temperatures -- 4.2° K, 

and 1.276° K. Very good peaks were obtained but again no indication of 

splitting. Signal strength increased with a drop in temperature, as it should 

from the Curie law. Figures 16 to 18 are peak forms obtained during the last 

run. Double peaks are due to phase shifts. 

(22) 



IV, DISCUSSION AND RECOMMENDATIONS 

The fact that the peaks at 1.276° K in Figures 16 to 18 are of the order 

of five to eight gauss wide at half maximum, the correct value for tempera- 

tures above 1*5° K or for ortho concentrations of 55% to 59% at 1.19° K , 

indicates several possible explanations for the non-appearance of side peaks* 

It may be that the hydrogen sample, separated from the bath by glass walls, 

may not be at the bath temperature, since the ortho-para conversion liber¬ 

ates heat within the hydrogen and the rf coil is sending energy to the speci¬ 

men. The heat capacity of solid hydrogen at 1° K is very small (A*0.5 cal/ 

deg-mole, away from the anomaly), and so a small heat input could cause a 

large temperature rise. If the solid hydrogen has shrunk away from the con¬ 

tainer walls, its own vapor pressure (of the order of 10 mm of mercury) 

is so small that the solid is not in good thermal contact with the bath. Thus 

our specimen may not have been cold enough. If there has occured a rapid 

ortho-para conversion, bringing the ortho concentration to a value below the 

minimum for which side peaks are observable at 1.276° K, then we could not 

expect the splitting. Impurities in the hydrogen would speed up the rate of 

conversion. We have already seen that this conversion also liberates heat. 

A combination of the above effects may have made observation of the peaks 

difficult if not impossible in our previous runs. 

Thermal contact may be improved by admitting a small amount of helium 

into the sample chamber as an exchange gas. Better purification methods would 

be needed to slow the ortho-para conversion. 

Although the field of the present sweep coils has been calculated, a cal¬ 

ibration is advisable for accurate knowledge of the line widths. Such a cali- 
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bration presents a problem because of the tiny size of the coil. A calibra¬ 

tion against the narrow line width of the electron signal in the organic free 

radical may be the answer. The first phase of this research work is nearly 

completed and we can safely say that original work is now possible. 

When the previously mentioned problems have been solved and good 

resonance peaks have been observed from 1° K to 4° K, then we may begin 

the problem: will the application of modest pressures to the solid hydrogen 

influence the rotational motion of the molecules! and if so, will the effect 

be observable in a change of the temperature of splitting of the peaks or a 

change in the line shape? Of course, there will be more problems arising 

from these very experimental results. 

(24) 



V, APPENDIX 

In order to attain a fuller understanding of the phenom¬ 
enon of the splitting of the nuclear magnetic resonance sig¬ 
nal of solid hydrogen, we felt that a thorough analysis of the 
theory which Reif and Purcell propounded would be helpful. 
Therefore, we have worked through that portion of their ar¬ 
ticle in the Physical Review which deals with the theoretical 
line shape. The following discussion is an expansion of pages 
633 to 636 of the article “Nuclear Magnetic Resonance in Sol¬ 
id Hydrogen” (Phys. Rev., Vol. 91, No. 3, 631-641, August 1, 
1953) by F. Reif and E. M* Purcell, and taken together with 
the original article helped us in gaining insight into the prob¬ 
lem of solid hydrogen. The notation used is that of Reif and 
Purcell where possible. 

The energy of a hydrogen molecule, considered as a rigid rotator, is 

E~ BJ(J 4- 1) where B ZL x£0 , IQ being the moment of inertia. Since B/K-86°K, 

as temperature goes to 0° K the lowest rotational levels become preferentially 

populated. At very low temperatures, only the levels J zr 0, I ~ 0 (para hydro¬ 

gen) and J rr 1, I Si 1 (ortho hydrogen) have anysizeable population. Except 

for orthopara conversion, the ratio of the populations of the two states is very 

nearly that value which it had at room temperature (ortho/para — 3). Since 

para hydrogen has zero spin and does not take part in the resonance, we shall 

not consider it further. 

At low temperatures, the splitting between the rotational energy levels of 

the ortho molecules becomes sizeable enough to cause an anisotropic crystal¬ 

line potential field to be set up in the solid hydrogen by the ortho molecules. 

At higher temperatures this field averages to zero, but as T goes to zero, the 

splitting of the energy levels gives the molecule preferred directions of rota¬ 

tional alignment. The crystalline potential, acting on an ortho molecule, will 

further remove the degeneracy of the J ~ 1 level. Thus we see a cooperative 

effect taking place. 

(i) 



A general expansion of the crystalline potential is given by 

VC©j</) = AM 

tA 

This is an expansion in a series of functions characteristic of the molecular 

rotation* J is even because of the symmetry of the molecule* For a first or¬ 

der approximation we take only J * 0, 2* This is possible since higher values 

yield small results* This can be seen from the fact that the higher J’s repre¬ 

sent perturbations due to the higher rotational states, which are very sparsely 

populated. At any rate, taking } - 0, 2 is justifiable as a first order approxi¬ 

mation. Ignoring the Jz 0 term as a constant, we find that V( 0; (f ) can be 

represented as a series of quadratics of j - 1 harmonics, and by proper orienta¬ 

tion of axes, we have 

- A| -v At»A* + A$A$ 

where the A*$ arc constant and 

V\fce C6s X-h" siwGslhif • X$-CoS e 

which we recognize as real and imaginary parts of the first order harmonics* 

Our next step is to find the first order wave functions and the characteristic 

energies associated with them* 

This Is done by a standard perturbation calculation* Houston*® gives 

where H0 is the zero order Hamiltonian, E? its characteristic energy, H, the 

perturbation Hamiltonian (V( &j*f) in this case), E|^ the energy associated 

with fi^, functions characteristic of H0 and vj,A are higher order per¬ 

turbation wave functions. Here, UjM - Yj.^ follows that J ~ 1 here* 

Therefore, 

“V) VttAXdb — 0 
rV 

(ii) 

A4) 



since the left side of A3) is orthogonal to Carrying out the integra¬ 

tion of equation A4) and two other equations like it in which k takes on the 

values -1, 0, 1# we get a system of three equations involving the energy 

The three roots for E. which correspond to the perturbation E>j| ^ 1 UC lUitCC iUUlil JUl 

energies of the three levels of the state J *=s. 1, ate found by setting the de¬ 

terminant of the coefficients of the *4^^ in the three equations equal to 

zero. The constants are t^ien *°nnd by substituting the three roots of 

the perturbation energy back in the three equations. The allow us to 

evaluate the wave functions associated with each energy. Thus it turns out 

that 

P'S ^As j 55 r“(Af 4-A?I+3AS) 

Ys-A'Sj A5> 

£71.“ vl%)-’ftA'K*As) 

Thus the state J ^ 1 is now split into three energy levels with the above wave 

functions and energies in the system of coordinates 1, n. s which is 

arbitrarily aligned. 

The perturbation Hamiltonian for the ortho molecule in a field HQ along 

the z-axis is 

H - '-T“ t -1^ (.tvuVKo H' (ifityf 
A6) 

where we have neglected the very high energy vibrational Hamiltonian. The 

first term represents the interaction of the rotational magnetic moment 

Jk 
with the field HQ$ the second term is the interaction of the spin I rr (I^-V I2) 

of the ortho molecule with the external field; the third term gives the interac- 

tion of the spin I with the field H* due to the molecular rotation; and the 

(Hi) 



fourth term is the dipole-dipole interaction of the nuclear spins 1^ and 1^ 

—* 

of the nuclei in the molecule of total spin I. H* is found experimentally 

to be about 27 gauss, is the mean value of 1/r^ when the mole¬ 

cule is in the J ZZ 1 state. is the proton moment. 

In the notation of Reif and Purcell, 

where 

where 

^Uvj/k - - b J*-* 
■ v «x . \ —1 w A 7) 

Wd/K = -cl- J-S4C3CI,’fKU+)-l.-l»3 /N. ^ 

~ ~vT* Ho = H.'ifTlT f-|o Kc/sec- 

b ~ Ho Ho sec. 

C- H = 113.8 Kc./sec. 

d ~ ^ *C ~Y$) ^ 5^1. 4 ^ Kc/ sec.. 

Here H0, H* are in gauss, and the numerical values for the above expres¬ 

sions are those of Ramsey** for the free hydrogen molecule. 

Since the magnetic interactions above are very small compared to the 

crystalline potential, we can use the wave functions previously found for the 

three energy levels of the J “ 1 state. We can see that V( © j ) is much 

greater than the magnetic interactions as follows. V must be of the order of 

kT for T d 1° K since that is the temperature near which the splitting occurs 

(from the specific heat anomaly). At 1° K kT^.1.38 x 10“*^ ergs. The largest 

magnetic interaction is a, and for Hc- 20,000 guass, 10~*^ ergs. Thus 

the J - 1 levels remain non-degenerate in the magnetic field. 

The average values of the rotational angular momentum are now found. 

(iv) 



•b d 
Using Jj *5 J ^ , we find that 

AS) 

in all three levels. The crystalline field has thus quenched the rotational in¬ 

teractions. We have eliminated the interactions b and c from the Hamiltonian. 

For all practical purposes, I can now be considered quantized along the axis 

of HQ (the z-axis) if HQ is much greater than the dipole-dipole interaction. 

That is, the wave functions ^, <fv rs are now characteristic of Xz and 
r* — *\y 

2 2 
1 where I is the operator for total spin along the z-axis and I is the oper- 

ator for the square of total spin. Thus, 

I* f - K, f 

l'Lf- i(r+i)f = if A 9) 

The magnetic energy for the wave function fs is now 

<¥*1 -*I% -54DcU)(tf) A10) 

But from Pake 12 

C3CI> ^) CIi/V) ~ Iv III = ■xC3cos'vs'-l)('JI«Ti-I,{») 

+ $• Cl I?+i I?) Jihv0’e ^ j. 

+t +I*“'ai,,A-a-?l)]5'me'co.8e-^'A“» 

+1C it1 (r," --i i,"; +ii’( i?-* rp]sih e'^s e V ^ 

as may be verified by expansion. Here, is a unit vector along the line join- 

A A <0* 
ing the two nuclei of a molecule, © is the angle between Z and r, and T 

is the angle between x and the r,z plane. Because of the precession of the spins 

(v) 



about the z-»axis, the terms in All) which involve 7 average to zero. 

Thus 

V " -Al„ 

Cti)' = <1 ")x + (l^)S ai,"'!?- ± + u,'V 

A»d (i i) - i,v +ia
l + 2i, r» -- ^ 

Therefore, U 
2. = x: r^- / 

= - okWxj - f d < <)'sU3coSV-()(?IiM;|'/’f> 

~ - ‘'K -"fol Jjl A13) 

In order to evaluate the integral, we relate cos O to the 7lj 5 axes 

by the direction cosines Y<§, Yu, V-s. 

eos © - Yf y\f ^ ^ A ?\ + As A14) 

Squaring and carrying out the operations < ^U«V\>tV> , we see that 

the cross products in cos^ 0 do not enter since they are odd in either 

or 0 and integrate to zero. Then 

K 4^-s Ic°sx V*') -^ I V§ A$ /\^ tV-y As 14^$) 

= s' + Vn
x -t- 

by analogy with equation AS). Therefore, 

< <4N>|Wsle' -i |'f$>- T( V+V+^JVI = 7OV-I) 

(Vi) 



Hence, 

_&3 - — CKVYV^ + 4 (\-%imI
l')(3y§'-i) A1S 

Thus there are three energy levels corresponding to 0, i 1, Analogous 

equations hold for £ ^ , E ^ , 

Now we must consider the interaction with the rf field applied perpendi¬ 

cular to H0* Letting Hf| ns |H^the interaction of the molecular spin with 

the rf field is 

H v-f ™ ~ 2- Mx T ■ H i 
^ 'V 

Thus the selection rules are given by the matrix element 

A16) 

Since Thv is characteristic of I # the stepping operator for Ix gives 
--v 

it Yhv = A V0 V-I 
V 

Therefore, by the orthogonality of the spin wave functions, k ts m 4. 1 or the 

selection rule is 

AYV\X ~ ±1 
A18) 

from the expression for the transition probability, It is known also that 

the maximum probability of a transition occurs when the frequency of the rf 

field equals that involved in the energy jump* 

For resonance absorption! ^ — O "*11 1 0 # The frequen¬ 

cies corresponding to these transitions are* from equation A15) 

Ml ^ i 1/* * vT “ CK± 

with similar expressions for “J/j 

£ JU3V,x-») 
We may now generalize from 

A19) 

^3 to 
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Let us now consider the resonance line shape* A transition from a level 

Ey to Ert where Er < Ert depends upon the transition probability Wr (which 

is proportional to A17), upon the relative populations of the levels, Ff, and 

Prt , and upon the probability of assuming a value between V and 

Calling this probability w( ^ ), we have for p( "V ) olv , the intensity of the ab~ 

sorption line 

'*<Av 

pi-rtJv- ^ CWY(?v ^vcVj] c\Yr A2G) 

where the summation is over all transitions (two for solid hydrogen). We know 

that - Er/KT _ 

) Xr'~ €. 

- EV'/KT _ CEvtUVkT 
- e 

Therefore, -EV'/KT. -KV/KT) j , 
pi-v)dt~v ^ ^ Wr (l-e /x'rW) \ j 

Here, h'V/kT 4<i, so that 

-E»7KT <A7H 
, ^ . ,  *■ (h-K\ I I 

pcv) 4v ^ X Wy “UrOVJ vi^x / I <^1/^ 

KA . . - E »VKT 
y^X Vvy-e tv-C H-J 1^7'1 

Equation A17), when carried out, shows that Wr is the same for A mj ~ 0 

to - 1 as for Amj ^ 1 to 0, Also, the exponentials are approximately i in each 

case. For a perfectly random orientation of the axes ^ 'S $ the probabil¬ 

ity w( is just proportional to the amount of solid angle subtended. Thus 

■V'-Uf*.) cJiaV ~ddr 

Therefore, 

k* 
VCT 

-V 

A 21) 



Expression A19) gives a relation between and X so that, 

4v * X 
oV- flv) ~ 

Nov/ we must determine any restrictions upon the validity of A19) in 

order to see what roots of “V we may use. Letting V =~J/— > 

^■ = ± -14 (!!('-I) A22) 

The maximum value of ^ is \ when we have 

vh„ ’ * 3,*_ 

Hence, there are no transitions outside *1/ — i 3d, and p(*V ) - 0 outside these 

values. The other restrictions on the equation are 

I. For -3d 4 “V 4 -3/2d, only ^ ~ 0 is valid. 

II. For 3d ^ 3/2d, only ~ ^ 0 is valid. 

Ill 

Therefore, 

. For -3/2d ^ ~y ^ 3/2d, both roots ~|/ - i are valid. 

I. -3d < *V < -3/2d, Va-“V 

II. 3d > -V > 3/ 2d, "V-V^ol 

X or y 

or y 'fT+TJ 

III. -3/2d ~V </ 3/ 2d, yX^V-tr^ or AjT 
\ 

*i ~ \J-y -v \<k 

\ \ 
Yv V -V -V -ifll 

< J_ — 
Since p('V)-»> 3- , we see that the above expressions give for p{ *V ) 

(ix) 



~V ( -3di ~y > 3d, p{ V ) = 0 

II. -3d < ~V ^ - 3/ 2d, 
l 

PCV) ^ 

III. 3d > "V > 3/2d, 
l 

PCV ) ~ 
tT-y+id' 

IV. -3/2d<-V<^ 3/ 2d, p(-v) 

A plot of this function against "V is given in the figure which may 

be compared with Figure 2, the experimental line shape. 

The theoretical curve can be smoothed to fit the experimental one ex¬ 

actly by assuming a smeared out group of energy levels rather than the in¬ 

means that all three rotational states for J — 1 give rise to the same line shape. 

By adjusting d, the theory is made to fit experiment exactly. For solid 

hydrogen, d is found to be .94 times the value for a free molecule, which fact 

indicates that the nuclei are more widely separated in a molecule of solid hy¬ 

drogen. 

finitely narrow band givenby A19). 
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Hydrogen Resonance Line Shape Given 

By Theory of Reif and Purcell 
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