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The emission from a ruby laser typically con-
sists of many intense pulses of about one-half-
microsecond width each, the total emission last-
ing for several hundred microseconds. Adjacent
pulses are rarely of equal intensity, are not
strictly periodic in time, and the emission in-
tensity often drops to a low value, perhaps zero,
between pulses. It is important to measure the
temporal and spatial coherence of this laser
emission both to specify its character and to un-
derstand the underlying physical processes in-
volved in laser action. Spatial coherence for the
ruby laser over a distance of 0.0054 cm was dem-
onstrated by Nelson and Collins' and over a dis-
tance of 0.32 cm by Hercher.? Both these ex-
periments examined spatial coherence in the near
field. To our knowledge temporal coherence of
ruby-laser emission has not been experimentally
studied. The infrared laser emission from the
helium-neon gas laser was shown to be time co-
herent for at least 0.0041 usec.® The theory of
partially coherent light* specifies the coherence
of a light source by the cross-correlation func-
tion that determines the visibility cf the inter-
ference pattern obtained by superposing the ra-
diation from two secondary sources. We wish
to report a study of the cross-correlation func-
tion of the far-field ruby-laser emission, in
which we obtained clear interference fringes
from two slits that were separately illuminated
by different parts of the laser-beam cross sec-
tion and with a variable delay time 7 between the
illuminating of one slit and the subsequent illu-

minating of the other slit by a portion of the same
wave front.

The apparatus we used is shown in Fig. 1. The
laser cavity is a high-efficiency elliptic cylinder
reflector® which contains a 3-inch long, ;-inch
diameter, 90° orientation, uncooled ruby with
flat, silvered ends. One end was opaque while
the other transmitted 5%. The laser was op-
erated at an energy input to the lamp not more
than 28 joules above the threshold value of 130
joules. The laser beam was split (wavefront
division) by prism P,, and the deflected portion
sent through a distance [, totally reflected in
prism P,, partially focused by a cylinder lens,
and finally reflected onto one slit. The other
slit was directly illuminated by the undeflected
portion of the beam. In our experiments at long
delay lengths we decreased the divergence of the
beam by passing the beam through a 5.5-power
telescope used in reverse and focused at infini-
ty prior to splitting the beam. Interference
fringes were photographed on Polaroid Type 47
film used as a screen, for many delay lengths
between 18 cm and 2520 cm. The width of the
main lobe of the single-slit diffraction patterns
and the separation of the fringes agree with cal-
culations using the slit widths and slit separation
indicated in Fig. 1. We could no longer see fringes
on our photographs for Al=3000 cm, which leads
us to limit the coherence length in these experi-
ments to 2520 <Al <3000 cm. It is clear that we
depend on spatial coherence in the far laser field
in this experiment, and since we have obtained
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FIG. 1. Schematic diagram of the experiment.

interference fringes with slit separations of 0.405
cm we have thereby observed spatial coherence
in the far field for such distances. Figure 2
shows microphotometer tracings over a portion
of the interference pattern obtained in three sep-
arate experiments in which photographs were
made on Kodak Royal-X-Pan film. Curve (a)
shows fringes obtained by directly illuminating
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FIG. 2. Microphotometer traces of the photographed
interference pattern for an entire ruby-leser emission
period of several hundred microseconds. The slit widths
and separation are identical to those described on Fig. 1.
(a) Zero delay length; (b) 700-cm delay length; (c) re-
turn prism P, removed.
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both slits. Curve (b) shows fringes for a delay
length of 700 cm. Curve (c) shows a micropho-
tometer trace for an experiment where prism
P, was removed, thus preventing direct illumi-
nation of one of the slits. Since no fringes are
visible we conclude that there is negligible light
leakage from the directly illuminated slit to the
other slit.

Our experiment indicates that fringe visibility
defined by
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measured for adjacent fringes, decreases below
the observable level (about 1 %) for 2502 < Al <3000
cm. In an attempt to interpret this result we em-
ployed a model for a laser pulse and calculated
the cross-correlation function y,,(7), with 7=Al/c,
which determines the fringe visibility. We let the
electric field of a single laser pulse be a Gaus-
sian envelope in time enclosing a monochromatic
sine wave whose frequency is a laser axial mode
frequency for our ruby. The Gaussian amplitude
corresponded reasonably well to the pulse shapes
we observed with a photomultiplier tube, and we
chose the time duration of the pulse to correspond
to the average pulse duration as observed with

the photomultiplier tube. We converted the ob-
served intensity pulses to equivalent amplitude
pulses and found an average pulse duration of



VOLUME 9, NUMBER 12

PHYSICAL REVIEW LETTERS

DECEMBER 15, 1962

0.56 psec. The monochromatic carrier is sug-
gested by McMurtry’s and Siegman’s® results on
“zero-beating” experiments with ruby-laser photo
beats. With Eg®f®(¢) and Eg @ fi @(t+ 1) rep-
resenting the electric field pulses at slits (1) and
(2) from the Kth mode, we can express the aver-
age intensity or film density at a point on our
screen corresponding to a delay 7 as

D =([E O YO +E @, @+ 1)),
= (EKm)z([fKu)(t) B+ (EK (2))z<[fK a(t+ 1) P
+ ZEK (1)EK(2)<fK (1)(t)fK @(t + 7)) , (2)

where K specifies an axial mode frequency f
= wK/211 and the angular brackets represent a
time average over our observation time which
may be as long as the total laser emission but
could be the duration of a single pulse. We de-
fine
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and assume this to be equal to {[fx @+ 7)P).
We define
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and obtain
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where vy ,(1) = [ ,(7)/,,(0). With fx(t) = (coswgt)
xexp|-3(t/¢,)?], we obtain
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The fringe visibility for a single mode becomes
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where (I, ") and (I @) are the intensities of
mode K emerging from the slits. We measured
(U™ and (g lp @) for a delay of about 20
cm to take account of intensity losses in the re-
flections at P, and P,, and we assumed their ra-
tio to be the same for (Ix®) and (I ®). We es-
timated the loss in intensity of (I ®) for the long
delays by measuring the beam divergence and
assuming a loss of intensity inversely propor-
tional to the increase in beam area due to di-
vergence. Since imperfect spatial coherence
would also decrease the fringe visibility, we
measured the fringe visibility at zero delay
length and assumed that spatial and temporal
incoherence act independently so that we could
apply the spatial coherence at zero delay time
as a multiplicative factor to Vg. Taking all this
into account, we find Vg = 0.06 exp(-72/4t12) for
7=0.1 usec corresponding to Al=3000 cm. At
this distance, and using £, =0.34 usec correspond-
ing to our amplitude width of 0.56 usec, we con-
clude that the fringes should be faint but still
easily observable. To render the fringes essen-
tially unobservable, i.e., Vg <0.01, we require
72 0.9 usec. Thus the vanishing of the fringes
at Al=3000 cm is within an order of magnitude
of the limiting delay we calculate with our model
for a single mode.

We also considered the simultaneous presence
of two different modes. We find the correlation
between different modes to be negligibly small.
The only change is the addition of $7V2¢; exp(-72/
4t1?) coswg T to I'12(7), where wg’ is the angu-
lar frequency of the second mode, and we find
that

y12(7)=§exp(—72/4t12)(cosz'r+cosz,‘r). (8)
Thus the presence of two modes simultaneously
will not significantly decrease the fringe visi-
bility. One feature, however, of having two
modes present is a repetitive change in the fringe
visibility corresponding to coswg T and coswg’T
becoming out of phase. This “moding effect”

has been observed with the continuous helium-
neon laser,® and we have seen indications of it

in our experiments. However, it is not a likely
mechanism for total loss of fringe visibility
since this would require that the same two modes
be simultaneously present in most of the several
hundred pulses that are recorded during the total
laser emission. Our experiments’ on “moding
effects” suggest that this is not the case as do
McMurtry’s and Siegman’s® results.
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The explanation of the premature loss in fringe
visibility probably depends on some other phys-
ical process. One possibility is that since our
photomultiplier response is not fast enough to
record amplitude variations within the 0.56-.sec
amplitude pulses, we could be missing some
finer structure of these pulses. If {, was re-
duced by an order of magnitude, our model would
predict a loss of fringe visibility as observed.
Another possibility is that spatial coherence as-
sociated with two regions across the beam and
separated by a time delay 7 is degraded with in-
creasing delay length.
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Previous experimental data on the galvanomag-
netic properties of zinc single crystals have shown
that very large amplitude Shubnikov—de Haas os-
cillations are found for magnetic field directions
near the c axis of this hexagonal close-packed
metal.! These oscillations are associated with a
very small, needle-shaped portion of the Fermi
surface which contains approximately 107 of the
conduction electrons in zinc. The amplitude of
these oscillations appears to be many orders of
magnitude larger than any existing theory would
predict. We have found that these oscillations are
not of the normal Shubnikov—de Haas type as pre-
viously thought, but are caused by a perturbation
of magnetic breakdown by the position, relative
to the Fermi energy, of the Landau levels of the
needle-shaped portion of the Fermi surface. This
magnetic breakdown produces a giant orbit like
that previously found in magnesium.?™

The de Haas —van Alphen measurements of Jo-
seph and Gordon® and the magnetoacoustic meas-
urements of Gibbons and Falicov® indicate that the
Fermi surface of zinc is nearly identical to Har-
rison’s single orthogonalized plane-wave model’
as modified by Cohen and Falicov® to take into ac-
count the effects of spin-orbit coupling. The sec--
ond band hole surface (the “monster”) of this mod-
el is multiply connected and will support open tra-
jectories parallel to the hexagonal axis.

A thorough investigation of the transverse mag-
netoresistance of several single-crystal speci-

482

mens of zinc has been completed using magnetic
field strengths as high as 23 000 gauss. The re-
sults of this investigation indicate that the topologi-
cal features of the Fermi surface of zinc are iden-
tical to those of magnesium®* with the exception that
the Fermi surface of zinc is open parallel to the
sixfold hexagonal axis. This openness was not ob-
served in magnesium presumably because of mag-
netic breakdown of the spin-orbit energy gap which
is much smaller in magnesium than in zinc.

Figure 1 is a stereographic projection in recip-
rocal space of those directions of H which were
found to produce open trajectories in zinc. Direc-
tions of H are given by the coordinates 6, the angle
between H and the polar axis Ba, and ¢, the angle
between the plane of H and 53 and the plane of f)l
and 53. The periphery of the stereogram corre-
sponds to H in the basal plane. These directions
of H produce open trajectories parallel to 53. The
radial lines which emanate from the pole of the
stereogram are directions of H which produce
open trajectories parallel to the basal plane. These
open trajectories are of the same type as those ob-
served earlier in magnesium® and are produced by
magnetic breakdown of the energy gap which sepa-
rates the second band hole surface, the monster,
and the needle portions of the third band electron
surface. The longer radial lines are directions of
H which produce the ee type open trajectories,
while the shorter radial lines give rise to the ff
open trajectories, both of which are shown in



