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fourfold axis. The result can be deduced from
the C4j symmetry which then prevails. The ob-
servation of this polarization strongly supports
the interpretation of the spectrum.

In SrF,, the 4/ °%5d levels fall at slightly higher
energies, and a 4/° level, *Dy(4,,), gives much
of the observed fluorescence spectrum. The
lines due to high levels are weaker and more
diffuse but we now identify the two levels ob-
served earlier? as being A1y, and T1, of 4f°5d.
This conclusion is based on the observation of
an induced absorption line at 6635.9 Z’\, polarized
parallel to the field, which we interpret as A1g
~A1y. The almost constant separation of these
A1y and T1y levels of Sm®* in CaF, has been
used?® to suggest that a vibrational frequency is
involved, but in the limit that the crystal field
seen by the 5d shell is large, the separation of
these levels is due primarily to terms in the free-
ion Hamiltonian and so is expected not to vary.
In BaF, no normal or induced lines due to 4f°5d
can be seen.

For both CaF, and SrF, the earlier work of

Wood and Kaiser? located levels where we now
establish the occurrence of Ay,. That this was
done successfully is gratifying, since in both
cases this involved the interpretation of three
separate transitions which did not correspond
from CaF, to SrF,, and in each case one was ob-
servable only at 77°K, so that it is not possible
to be confident without our result that vibrations
or other sources of misinterpretation might not
be involved. The Ty, level has already been
identified! in CaF,, and is now also identified in
SrF,. We plan to continue and apply high magnet-
ic fields to other systems where a breakdown of
selection rules may produce valuable results.

Thanks are due to E. L. Bardho for technical
assistance in these experiments.
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This communication intends to show that pin-
ning points on dislocation lines which are or have
been mobile along the line are not equally dis-
tributed along the line as it is usually assumed.
Pinning points tend to group together even with-
out a force between them. The reason is that a
solid with dislocation lines has the higher entro-
py, the longer the free segments of the present
dislocation lines are. A dislocation string with
a node in the middle cannot have as many differ-
ent forms as with the node close to one of the
ends or as without the node. The frequencies of
the dislocation lines, which are part of the spec-
trum of the complete solid, depend on the posi-
tions and number of pinning points. Longer line
segments have lower frequencies and correspond-
ingly higher entropy per unit length. There will
be an equilibrium between the entropy increase
due to long dislocation segments and the entropy
decrease due to the grouping of the pinning points.

We first consider three pinning points on a dis-
location line, which interact with the dislocation
so strongly as to create two line segments which
oscillate independently of each other. The pinner

in the middle is supposed to be mobile, whereas
neither of the others can move. We assume that
the middle pinner does not move past the im-
mobile pinners. The motion of a dislocation
segment of the length / can, in terms of the
string model,! be decomposed into a set of har-
monic oscillators, with a Hamiltonian H(I), which
is a function of /, since the frequencies w,,
=wq(d/lym, m=1,--+, 1/b, depend on the length
l. |wg=(EL/M)"*n, E =line tension, M =mass
per unit length, b =lattice constant. ]

To this set of N harmonic oscillators the laws
of statistical mechanics can be applied,? which
yield for the partition function in the high-tem-
perature approximation

e JGE)-(2) ")

The probability f(g)dg for finding the mobile pin-
ner in the interval bétween q and g +dq is given
by

Q) =CZ(1)Z (1,). 2)
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l, and [, are the line segments on both sides of
the pinner, and depend on q. Using (1) and nor-
malizing we get (see Fig. 1)

fl@)= (L) [1-(q/Ly)~V2. 3)

The probability density has a minimum at ¢ =0
and increases towards both the other pinning
points. For g =+(L-b), f(g) reaches the value
1/7(2bL)Y? which is (2L/b)2/7 times larger
than for equal distribution.

The probability W(d) for finding the pinner
closer than d near the other pinners can be cal-
culated from Eq. (3), as

L 2 2d 1/2

war-2f rgaa=2(%)",
compared with d/L for equal distribution. If we
require d=10"3L, we get a 30 times higher
probability for a group of two, compared with
equal distribution.

The difference in entropy due to the dislocation

line between the states with the pinner at g=L
and ¢ =0 can be written as

AS=k1In(Z,/Z,Z,),

where Z,=partition function of the pinner-free
line. Using (1) we get AS=(zk)In(7L/b), which

f(q)
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FIG. 1. Distribution density of a pinning point on a
dislocation line of the length 2L.. The dashed line
would be the distribution without taking into account the
entropy of the dislocation line.
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is 4k for L=10%.

The probability density for N mobile pinners
on a line of the length (N+ 1)L is analogous to
(2), given by

f(xl,-.-,xN)=CHiZi(li)=C(xi_xi_1)—1/z, (4)

where xg=0 and x7, 1= (N+1)L. By differentiat-
ing one shows that f(xl,- . ',xN) has a minimum
for x;=iL. Thus the configuration with all pin-
nig points equally spaced along the line has the
lowest possible probability. Any deviation from
this equal distribution has higher probability.
The probability density f(xy, ++,xp) is the larger,
the more pinners are close to each other (x;
=x;_1 +b). The pinners thus group together, to
create free line segments with correspondingly
high entropy. The fact that f(x1, -, xp) is
strongly peaked for the configurations for which
many pinners are close to each other cannot lead
to the conclusion that the pinners form only some
large groups, and there are no small groups or
single pinners. Large groups would give a large
entropy increase due to the longer dislocation
segments. Grouping of N equally spaced pinning
points on a line with the length (N+ 1)L to one
group means a line entropy increase

AS=kInz /I1Z.
0 i

=Nk 1n—21;L -3k In(N+1),

which is 30k for L =10% and N=10. On the other
hand, many small groups have a larger proba-
bility because of their larger number of possible
arrangements along the line. These two tenden-
cies balance each other in the equilibrium dis-
tribution (4).

It should be pointed out that the radial distribu-
tion of point defects in the stress field of a dis-
location® is also modified, if one takes into ac-
count the line entropy. The closer a pinner
comes to the core of a free line segment, the
more the entropy of the line decreases. It
changes only slightly if the pinner moves radial-
ly towards an already existing pinner. Conse-
quently, the grouping tendency for pinning points
is not confined to the dislocation core. How far
it extends into the lattice depends on the interac-
tion energy between the pinning points and the
dislocation lines. An upper limit is 3 to 4 atomic
distances.

Thus, one finds density fluctuations in the di-
lute Cottrell atmosphere, which are larger and
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of longer lifetime than they would be for uncor-
related pinners. The correlations between the
pinners do not result from their mutual interac-
tion, but from the entropy change due to their
interaction with the dislocation lines. They ex-
tend over distances which are large compared
with the range of interaction between pinning
points (see Fig. 1).

The question of the entropy of dislocation lines
has not received much attention in the past.®> We
think that it plays a significant role in the nuclea-
tion and the rate of clustering and precipitation
on dislocation lines,*" either of impurities® or of
defects created by radiation damage.” It strongly
increases the probability that a certain critical
number of pinners come close to each other to
form a nucleus and acts furthermore as a force
on other pinners near or on the line to join ex-
isting clusters.

Internal friction experiments, especially the
amplitude-dependent breakaway problem,! de-
pend sensitively on the spatial distribution of the
pinners on the line. Impurities already have the
grouped or clustered distribution when the solid
is cooled from higher temperature. Point de-
fects on dislocation lines created by radiation
damage at low temperatures will change from an
uncorrelated distribution to the grouped distri-
bution at that temperature for which pipe diffu-
sion is possible.

Finally, it should also be mentioned that the
formation entropy of vacancies near a free dislo-
cation line is lowered by the amount of line en-
tropy because of the pinning action of vacancies.
It, thus, can even be negative. The formation

entropy is not lowered near any already existing
pinner. The vacancies, therefore, group main-
ly near impurities or jogs® or other nodal points.

To summarize, one can say the following: The
dislocations establish correlations between mo-
bile point defects in or close to the dislocation
core. These correlations extend over distances
which are large compared with the range of
forces between the point defects. Dislocation
modes differ from regular crystal modes by be-
ing sensitive to the position of point defects.

The author gratefully acknowledges discus-
sions with C. S, Hartley, R. H. Chambers, and
J. Schultz.

'A. Granato and K. Liicke, J. Appl. Phys. 27, 583
(1956).

%G. Leibfried, Dislocations and Mechanical Proper-
ties of Crystals, edited by J. R. C. Fisher (John Wiley
& Sons, Inc., New York, 1956).

3A. H. Cottrell, Dislocations and Plastic Flow in
Crystals (Oxford University Press, New York, 1953).

U. Dehlinger, Z. Metallk. 51, 353 (1960).

5J. W. Cahn, Acta Met. 5, 163 (1957).

8H. Wilsdorf and D. Kuhlmann-Wilsdorf, Report of
Bristol Conference on Defects in Crystalline Solids,
July 1954 (The Physical Society, London, 1955). More
experimental evidence is summarized in G. Thomas
and J. Washburn, Electron Microscopy and Strength of
Crystals (Interscience Publishers, 1963).

'D. 0. Thompson and V. K. Paré, Bull. Am. Phys.
Soc. 9, 214 (1964).

8a jog forms a nodal point if it has some barrier
against conservative motion. The statements about
grouping apply then to jogs too. If the jog acts as a
sink for vacancies, the entropy of the dislocation line
acts as a driving force toward the sink.
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Electron emission is accompanied by energy
exchanges between the conduction electrons and
the cathode lattice, which become particularly
important at the very high emission densities
feasible with field and T-F emission cathodes.
Their study is of basic interest as it provides a
complementary check, through a direct measure-
ment of the average energy of the emitted elec-
trons, of the theory of field and T-F emission;
it is also of practical importance because these

energy exchanges control the cathode tip temper-
ature and set an upper limit on the feasible emis-
sion density. This paper presents recent data
confirming the theoretically predicted tempera-
ture dependence of the exchange and its reversal
(from cathode heating to cooling) at high tempera-
tures. A more comprehensive theoretical and
experimental study is approaching completion.!
There are two main emission-induced energy-
exchange phenomena. The familiar resistive or
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