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Abstract 

The temperature dependent attenuation of 1.13 Gc/sec 

ultrasonic lattice waves has been measured in calcium 

fluoride. The attenuation was measured for longitudinal 

ultrasonic waves propagating in each of the three major 

crystallographic directions ( QLOO] , \11Q] > [ill] ) • It was 

found that the attenuation is relatively temperature-inde¬ 

pendent below 30°K and increases rapidly above this tempera¬ 

ture until about 70°K where it is again-temperature inde¬ 

pendent. The relative change in attenuation and the 

temperature at which the maximum attenuation was reached were 

different for the three crystallographic directions. These 

results are qualitatively the same as the results obtained 

by Bommel and Dransfeld in quartz.1 The theory of Woodruff 

2 
and Ehrenreich has quantitatively explained the results in 

quartz. Their theory fits our data well using the approximate 

attenuation formula = (3 (f2_n2 KT/pc^) (tan-1 2 J2 'Jr /2 n. ?-), 

where { is the GrUneisen constant, K is the thermal conduct¬ 

ivity,-^ is the sound wave frequency, {* is the density, C is 

an average velocity of the thermal phonons, and 'l? is a mean 

thermal phonon relaxation time. In order to obtain the fit 

to our data for the three directions of propagation, it was 

necessary to assume ?2 to 5 times greater than the values 

which would be obtained using the method used by Woodruff 

and Ehrenreich. 

1. Bommel and Dransfeld, Phys. Rev. 117, 1245 (i960). 

2. Woodruff and Ehrenreich, Phys. Rev. 123, 1553 (1961). 
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I. Introduction 

This thesis is a report on an experimental determina¬ 

tion of the temperature dependent part of the absorption of 

1 Gc/sec sound waves in single crystal calcium fluoride. 

The absorption was determined as a function of temperature 

for longitudinal sound waves propagating in each of the 

three major directions of the crystal ( [looj , [lioj , [ill] ). 

One gigacycle per second is the lower limit of what has come 

to be called the hypersonic frequency range. At low tempera¬ 

tures, the dominant frequencies of the thermal excitations are 

of this order of magnitude. It is believed that experiments 

in this frequency range can contribute to the understanding 

of the interactions of the thermal excitations. 

The study of stress waves in solids has been one of the 

major fields of interest in classical physics. A good review 

and survey of the classical treatment can be found in the 

paper by R. M. Davies in Surveys in MechanicsThis treat¬ 

ment is mainly phenomenological; the attenuation of sound 

is envisioned as arising from two causes: viscosity and 

thermal conductivity. In the so-called Kelvin-Volght solid 

the stress at a given instant of time is the sum of the 

elastic stress and a portion proportional to the time 

derivative of the strain. We have (in reduced index notation) 
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where T^ is the stress, ej the strain, the elastic 

constants and ^ are matrix elements with the units of 

viscosity. This situation has the one-dimensional analog 

of a spring in parallel with a damping pot. 

i 
A 

/rmv- 

-3> B 

Here, the force between points A and B is the sum of the 

contributions of the spring and damping pot. A Maxwell solid 

considers the spring and damping pot to be in series 

ft 

That is, the strain is considered to be made up of two parts, 

el = + e£. Here-ej- is an elastic component related to the 

stress by 

e' 
i 

(S U ) 
-1 

where S is the compliance matrix 

ponent defined by 

e" is a viscous com- 
i 

T 
J 
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Hence, 

^ei c>e\. * 
TT“ JT- + -Jt- 

i!l = B, , ♦ 
t i-J e)t ^ * J 

where ^ ^j is the V element of the Inverse matrix of ( 7j^) 
The generalization of these two solids is the solid 

which has damping pots both in series and in parallel with 

the spring 

1 s. 

I —3D—mm— 1 
B 

A solid with these characteristics is called a standard linear 

solid. 

The equation of motion in each case is obtained by set¬ 

ting the force on a unit volume equal to the divergence of 

the stress. For the Kelvin-Volght solid in an isotropic 

medium with motion in the x direction this gives 

p ■ pi. fjipi1 

where E is the elastic modulus. For each of the three types 

of solids the equation of motion has a solution corresponding 

to a damped sinusoidal wave 
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u = A e^x 

where p is the attenuation coefficient and c the phase 

velocity of the wave. 

Thermal conductivity contributes to the absorption 

because of the change in temperature of a small volume of 

the solid when it is compressed adiabatically. The tempera¬ 

ture difference causes a flow of heat and energy is lost 

from the wave. 

After this brief description, we will not concern our¬ 

selves further with the classical treatment of sound absorp¬ 

tion. We are more concerned with the explanation in terms of 

the fundamental microscopic processes in crystals: mainly, the 

interaction and exchange of energy and momentum between the 

2 thermal phonons. Landau and Rumer were among the first to 

consider sound absorption from this point of view. In their 

treatment, the sound wave is considered to be capable of 

direct interaction with a thermal phonon producing a phonon 

of altered energy and wave vector. The interaction is a 

direct result of the non-linear nature of the relation between 

stress and strain in a real crystal (deviation from the 

Hooke's law relationship). Using first-order perturbation 

theory, they were able to compute a transition probability 

for the interaction and from this an absorption coefficient. 

Since only three-phonon processes are considered, the treat- 
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ment is restricted, by the requirement of conservation of 

energy and wave vector, to the absorption of transverse 

sound waves by longitudinal thermal phonons. The treatment 

is also expected to give correct results only for sound waves 

of very high frequency propagating in a medium at very low 

temperatures where the product of the circular frequency of 

the sound wave and the average relaxation time of the thermal 

phonons is large compared to unity (JlT^l). 

A theory which is more generally applicable was developed 
•3 

by Akhieser, a theory which applies to sound waves of any 

polarization but with a wavelength which is long compared to 

the mean free path of the thermal phonons (which corresponds 

to Sl'T^ 1). In principle, the treatment should account for 

phonon-phonon interactions of any order. Sound absorption 

is caused by the distortion of the crystal lattice by the 

sound wave. Due to the non-linear part of the dependence of 

the stresses on the strains, the existing distribution of 

phonons is no longer the equilibrium distribution. A relaxa¬ 

tion toward equilibrium is initiated by phonon-phonon inter¬ 

actions. The change with time of the entropy produced by 

this process can be computed giving, upon multiplication by 

the temperature, the rate of energy loss from the sound wave. 

The absorption of sound by this mechanism corresponds to 

damping,due to viscosity according to the phenomenological 

theory .3^ 



Interest was again stimulated in the fundamental 

mechanism of absorption of sound waves when Baranski^ and 

fii 7 8 
later Bbmmel and Dransfeld0 and Jacobsen'* reported the pro¬ 

duction of sound waves of 1 Gc/sec and higher in quartz. 

Bbmmel and Dransfeld were able to obtain the attenuation versus 

temperature of sound waves at various frequencies from 1 to 

4 Gc/sec in quartz specimens of various orientations. The 

sound waves were generated by inserting a quartz rod with 

optically flat and parallel ends into the region of concentra¬ 

ted electric field in a reentrant cavity at resonance. Because 

of the piezoelectric properties of the quartz, acoustic waves 

were generated. As explained by Bbmmel and Dransfeld, the 

acoustic waves are generated only at regions of discontinuous 

piezoelectric stress, which in the case of a rod is the surface 

of the face of the rod. The wave fronts of the acoustic waves 

are then parallel to the face of the rod. The acoustic waves 

can be detected by the reverse process; when the wave is reflec¬ 

ted off one of the faces of the rod, part of the elastic energy 

of the wave is converted to electromagnetic energy, which can 

be detected electronically. The attenuation was measured by 

observing the decay of the acoustic energy after each transit 

of the rod. 
Q 

Jacobsen0 extended the attenuation measurements to 24 

Gc/sec, using essentially the same technique. The experiments 

Showed that the attenuation at 30°K and higher is proportional 
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to the square of the frequency in agreement with attenuation 

measurements in various materials at lower frequencies. The 

attenuation was also strongly temperature dependent, being 

very small at temperatures below 20°K and rising rapidly 

between 20°K and 6o°K to a more or less constant value 

above 60°K. 
9 

Woodruff and Ehrenreich were able to explain the results 

for quartz by using the mechanism of absorption introduced by 

Akhieser. Their calculation differs from that of Akhieser in 

their use of the complete time-dependent Boltzmann equation. 

This seems appropriate since the sound field has an explicit 

time dependence. They also considered the difference in the 

distribution of phonons caused by normal processes (N pro¬ 

cesses) and umklapp processes (U -processes) and avoided any 

attempt to distinguish the absorption due to phonon viscosity 

from that due to thermal conductivity. It was the desire to 

see if the Woodruff and Ehrenreich theory could be applied to 

attenuation data in other materials that prompted this re¬ 

search. This theory will then form the theoretical basis for 

analyzing the results presented in this thesis. 
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II. Theory of Sound Absorption 

As stated before, the Woodruff and Ehrenreich theory of 

the absorption of sound is based on the previous work of 

Akhieser. The central idea is that the sound wave in propa¬ 

gating through the crystal modulates the elastic properties 

and hence the phonon frequencies in the crystal. The equilib¬ 

rium distribution is disturbed and a relaxation process is 

initiated. If the medium were perfectly elastic, that Is, if 

the stresses and strains were linearly related then any ex¬ 

pansion or contraction of the crystal would produce no change 

in the frequencies of the normal modes.^ This can be seen 

from an examination of the effect of a strain on a simple 

linear lattice. Let the lattice spacing be a, so that the nth 

lattice point is at na = a
n» Let the displacement of the n^*1 

atom from its equilibrium position be given by un. Then, if 

the linear chain is bound by harmonic forces, the potential 

energy, U, of the system is given by 

If we now produce a uniform strain £ along the chain, the 

new equilibrium position will be given by a' = a (1+6). 
n n 

Then since u =x - a , u ' = x - a 1 = x -a - a 6 = n n n n n n n n n 
u - a & . The potential energy Is 

n n 
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U - U = \ 2 A 
nn i nn 

(u' + a £ )(u' + a £ ) 
' n n n 

n 

U - U_ = A . a a ,?£2 + i 2 A ,(u'a ,+u'a^)^ 
° 2<nn' nn n n J 2 ", nnu n n1 n n'c 

±Z 
nn 

A u' u1 
t nn1 n n 

The second term on the right must vanish since the force 

th—_JLu 
£>u' 

n 
on the n particle, - — , must vanish because we have 

n 
assumed the expansion to be about an equilibrium position. 

Thus, 

° - - \ * k 21. o   I U' U1 2 nn, nn' n n 

where 

and 

k = ^ A . a a , A nn t nn' n ni 

U-U'=“^A u' u' 
0 t nn • i nn1 n n 

We see that the particles are again bound by harmonic forces 

and with the same force constants. The frequencies of the 

normal modes of vibration are unaltered. If we include terms 

depending on the third power of the displacements from equilib¬ 

rium, 

U - U' = ? ^-i A | u„ u' + „ A , „(u' u't a „ 
o nn i nn n n b nn'n nn'n v n n' n" 

+u' u'.a , +u't u'.a ) 
n n" n' n‘ n" n'j 

where we have retained only those terms which are quadratic 

in the displacement. 
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th 

The force on the n particle is now 

Pn*-£ A u' - JE! A , „ (u ■' , a „ + u' „ a ,) 
nn n' 2 n'n" nn n' n' n" n" n!/ 

= + t ^ V <Ann.„» + V'n-’ ]Un' 

= '^fAnn' an" Ann'n"JUn' ' 

We see that if the cubic terms are retained the force 

constants In the harmonic approximation are altered. A 
nn1 

is replaced by A , + 6 a , A , „ 
* nn‘ n" n' nn'n" 

or 

A —> A + A 
nn • nn nn 

where A * - = ii a „ A ,II 
nn1 n n" nn'n 

Since, in general, the frequencies of the normal modes go as 

the square root of the force constants the frequencies will 

be altered. The purpose of Including this derivation is to 

show that the change in the frequencies of the normal modes 

of the crystal will depend linearly on the strain if the terms 

of the third degree in the expansion of the energy are re¬ 

tained. It is easy to see from the analysis that the terms 

of the fourth degree will give a term depending quadratically 

on the strain and so forth. 

In the general three dimensional case Akhieser gives 

t^(q) -wofy) (1 * <Tlk ulk i aik nr^) 
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th 

as being an expansion of the frequency of the k normal 

mode into a series in powers of the deformation tensor with 

only the linear terms retained. Here 

i ,i^i ^ v 
uik = 2 

and 

/rA ik 
„ i ,^ui av 

2 VXfc ^xx' 

are the components of the strain tensor and rotation tensor, 

respectively, and the summation convention is used. The coef¬ 

ficients and alk are parameters characterizing the crys¬ 

tal under consideration. Akhieser neglects the term a, /Z'T 
IK IK 

as being uninteresting. The tensor aik determines the change 

in frequency of a phonon due to a local rotation in the medium. 

Since we are considering the absorption of sound with approxi¬ 

mately plane wave fronts, there will be no small rotations 

introduced into the medium, = 0. For our purposes then, 
ik 

^(q) . U/0i5) /lk ulk 

The tensor is related to the GrUneisen constant for the 

crystal as was shown by Akhieser. For a treatment of the 

GrUneisen constant as a tensor quantity and its relation to 

the second order elastic constants of the crystal, one is 

referred to the text by Ziman.10 We will give here a simple 

treatment showing the relation of f.. with the GrUneisen 
IK 

constant which we feel to be more convincing than that given 



12. 

by Akhieser. We assume with Akhieser that the / are not 
^lk 

functions of the wave vector, q, and the polarization of the 

wave. This is not a bad approximation to the observed be¬ 

havior, except that there appears to be empirical evidence- 

that the coefficients corresponding to longitudinal modes are 

larger than those corresponding to transverse modes.10 

In the Debye approximation we have the well-known formula 

for the Grlineisen constant 

/ d lQg 6 V d 9 
v = “ d log V = " 0 d V 

where 0 is the Debye temperature and V la the volume of the 

crystal. Now, 9 is defined by 

9 = 

-hq^c ^m m 

where c Is the velocity of sound with Debye approximation and 

qm is the maximum value of the wave vector, determined by the 

condition that the number of modes of vibration be equal to 3N 

where N is the number of atoms per unit volume.11 Thus, 

Y ^ ^m 
<> = ~ li/m. d V 

and since we have assumed A l/J proportional to U), 

Y V_ did 
t ~ ~ UJ dV 

AKJ- -CDIT-J
1 or 
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If the crystal Is strained uniaxially, AV/V is equal to the 

strain. The change In frequency corresponding to a strain 

u^ is then 

- u) { 

The relation of )f to the tf'' Is now explicit and obvious. 

The off diagonal components of the strain, \x^} do not corres¬ 

pond to a change in volume. For this reason the off diagonal 

components of do not contribute directly to the scalar 

GrUneisen constant as deduced from measurements of thermal 

expans ion. 

We consider a longitudinal plane wave propagating in the 

z direction of our crystal. Then 

i( cfz-SLt) 
u (z,t) = uQ e 

expresses the displacement as a function of position and time 

where cT and SL are, respectively, the wave vector and 

frequency of the sound wave. The strain is then 

i(cTz-fi t) 
uzz - l<ru

0 e 

and the change in characteristic frequency of a phonon is 

l(<rz-_T2_t) 
- i<r u)0 % e 

Here we have assumed that the wavelength of the sound wave is 

large in comparison to the interatomic spacing. In what 

follows we assume that the wavelength is large enough that 
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SU~^ ■<? 1 where is the average lifetime of a thermal 

phonon. When this condition is satisfied the mean distance 

traveled by a phonon before a collision is less than the 

wavelength of the sound. 

The Hamiltonian for a single phonon, q, at position z 

at time t under the influence of the sound wave is 

where 

H(q,z,t) = HQ(q) + H (q,z,t) =t«/(q,zyt) 

Hjq) = -fi^i(q) 

and 
^ = “ft A(A){q) 

- * ^o(«) <1<r Oo> e 
i( <rz-Sit) 

Thus 

Hl = a H0 e 
i( cr z- .at) 

where 

a = id"/ u_ 
ZZ o 

Following Woodruff and Ehrenreich we also express this as 

i(cT Z-XLt ) 
Hx =/(q;cr,uo) e’ 

The distribution of phonons at equilibrium is given by the 

Planck distribution formula 

NQ ( U)Q) - 
r 

kT 
-1 

-1 
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We also introduce the equilibrium distribution in the strained 

medium 

r 'fi u) I _i 
N0(^) = [e TET -lj 

Since the sound wave is to be considered as a small pertur¬ 

bation on the system we are justified in expanding the per¬ 

turbed distribution about the local equilibrium distribution. 

N(q;z,t) . NQ (fcl) + (NJAT) i e1^ °’Z"At' 

<JN (U ) 
where N'B—- -i— and where we have chosen this form so 

0 d(*^0AT) , , 
that after expanding NQ( U)) about NQ(^JQ) we obtain to first 

order 

N(< 
A . /N , -r i(cTz-Ht) 
q;z,t) = No(iJo) + (_£_j(^-/) e 

■ V 4,> + N1 
We have written the perturbed distribution as the sum of the 

equilibrium distribution and a small correction. We assume 

that the relaxation toward equilibrium is governed by the 

Botzmann transport equation, 

(bH) __ dH +J. fd]j dH _ d* iJj \ 
M & 6 l jji jn J 

For our case 



we obtain If we neglect 
2H! 

in comparison to 
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^ + J- ^ 4^') 

3f d-i + <5 ' Jfl df) ' 

b N, Once we have obtained an expression for (-^H-T) we will 

have completely determined the problem. Since the theory is 

presented in detail in the paper by Woodruff and Ehrenreich 

nothing would be accomplished by repeating it here. Hence¬ 

forth, we will simply outline the arguments presented. 

As stated in the introduction, the theory considers both 

the normal and the umklapp processes. The distribution func¬ 

tion toward which the phonons relax is 

and 

,// . . P hOJ- .q "|-1 
N(&/,T«, }) E le  — -ll 

h to)/kT 
N(&f, 

Ell W / JV± —! 

' "1| 

for the normal and umklapp processes, respectively. The 

appears in the distribution formula for the H-processes as a 

result of the conservation of wave vector in these interac¬ 

tions. The physical significance of the shifted distribution 

is discussed by Klemens^ where the shifted distribution is 

used in the calculation of thermal conductivity. The T* 

appearing in the formulae is the temperature which would be 

obtained in a small region of the material if it were al¬ 

lowed to come to thermal equilibrium in the state of strain 
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existing at a particular time. 

T ’ = T + 4 T e 

We define 

i(<5"z- -ft-t) 

A T by 

Expanding these distributions about the equilibrium distri¬ 

bution we obtain 

fb _ N(q;z,t)-N( 4^,T') N(q*;z,t)-N(£/,T') 
Wcoii- Tffir    

N) 
J~t coll 

(«ol) 4£ -X-4 l 7M * — 

td„ A T 

£ u 

u A ~t -i(^z--at) where /I= A e . The problem reduces to solving the 

transport equation and determining the quantities A and AT. 

Introducing the total relaxation time as 

_! „ _i_ + _1_ 

2" & 

Woodruff and Ehrenreich obtain a solution, 

= 

AT ,J: /I •ft-LSLtfll 

The quantities /\ and A T are to be determined from the con¬ 

dition 

j 

expressing the conservation of wave vector for N-processes 

and the condition 

r 

b t coll, N 
d^q = 0 
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expressing the approximate conservation of the total energy 

of the system. The sum over j is a sum over polarization. 

The heat dissipation is given by 

where -< ^denotes the time average. Calculation gives 

where S(q,j) is the specific heat associated with mode (q,j). 

The attenuation coefficient for the sound wave is the frac¬ 

tional dissipation of heat per unit time divided by the 

velocity of propagation. 

With these results Woodruff and Ehreinreich have ob¬ 

tained a general solution to the problem. Since most of the 

parameters appearing in the equations are unknown and cannot 

be obtained from experiment it is necessary to begin making 

approximations in order to express the results in terms of 

measurable quantities. First, the quantities ^Q(q,j), 

Q = 

Here W=  -—— is the energy density of the sound wave. 

P is the mass density. 
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2^(9* are assume<* to be independent of the 

direction of q and the polarization j. This allows us to 

express the summations appearing in the formula as inte¬ 

grals over q-space. The integrals may be reduced to the 

form 

I (£12:)= f 1 CtLn( \-M )nd/U- 
' J-1 i-1-aza-M) 

in each case. Also, the Debye approximation is assumed valid, 

in which case 

where c is a constant average velocity of sound. 

With these assumptions, the expression for the attenua¬ 

tion coefficient becomes 

where Qv = S(q,j) is the total lattice specific heat. 

In this approximation the two conditions, from which A T and 

A are determined, become 

= cq 

jjxln AT 
T 

. /J- _-i- \ A- J-tSllnA. _ Lsij,0 d O + (ry r)jic —£c 

and 

+ I, „A - exile, CL -O 

T»Ac T 
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Woodruff and Ehrenreich now confine themselves to the case 

where -ra- >)>1. This allows us to neglect the effect of 
£<u> 

the normal processes. No justification is given for this 

approximation other than the necessity of reducing the ex¬ 

pressions to forms which can be compared with experiment. 

A T is determined from the second of the two conditions, the 

first condition being a statement of conservation of wave 

momentum in a normal process. 

or 
AT 
T 

iiil 

^oo3 

*0! 

A T 
T i-fll a = 0 oo 

and C J fjci 
t- v u C I* 
r -Tfvr" ^ / L 1ol 

+ i JCI "2” i * 
oo 

Now, in the limit -fL'fc1 

I 
mn -s^ ^ [l + d^ 

I * -^ 2(1-1X12') 
00 

Xol 2(1+1 ^ 

giving 

(2.1) 

,2.2 v 

p _ Cyl I11 ? 
1 3P c3 
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If we had an expression for 2~, the relaxation time, we 

would be able to compare this result to experimental measure¬ 

ments. An idea of how *2" changes with temperature can be 

obtained from the expression 

(2-2) K = | cv c
22r 

where K is the thermal conductivity and c the average sound 

velocity. Admittedly, the relaxation time defined by this 

expression is only very approximately the mean phonon-phonon 

relaxation time. It will however provide a basis for a 

qualitative comparison of the theory with experiment. With 

this substitution 

(2.3) 
lf2-&2 KT 
^c5 ) -n Tx* 1 

We note that the attenuation varies as the square of the 

frequency, SI. , in agreement with experiment. *' Also, since 

K varies as (T)-1 at high temperatures, p will be relatively 

temperature independent at high temperatures. This also 

agrees with experimental measurements. 

Although the assumption St 1 is used throughout the 

development of the theory, Woodruff and Ehrenreich examine 

their results in the limit SUl:>> i and obtain 

7T (T2-^ Cvi 
' 4 e c3 

The expression is independent of ^ and depends on the first 
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power of the frequency, -fZ . Except for a multiplicative 

constant of order unity, this result agrees with the result 

obtained by Landau and Rumer under these conditions. 

The effect of assuming AT = 0 is also considered. 

4T = 0 implies that the phonon distribution is relaxing 

toward an equilibrium distribution characterized by the 

temperature of the sample as a whole (the temperature averaged 

over the volume of the sample). It is expected that these 

conditions might be satisfied if -C2?>1 such that, on the 

average, a phonon will travel many sound wavelengths before 

interacting. Under this assumption 

c„i <rs_a 

I * 
oo 

lm(i_a?ri *) = Inv4(l+i2-a2r) = tan'1 2-TZ 2" 
oo 

Or, 
/* T 

(2.4) 
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In applying the theory to the data obtained by 

B’dmmel and Dransfeld and Jacobsen, Woodruff and Ehrenreich 

found that the more exact formula (2.3) gave the best re¬ 

sults as far as predicting t'he magnitude of the attenuation 

but that the shape of the attenuation curves was represented 

better by (2.4). The curves were fitted using fas an ad¬ 

justable parameter. The values of ^whieh were used ranged 

from 0.45 to 0.87. Grttneisen1^ computed the ^ for quafctz 

and obtained 0.7. 
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III. Experimental Apparatus and Procedure 

A. Preparation of Samples 

The attenuation of sound was measured in rods with axes 

along the (loo}, Cuo] and [ill] directions of CaF^. The 

rods were cut from a single crystal lMs cube of CaFg obtained 

from the Harshaw Chemical Company, Cleveland, Ohio. In 

mineral form CaF is called Fluorite and is the standard for 
2 

hardness 4 on the Mohs scale. It is sufficiently hard for 

ease in lapping and polishing but the pure crystal has a 

distinct tendency to cleave along the (111) planes. Care 

must be exercised in heating or cooling the crystal since 

thermal expansion will cause stresses which can fracture the 

crystal along the cleavage planes. The crystal is only very 

slightly soluble in water at room temperature (1.6 x 10"3 gm 

per 100 c.c. of water)^ so it can be cleaned in water 

without unduly disturbing the surface finish. Glass cleaning 

solutions were used to clean the crystals but their use was 

suspended after it was found that the long term effect of 

several cleanings seemed to be a slight etching of the end 

surfaces. 

The crystal structure of CaF^ is well known,*5 and will 

not be discussed in detail here. The space lattice is face 

centered cubic with a calcium and two fluorine atoms per unit 

cell. Because it is a cubic crystal, the jjLjk] direction is 

perpendicular to the (ljk) plane which is of great conven- 
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ience for aligning the crystal along a particular direction 

using the X-ray diffraction technique. 

The rods used In the experiment were aligned and cut at 

the laboratory using the same apparatus as described pre¬ 

boat with epoxy resin. The boat was designed to be mounted 

on a back reflection Laue X-ray camera. The crystal mount 

could be accurately oriented to bring the plane, perpendicular 

to the axis of Interest, into parallelism with the plane of 

the X-ray film. The mounted crystal was then moved to the 

Felker, Type 80-BQ saw which could be set to the desired 

orientation. The camera and saw had been aligned as closely 

as possible; the orientation on the camera corresponded to 

the orientation on the saw within ± 15' of arc in either the 

vertical or horizontal direction. Since the accuracy to which 

the Laue back reflection photographs could be read was also 

of the order of ± 15* of arc, the orientation of the rods used 

in this experiment Is accurate to within i 30*. 

Three rods were cut with the following dimensions and 

orientations: 

16 
viously by Hemphill. The crystal was mounted on an aluminum 

Length 
Cross-section 
End faces or 

Rod #1 Rod #2 
TTSTT-  T73T”  
.124X.127" . 12&X. 12611 !l26X.126" 

rod axis 
Other faces (110), (110) (100), (110) 

100 100 111 
(no) 
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and were then shipped to Adolf Meller Company, Providence, 

Rhode Island for lapping and polishing. The rods were re¬ 

turned with the end faces polished flat to within the quoted 

tolerance of 1/20 wavelength of Sodium light (589OA) and paral 

lei to within 4 seconds of arc. The length of the rods was 

reduced somewhat in the lapping process. When returned, the 

lengths were: [loo], .683"; [llO^* .675"; ^Hl3* •673". 

For the purpose of sound-pulse generation and echo detect 

ion, a quartz transducer was bonded to one of the end faces 

of each rod prior to each temperature run. The transducers 

were X-cut, 10 megacycle quartz transducers cut into discs 

1/8 inch in diameter. Obtaining a good bond between the trans 

ducer and the rod requires much patience and care. First of 

all, the rod and transducer must be thoroughly clean. A magni 

fying glass or "jeweler's loupe" should be used to examine the 

surfaces to see that they are free from dust particles or 

fibers. After the surfaces are clean, a small amount of bond¬ 

ing material can be placed on the rod and the transducer 

pressed on to this. The bonding material used in this experi¬ 

ment was DC200 fluid, manufactured by Dow Corning Corporation. 

Other bonding materials have been used for bonds but it was 

found that DC200 gave the better bonds from the standpoint of 

endurance over a wide temperature range. It has been found 

that there are many substances which will form bonds which 

give good echoes at room temperature; almost any thick oily 
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substance will do. Most of these, however, fail at tempera¬ 

tures not much lower than 0°C. DC200 can be obtained with 

various viscosities; the 1 x 10° and 2.5 x 10° centistoke 

fluids were used in this experiment since they seem to give 

the better bonds. When using DC200 as a bond, it has been 

found that it is helpful to rinse the rod in Decalin 

(Decahydronaphthalene) as the last step in the cleaning pro¬ 

cess. Decalin is a good solvent for the DC200 fluid. 

Even after considerable experience had been gained at 

making bonds, only about one out of every five bonds was 

found to be acceptable. The other bonds would either be in¬ 

efficient or would give distorted echoes. If the bond is too 

thick or if the transducer is not parallel to the face of the 

rod, the bond will be inefficient and very little acoustic 

power is transmitted to the rod. Distortion of the echoes is 

caused by non-uniformity of the bond across the face of the 

transducer. Air pockets and the outline of the bonding medium 

can be easily determined by holding the bond up to a strong 

light. In general, the more closely the echoes reproduce 

the shape of the driving pulse at room temperature, the 

better the bond will be at low temperatures. 

B. Experimental Apparatus 

The apparatus used in this experiment can be divided 

into four parts: the electronic system for production of the 
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microwave pulses and detection of the echoes; the reentrant 

cavity; the cryogenic dewar system; and the temperature 

measurement devices. A block diagram of the electronic 

apparatus is given in Figure 3-1. The source of microwave 

power is the Airborne Instruments Laboratory, Type 124 power 

oscillator which provides signals over the frequency range 

0.2 to 2.5 Gc/sec. All measurements reported in this thesis 

were made at 1.13 Gc/sec with the oscillator being modulated 

by an external pulse generator (pulse generator #1 in the 

block diagram). In order to obtain good pulsed operation 

below 1.5 Gc/sec, it is necessary to make the modification 

recommended by the manufacturer on page 2-7, of the instruct- 

17 
ion handbook. This modification consists of replacing the 

fixed 1000 ohm oscillator cathode resistor with a variable 

resistor. Even with this modification the smallest pulse 

width attainable was about 1 microsecond. It was found that 

there was a delay of about 1/4 microsecond between the leading 

edges of the input pulse from the modulator and the output 

pulse of the oscillator and a delay of about 1/3 microsecond 

between the trailing edges. This accounts for the inability 

to obtain shorter pulses. 

After being isolated from the power oscillator the pulse 

is led into a double diode switch (Microwave Associates 

MA8305-2L1N diode switch). When back biased, the diodes 

attenuate the signal by 40 db. The function of the switch is 
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to allow a large amount of power transmission to the cavity 

without seriously overloading the receiver. This is accom¬ 

plished hy having the diodes normally biased such that diode 

#1 gives maximum attenuation and diode #2, minimum. When the 

power oscillator is pulsed, pulse generator #2 is delayed 

triggered such that it temporarily reverses the biasing 

arrangement at the diode switch allowing rf power to pass 

into the cavity and providing 40 db isolation from the re¬ 

ceiver. The pulse width of the pulse to the cavity is deter¬ 

mined by the pulse width of the pulse from pulse generator #2. 

At the cavity an acoustic pulse is produced in the rod which 

will produce an echo each time it is reflected back to the 

transducer. Since diode #2 is now at minimum attenuation, the 

echo pulses may pass on to the receiver essentially unatten¬ 

uated. 

The receiver consists of the local oscillator, the mixer, 

and the 30 Mc I.F. amplifier. The local oscillator is a 

General Radio Type 1218-A unit oscillator tunable over the 

frequency range of 900 to 2000 Mc/sec. The mixer is a Sage 

Laboratories Model 2523 mixer incorporating reversed 1N416E 

diodes. 

The output of the I.F. amplifier was displayed on a 

Hewlett Packard HP 175A Oscilloscope. The oscilloscope was 

used with the Model 1782A display scanner in place. The dis¬ 

play scanner had the function of sampling a very small portion 
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of the signal over many repetitions and giving an output 

which could be used to record the signal. 

In order to monitor the reflected power from the cavity 

so that the cavity could be kept on resonance, a Narda Micro- 

wave Corp. Model 3002-20 directional coupler was placed in the 

cavity line to couple away part of the reflected pulse to be 

viewed on the oscilloscope. This feature was found to be es¬ 

pecially necessary when aligning the cavity before finding 

echoes. After echoes had been obtained the cavity could be 

tuned most effectively by using the echoes themselves as a 

reference. 

The cavity itself was a cylindrical reentrant cavity with 

the configuration shown in Figure 3-^2. Since the cavity was to 

be immersed in liquid helium, the rf power was transmitted to 

the cavity through a specially constructed stainless steel 

coaxial line, giving the maximum possible heat insulation. The 

electromagnetic energy was coupled into the cavity using mag¬ 

netic coupling. This consisted of placing a small loop of 

copper wire in the cavity across the coaxial conductors. The 

coupling could be adjusted by varying the size of the coupling 

loop and by varying the orientation of the coupling loop with 

respect to the axis of the cavity. It was found that as the 

temperature of the cavity changed, causing a small change in 

its dimensions, the coupling would change. The coupling was 

also found to be a function of the frequency. As one would 



FIG.3-2 CAVITY ARRANGEMENT 



31 

expect, good coupling was necessary for obtaining strong 

echoes. 

At resonance, the field configuration in the cavity 

is such that the lines of magnetic induction circle around 

the axis of the cavity with the electric lines being in the 

radial direction except toward the top of the center post where 

the lines are directed from the center post to the top of the 

cavity. Expressions for the electric and magnetic fields in 

a cavity such as this can be found in Morse and Peshbach^0 

where also the resonant frequency of the cavity is determined 

in terms of its dimensions. Other very useful information 

for the design of reentrant cavities is given by Moreno.^ 

Moreno provides graphs from which one can determine the dimen¬ 

sions of a cavity given the desired resonant frequency. A 

cavity for use in an experiment such as this will differ 

somewhat from those described by Morse and Feshbach and Moreno 

since we must provide a means of placing our sample, with 

the transducer bonded to it, in the region at the top of the 

post. Thus, the top of the cavity must have a hole the size : 

of the cross-section of the rod. Also since the transducer 

will have a dielectric constant somewhat different from unity, 

the resonant frequency of the cavity will be somewhat different 

with the specimen inserted. 

In order to provide a means of keeping the cavity on 

resonance at the desired frequency as the experiment was in 
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progress and also to provide a means of tuning the cavity 

to a frequency at which the transducer would resonate, pro¬ 

vision was made for a tuning plunger to be inserted into the 

cavity. The tuning plunger was made of brass and was com¬ 

pletely Insulated from the remainder of the cavity. It pro¬ 

vided a perturbation on the fields in the cavity causing a 

shift in frequency which could be controlled externally. 

Two methods were used for the measurement of temperature. 

The first few measurements were made using a copper-constantin 

thermocouple. The thermocouple provided all the accuracy 

one could want for the experiment above liquid air temperature 

but became progressively more insensitive as the temperature 

was decreased. The temperature region of primary interest in 

this experiment is between liquid helium temperature and about 

100°K, so that a new method had to be found. At the suggestion 

of Mr. Robert Birchak, a copper resistance thermometer was 

tried and found to be very suitable. A description of the use 

of a copper resistance thermometer has been given by Dauphinee 

and Preston-Thomas.20 A table giving the ratio of the resist¬ 

ance of a wire sample at a given temperature to its resistance 

at 0°C can also be found here. The resistivity of copper is 

very nearly a linear function of temperature above about 40°K. 

Below 40°K the resistivity is still a strong qnough function 

of temperature to allow accurate temperature measurements down 

to about 15°K. The only accurate temperature determination 



33. 

below this was when the sample was submerged in liquid helium. 

It was decided that for this experiment the temperature 

should be measured accurately to within 0.5°K over the tempera¬ 

ture range of interest. With the copper resistance ther¬ 

mometer this goal was easily accomplished for temperatures 

above about 20°K. Below this bemperature the accuracy is 

only - 2°K. Fortunately the sound absorption is almost inde¬ 

pendent of temperature below 20°K so that an accurate tempera¬ 

ture measurement is not as necessary. 

The copper resistance thermometer was located in such a 

manner as to give maximum possible thermal contact with the 

calcium fluoride sample. It consisted of 512 ohms of Belden 

40 B and S gauge, nylon coated copper wire wound around the 

sample hole in the top of the cavity as shown in Figure 3-2. 

The coil was wound bifilarly using clear Glyptal as a filler 

and was baked at 100°C for approximately 4 hours. The ex¬ 

terior portion of the coil was insulated with polystyrofoam 

to insure that it remained at the same temperature as the 

sample. The resistance was measured with a Wheatstone bridge 

using a Leeds and Northrup bridge with a Minneapolis-Honeywell 

Model 104W1G galvanometer. This system was sensitive enough 

to measure the resistance of the coil to within .01$ which is 

more than sufficient for the purpose of this experiment. The 

thermometer is calibrated by measuring the resistance of the 

coil at the melting point of ice, Rq, and at liquid helium 
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temperature, RHe. The resistance R is effectively the 

true residual resistance of the coil. The difference in the 

measured ratio R„ /R and the tabulated ratio is applied to He o 
all other values of the ratio R/RQ to determine the correct 

temperature. This correction is very small for most tempera¬ 

tures, generally amounting to less than 0.5° K above 30°K. 

The correction applied is essentially an application of 

Matthiesen's rule for the resistivities of various thermom¬ 

eters.^® At 0°C the resistance of the thermometer was found 

to be 469.7 ohms and at liquid helium temperature the resist¬ 

ance was about 5.2 ohms. 

The temperature of the sample was varied in the following 

manner. With the cavity system in the helium Dewar, and after 

the system had been lowered to liquid air temperature, 

liquid helium was transferred until the cavity was completely 

submerged. At this point the attenuation of the sound was at 

a minimum; the system could then be aligned to its optimum 

performance, and the resistance of the coil could be measured. 

As the helium evaporated the temperature of the sample in¬ 

creased very slowly. The cavity was located approximately 18 

inches from the bottom of the helium dewar. The time required 

for all the helium to evaporate was about eight hours. After 

the helium had evaporated the temperature continued to rise 

slowly (approximately l°K/min.) until it reached the tempera¬ 

ture of the liquid air in the outer Dewar. The change in 
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temperature accomplished by this method was so slow that one 

could be absolutely certain that the sample was essentially 

in thermal equilibrium at any given time. Also the tempera¬ 

ture changed very little during an attenuation measurement. 

The time required to make the measurements varied from a 

small fraction of a second when taking photographs to about 

a minute when using a calibrated attenuator. 

C. Attenuation Measurement 

Figure 3-3 shows typical echo decay patterns obtained 

at four representative temperatures for the ClOOj rod. 

Ideally the decay envelope of the echo pattern would be 

exponential. If we let T be the attenuation coefficient then 

- Tz 
P = P e o 

where P is the acoustic power in the sound wave and P is the 
o 

initial power input. After the sound wave has been reflected 

back to the transducer n times the power in the sound wave 

should be given by 
- T 2 Ln 

Pn " Po e 

where L is the length of the rod. Here we have assumed that 

when the sound is reflected from the bond very little power 

is piezoelectrically converted. This assumption is justified 

since the conversion loss of the transducer-bond arrangement 

is estimated to be at least 60db. The attenuation coefficient 



I 0°K 
140/xsec/clivision 

2 7®K 
75 //.sec/tlivision 

3 7°K 
10/x.seq/division 

4 6.°5 K 
10 /xsec/division 

7 7.® 5 K 
5 /xse$/divi5ion 

FIG.3-3 ECHOES IN THE [lOO] ROD 
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Is given by 

r ■ iifcr •*© 
where Pm and Pn are proportional to the power in echoes number 

m and n, respectively. 

Unfortunately the attenuation cannot be determined this 

easily since for various reasons the decay envelope of the 

echoes is not exponential as is evident from the patterns at 

low temperature shown in Figure 3-3* A discussion of the 

reasons for the non-exponential decay of the echoes has been 
O 

given by Jacobsen. The major cause is the fact that the ends 

of the rod are not absolutely parallel. For the purpose of 

discussion suppose that the wave vector of the sound is 

initially perpendicular to the left hand face of the rod as 

shown in Figure 3-4A, and that the angle between the left and 

right hand faces is ^ . After each reflection from the right 

hand face the angular difference Increases by 2 @ . This angu¬ 

lar difference causes interference in the echo pattern since 

the excitation of the transducer depends upon the angle of 

incidence as shown in Figure 3-4B. When the angle is Approxi¬ 

mately equal to ^/2d, where is the wavelength of the 

sound and d is the diameter of the transducer, portions of 

the transducer are being excited 180° out of phase with other 

portions causing a decrease in the conversion efficiency. 

This situation corresponds to the point of the first minimum 

in the echo pattern. It was found that the effective angles 



FIG.3-4EFFECT OF NONPARALLELISM 
OF THE ENDS 

FIG.3-5 EXPONENTIAL DECAY OF THE MAXIMA 
IN THE ECHO PATTERN 
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of nonparallelism for the three rods used in this experiment 

were: (lOCQ , 24"; D-lo] , 66"; D-U] , 10". That the faces 

on the D-lil rod should be more parallel than on the other 

rods is probably to be expected since CaPg cleaves along the 

(ill) plane and would thus tend to polish easily in that plane. 

As stated before Adolf Meller Company stated that the faces 

would be parallel to within 4". The discrepancy can be ac¬ 

counted for by considering the method by which the parallelism 

was measured. Adolf Meller Company polishes rods so that 

their faces are optically parallel. This means that the opti¬ 

cal path length is constant over the cross-section of the 

rod, but that the actual geometrical length is not. For laser 

rods this would be a desirable situation, but for rods for 

use in this experiment the acoustical path length should be 

constant. Thus, the lack of parallelism could be due to 

strains in the rod causing a difference in optical and acous¬ 

tical path lengths in the rod. Further discussion of the 

effect of nonparallelism of the end faces of the rod can be 

21 22 
found in the papers by Truell and Oates and Rowell. 

Lack of nonparallelism of the end faces of the rod and any 

other effect which causes a modulation or interference in the 

decay pattern of the echo train depend only upon the geometry 

of the rod and transducer combination and the wavelength of 

the sound wave. In this experiment the frequency was the same 

during each measurement. This means that for a particular rod 
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the wavelength was constant during all measurements, so that 

there was no change In the echo pattern due to a change in 

wavelength. When the experiment reported in this thesis 

was in progress, Mr. J. P. N. Goodell was making attenuation 

measurements on rods of LiF as a function of the frequency. 

He found that the decay pattern did indeed depend on the 
23 wavelength. As one would expect from the discussion above 

on the effect of nonparallelism of the end faces, the spacing 

between the successive minima and maxima in the modulated de¬ 

cay envelope was found to be rather accurately proportional 

to the wavelength of the sound wave. 

Let us assume that the attenuation coefficient is r 

and that the modulation of the echo decay pattern is a geo¬ 

metrical effect. Then 

where f(n) is some function of the echo number representing 

the modulation of the echo pattern from its exponential form. 

Then 

-2Ln P 
f(n), Pn = Po e 

V = 2L(n-m) Pn _ 2t(n-m;^n Cf (m)/f (n)J 

or 
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where as indicated F(m,n) is a function only of the echo 

numbers, m and n. The first term on the right is the rela¬ 

tive attenuation in nepers per unit length measured using 

echoes number m and n. We see that this attenuation differs 

from the true absolute attenuation by a number which is a 

function of geometry. If we assume that the geometrical 

properties do not depend on the temperature to a good approxi¬ 

mation, then we can find the relative difference in the abso¬ 

lute attenuation at two temperatures by taking the difference 

of the attenuations between echoes number m and n measured 

at those temperatures. The validity of this procedure can 

be checked by using several different pairs m and n. At the 

higher temperatures the number of echoes detectable is very 

much smaller than at low temperature as can be seen from 

Figure 3-3. There are usually only about 4 or 5 useful echoes 

above 70°K so that the values of n and m must be in this 

range. It was found that the modulation function f(n) is 

independent of temperature to a good approximation. The esti¬ 

mated error given on the results presented here is determined 

by how well this function did remain independent of tempera¬ 

ture. The experimental scatter in the results is believed to 

be almost entirely due to this source of error. 

A good estimate of the absolute attenuation can also be 

made. Since the modulation of the echo pattern is due to an 

interference effect, we might assume that the peaks in the 
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pattern represent the amount of acoustical power in the 

crystal at that time. If this were true, then the decay 

of the heights of the peaks would be exponential with the 

attenuation coefficient being the absolute attenuation per 

-unit length, p . It is found that the decay is indeed 

exponential as can be seen in Figure 3-5> where we have plotted 

the logarithms of the relative heights of the peaks for the 

decay pattern which is pictured In Figure 3-3. Thus, at low 

temperatures where there are many echoes, we can compute the 

absolute attenuation and since we can compute the relative 

change in attenuation at any temperature, we can find the 

absolute attenuation over the whole range. In this experiment 

we are interested in only the relative change In attenuation 

with temperature. The residual attenuation would depend on 

the purity and dislocation density of the sample; generally, 

the attenuation at liquid helium temperature is only a small 

fraction of what It is at room temperature. 
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IV. Experimental Results and Conclusions 

The experimental results, are presented in Figures 4-1, 

4-2, 4-3. The data points presented in Figure 4-1 are the 

result of three separate attempts on the Q-00] rod using a 

different DC 200 bond in each case. Figures 4-2 and 4-3 

represent two measurements on the [lio] and [ill] rods, 

respectively. The results are qualitatively the same as the 

results obtained by B'dmmel and Dransfeld on quartz. The 

attenuation is relatively temperature-independent below 30°K 

and increases rapidly above this temperature until about 70°K 

where it is again temperature-independent. The change in 

attenuation and the temperature at which the maximum attenua¬ 

tion is reached are different for the three crystallographic 

directions. The largest attenuation is in the |JLIQ] direction 

where a value of 2.34 db/cm was found. In both the \10Q] 

and [lid] directions the maximum attenuation was reached at 

about 8o°K. In the \ll3 direction the maximum was reached 

at about 6o°K. 

As indicated in the figures the maximum probable error 

is about 15$. At the lower temperatures, where there were 

more echoes, the change in attenuation could be measured using 

the absolute attenuation as measured from the decay of the 

interference maxima as well as the attenuation between the 

first few echoes. The accuracy of the experiment is deter¬ 

mined by the accuracy of the assumption of a temperature- 
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Independent modulation of the exponential decay of the 

echoes. As we have shown, under this assumption, the change 

in the attenuation per echo as measured between echoes number 

j and k between temperatures T and Tg should be the same as 

that measured between any other two echoes. At the highest 

temperatures there were generally only three useful pairs of 

echoes. 

The data points were determined using the following pro¬ 

cedure. The attenuation measurements, determined at some 

low temperature where there were many echoes, were used as a 

reference. The change in the attenuation between this and 

some other temperature was measured using various independent 

pairs of echoes. The change in attenuation was taken to be 

the average taken over the various pairs and the probable 

error was taken to be the maximum variation from this average 

value plus about 10# of the total attenuation. This 10# is a 

best estimate of the probable systematic error. It should 

be noted that the reproducibility of the data is such that 

the experimental points fall well within the estimated errors. 

According to the Woodruff and Ehrenreich theory the 

attenuation is proportional to the product, KT, of the ther¬ 

mal conductivity and temperature. In Figure 4-4 we have 

plotted KT as a function of temperature using thermal con- 
ph 

ductivity data as compiled by G. A. Slack. n The author is 

indebted to A. F. Cohen for bringing this paper to his atten- 
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tion. We note that KT is a maximum at 20°K and is relatively 

temperature-independent above 100°K. Following Woodruff and 

Ehrenrelch we have also computed the mean phonon-phonon relaxa¬ 

tion time from the relation K = i Cv • The specific 

heat, Cy) was obtained from the measurements of Huffman and 

Norwood*^ and Todd.^ An average phonon velocity, c, is 

required. We computed c by averaging over the mean velocities 

in the three major directions. The mean velocity in a par¬ 

ticular direction was found using the formula 

where ct is the velocity of the longitudinally polarized 

phonons, and c^. , and c^ are the velocities of the two trans¬ 

verse modes. This formula gives the mean velocity appropriate 

to the Debye approximation. The velocities were computed using 

the elastic constants measured by Huffman and Norwood.^ The 

average velocity was found to be 4.47 x 10^ cm/sec and was 

found to vary by less than 1;% over the temperature range 

(4.2-100°K). The temperature variation of the relaxation 

time, "2", is presented in Figure 4-5. The temperature at 

which -0- C = l is about 50°K. At 55°K,-^-Thas dropped to 0.5 

and at 77°K, SIX = 0.1. Above about 70°K, then, the condition 

_7X?V<1 is satisfied and the Woodruff and Ehrenrelch theory 

is applicable. 
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We first consider equation 2-3. 

p K2-Cl2 KT 
1 =
 t>£ 

We note that the temperature dependence is largely contained 

in the factor KT. Since KT obtains its maximum at 20° K, 

we see that the data cannot be fitted over the whole tempera¬ 

ture range using this formula. Above 8o°K where the formula 

is applicable and where both the experimental results and 

the factor KT are relatively temperature-independent, we 

obtain agreement with the data if we choose f - .84, 1.0, 

and .90 for the [loo] , \ilo] , and [ill] directions respec- 
TO 

tively. Gruneisen's ° value of / Is 1.7. We obtain better 

agreement with Grttneisen's value if we alter equation 2-3, to 

where here Cg is the velocity of the longitudinal sound wave 

being attenuated. This formula is more consistent with the 

direction. These values differ considerably from the average 

read 

derivation. The values of c^ range from 6.62 x 10^ cm/sec 

for the [ill) direction to 9.63 x 10^ cm/sec for the [lioj 

sound velocity 4.47 x 10^ cm/sec. Using this corrected for¬ 

mula agreement is obtained by choosing ^- 1.76, 3.34 and 

1.65 for the [lOO] , [lio] and [ill] directions. 

Woodruff and Ehrenreich obtain better agreement with 

the shape of the attenuation curves for quartz using equation 
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p 3 r2-^-2KT tan *2 St ^ 
I = fc 5 2 _T2-r 

We obtain excellent agreement with our data If we use some¬ 

what longer relaxation times than those given In Figure 4-5• 

We must choose 'Z' larger by a factor of two, three, and five 

for the [ill] , ["liol » and D-00^ directions, respectively. 

That the relaxation times should be larger is reasonable 

since the method we used for the computation of Is expected 

to give only an approximate value. It is less reasonable on 

the basis of the theory that ”2" should be different for each 

of the three directions. The smooth curves fitted to the data 

in Figures 4-1, 4-2, and 4-3 were computed from this formula 

using )f = .48, .60, and .52 respectively. If we use the 

corrected expression 

o 3 ^-^KT ten"1 2-rt.^ 
' ~/>cA 3C2 . 2 _<2.7T 

the corresponding values of Y'which are obtained are 1.02, 

1.93* and .93 respectively. We note that the agreement is 

good over the whole temperature range. In Figure 4-6 we 

have plotted a composite of the three attenuation curves for 

purposes of comparison. 

We see that the theory of Woodruff and Ehrenreich ex¬ 

plains the results in calcium fluoride at least as well as 

the results in quartz. Considering the assumptions and 

approximations it was necessary to make the agreement is 

remarkably good. 
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