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It is shown that on excitation of Ne by electron impact, time correlation of photons from
separate groups of closely spaced and cascade-independent Nell lines occurs. The corre-
lation is about 3 times higher than could occur on these spectral lines via cascade transi-

tions from other lines of the spectrum.

IN studies of light emission there is considerable
interest in questions of the coherence of the emitted
radiationt! 8], The concepts of ‘‘spatial’’ or ‘‘tem-
poral’’ coherence are usually defined in terms of
correlations of the phase of the radiation at various
points in space or time. Many experiments on ex-
tremely weak light beams have shown that the co-
herence persists even when light quanta pass
through an optical system independently of each
other, one at a time. These experiments show di-
rectly that the individual atomic radiators are
themselves coherent sources of light (e.g., emis-
sion from extremely rarefied gases). In this case
the coherence may easily be explained by the ‘‘wave
model’’ of the emission of energy by an atom. How-
ever as is well known this model (if one makes no
additional hypotheses) is in direct contradictiont?
with the ‘‘localized’’ quantum absorption of the
emitted energy that is known to occur experimen-
tally (e.g., in the photoelectric effect).

In this regard as well as in considering the prob-
lem of coherence in lasers, this is currently a
subject of theoretical and experimental investiga-
tions 28] | In the experimental papers(!%:1%] it was
asked whether or not photons belonging to two
coherent light beams are independent. These ex-
periments showed no correlation; however, similar
experiments, with more intense beams and under
somewhat different conditions, demonstrated the
existence of the correlation effect[20:21:28] The
present author described[?2] an investigation of an
analogous question; that is, of the correlation due
to the coherence of the radiation. The experimen-
tal conditions of that paper were different from
those described in the previous referencest2:19-21,28]
and were in fact the conditions producing the maxi-
mum possible sensitivity to correlations which
might be due to cascade transitions. As far as is
known to the author, the study of correlations due

to the coherence of the radiation under these con-
ditions had not been carried out previously, al-
though it was pointed out in the paper of Brannon
and Ferg’uson[m:1 that the sensitivity of their sys-
tem was sufficiently great for observation of the
‘“‘natural’’ coincidences due to cascade transi-
tions. Nevertheless their experiment was a repi-
tition of the Brown and Twiss experiment, the con-
ditions of which were far from optimum for detec-
tion of photon correlations due to cascade transi-
tions.

In the present experiment, as in [22], particular
attention was given to the solid geometry of the
light collection and to the efficiency of photon de-
tection; by improving these factors we were suc-
cessful in considerably increasing the sensitivity
of the system to cascade transitions. These ex-
periments resulted in the observation of temporal
correlations of photons, or more exactly of photo-
electrons, from individual atoms of helium, neon,
argon and xenon (the results obtained from helium,
argon and xenon atoms will be published later).
Study of the correlations in the radiation from
neon %) showed that a definite contribution to the
correlation was made by photons emitted in cas-
cade transitions from one and the same atom. It
may be assumed that another contribution to the
correlation might be made by stimulated transi-
tions, whose probability will be strongly dependent
both on the radiation density and on the density of
the particular excited state of the atoms.

It was shown earlier 2] that the temporal cor-
relation of photons from neon is due to a group of
spectral lines in the ultraviolet (3200—37001&)
emitted by singly ionized Nell atoms. It was also
shown that the magnitude of this correlation cor-
responded to the ‘‘simultaneous’’ radiation of ap-
proximately two photons for each collision of an
electron with a gas atom, and it was further shown
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that this ‘“‘degree’’ of correlation could not be due
to cascade transitions. To make a more detailed
investigation of this question, the present work was
undertaken to study the correlations in individual
regions of the emission spectrum; this makes it
possible to a certain extent to separate the corre-
lations due to cascade transitions from the corre-
lations which are not due to cascade processes.
Consideration of the emission spectrum of Nell
which gives rise to the correlation shows that
many of the spectral lines occur in separate groups
(cf. Fig. 7 in [22]) and that these groups occupy
only a small spectral interval (about 5—10A4).
These groups may be isolated easily with the help
of narrow-band interference filters. The most in-
tense of these groups of spectral lines is the group
of lines 6, 7 and 8 (cf. Table I in [22]); these lines
comprise about 1/4 of the total intensity of the emis-
sion spectrum. It is natural to expect that, since
the overall emission spectrum exhibits two-photon
correlations, this group of spectral lines should
make a very important contribution to the corre-
lation. Moreover the spectral lines 6, 7 and 8 are
not (as may be seen from the energy level diagram
in Fig. 11 of [22]) due to cascade transitions and
therefore the existence of correlations caused by
cascading can arise only via interactions with the
remaining part of the spectrum.

The present paper treats the relation of these
three spectral lines among themselves and with the
remainder of the spectrum insofar as it relates to
correlations. The experimental measurements
were carried out with the apparatus whose essen-
tial parts are shown in Fig. 1. An electron beam E
(W = 150 eV) formed by a special focusing system
into a filament of about 7 4 diameter was passed
through the near focal line of an aluminum ellipti-
cal mirror M (the mirror aperture was about 2w,
the diameter at the small (near) focus was 56 mm,
the separation between foci was about 686 mm,
magnification was about 55x, and the resolution
was about 50 lines/mm in the central region of the
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FIG. 1. Schematic arrangement of the apparatus.

near focus!’). This beam excited fluorescence
from the neon atoms (P = 107°—107* mm Hg). The
light emitted was collected by the mirror into a
beam which was passed through a semi-transpar-
ent aluminum mirror S and split into two beams,
one of which was incident on the photomultiplier I
and the other incident on photomultiplier II. The
photomultipliers detected the individual photoelec-
trons; the resulting pulses were then fed to count-
ing and coincidence systems[%3:24]

A permanently mounted UFS-1 filter trans-
mitted only the ultraviolet spectral lines from
3000—4000 A and rejected the intense group of
yellow and red lines at 5800—6500 A. This pro-
duced a spectral distribution equivalent to that
used to measure the correlations in [22], where a
UFS-1 filter was also used. The diaphragm D was
located at the far focus of the elliptical mirror and
served to define a region of the excited gas (at the
near focus) of dimensions 100x100x 100 u. For
measurements on individual groups of spectral
lines, narrow-band interference filters could be
placed in positions 1 and 2 of Fig. 1; these filters
consisted of 25 to 29 layers of PbF, and cryolite
deposited on quartz, had a transmission of from
30 to 60%, and a passband at half height of from
18 to 30A.%> The light-collection geometry in the
present case was some 5 to 7 times less efficient
than that used in the author’s previous experi-
ments[?2]. This somewhat decreased the sen-
sitivity of the system to correlations and decreased
the accuracy of the measurements. To insure
greater reliability of measurement there was in
addition to the primary coincidence circuitry (23]
an additional parallel system for detecting coin-
cidences in which one of the channels contained
a pulse delay of about 200 nsec.

DThe mirror was prepared by the author,

2)The filters were prepared by the author according to tech-
nical directions given by A. Yu. Klement’ev of the laboratory

of F. A. Korolev (MGU).
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Both of these coincidence circuits allowed si-
multaneous determination of number of coinci-
dences due to the time correlations of photons and
determination of the number of purely random co-
incidences. As in [%2J the temporal correlation of
the photons was defined in terms of a quantity AT
which is determined experimentally as follows:

At =1— To = (N tot — Nrand) /2N1N2, (1)

where Nio¢ is the total number of coincidences per
second obtained with the light beam and Npgpg is
the number of random coincidences per second ob-
tained with the auxiliary coincidence circuitry, and
where N; and N, are the single channel rate in
pulses per sec.

The number of random coincidences Nygpnq was
determined for arbitrary rates N; and Ny by mea-
surements either with ‘“monitors’’ (by illuminating
the photomultipliers with independent light sources)
or else by using the supplementary coincidence cir-
cuitry. The quantity AT may be easily calculated
from the intensity of the photon source. Under the
conditions of the present experiment (reflection of
photons from the elliptical mirror and separation
of the light beam by -the semi-transparent mirror)
the detection of photons took place as if there were
no angular correlation between the beams.

Since study of the emission due to cascade tran-
sitions in NeII[??] indicated that cascades leading
to the simultaneous emission of three or more
photons were practically nonexistent, and since
there is no other information on this matter, one
may limit oneself in calculating the correlation to
collisions which give rise to the simultaneous
emission of no more than two photons; this is in
agreement with the results of the previous paper[m.
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Taking this into account and neglecting the insignif-
icant variation of photomultiplier sensitivity over
the spectral range of investigation, we find for AT:

Mol oy ),

At = ——
NonlV o

(2)
where Npp = Ny + 2N, is the total intensity of the
photon source (number of photons per sec), Ny

is the number of electron-atom collisions per sec-
ond leading to the emission of a single photon, N,
is the number of electron-atom collisions per sec-
ond giving rise to the simultaneous emission of two
photons, T, is the coincidence resolving time of the
apparatus, and T is the total effective lifetime for
the levels taking part in the optical transitions of
the spectral lines under investigation.

Since (as will be published shortly ) for the
present group of lines T < 75 =3 x 1078 sec, the
exponential term may be neglected in Eq. (2). It
is clear that the ratio Ny /Npp is independent of
the emission intensity Npp. When N, /Npp = 1/2,
Eq. (2) describes the case in which each electron-
atom collision leads to the simultaneous emission
of two photons. It is further clear from Eq. (2)
that the magnitude of the photon correlation time
AT(Nph) determined in this way for the above ex-
perimental conditions is independent of the light
collection geometry as well as independent of the
photomultiplier gain and is determined only by the
intensity of the photon source.

By changing the electron beam current (at con-
stant gas pressure and for given positions of the
interference filters) one can vary the intensity of
the photon source and thus make measurements of
T(Nph) and 7o(Nph). The results of these mea-
surements are shown in Fig. 2. The lower curve

FIG. 2. Measurements of the correlations 7(Nph) and
To(Nph) in neon: ®— for the monitors; o — for points obtained
without any interference filters; A — points obtained with an
interference filter in channel 2 isolating spectral lines 6, 7
and 8. No interference filter in channel 1; +— points obtained
with interference filters in both channels isolating spectral
lines 6, 7, and 8.
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gives the values of 7 obtained both from the moni-
tor measurements (the photomultipliers being il-
luminated by independent light sources) and from
measurements made on the beam using the auxil-
iary coincidence scheme. The figure shows that
the resolving time of the coincidence circuitry is
(within wide limits ) essentially independent of the
single channel rates and is 7y = 3 x 1078 sec. The
dotted line is calculated from Eq. (2) for N, /Nph
= 1/2 and corresponds to the values T(Nph)

= AT(Nph) + 7.

The experimental points corresponding to values
of T(Npp) were calculated from Eq. (1) for the fol-
lowing combinations of filters:

1. No interference filters in the light beams
(open circles in Fig. 2).

2. An interference filter isolating lines 6, 7, and
8 was placed in one of the paths (position 2 in
Fig. 1).

3. Interference filters isolating lines 6, 7, and 8
were placed in both light beams (position 1 in
Fig. 1; the crosses in Fig. 2).

4. A neutral density filter (from 3200—3700A)
with a transmission of 12—15% was placed in one
of the channels (position 2 in Fig. 1); there was no
filter in the other light beam (open circles in
Fig. 2).

5. Neutral density filters of the same kind were
placed in both beams (position 1 in Fig. 1) (open
circles in Fig. 2).

The interference filter used to isolate spectral
lines 6, 7, and 8 had a peak transmission of about
50% and a half-width of about 20 A. The integrated
transmission of this filter for a given spectral line
was about 12—15%. It is clear from Fig. 2 that the
experimental points corresponding to filter combi-
nations 1—5 above follow the dashed curve within
the limits of error of the measurement.

Combinations 4 and 5, which were used as con-
trols, indicate that attenuating the light with the
neutral density filters is equivalent to decreasing
the photon detection sensitivity; their insertion did
not [in agreement with Eq. (2)] cause a change in
the measured value of AT(Npp). Combinations 2
and 3 indicate the existence of correlations not
only between spectral lines 6, 7, and 8 and the re-
maining portion of the spectrum but also of corre-
lations arising from lines 6, 7, and 8, which are
not related to each other by cascade transitions.

If one assumes the correlations detected in ex-
periment 3 above are due to emissions involving
the simultaneous radiation of two photons, then the
data may be used to calculate that fraction of the
photons (compared to the total number) which
participate in such emissions [that is, one may
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find the value of 2N, /Nph in Eq. (2)]. To do this
one needs the experimentally determined values

of the correlations as a function of the intensity of
photon source Nf‘)h. The interference filters used
in these experiments, which had a maximum trans-
mission of about 50% and a spectral pass band of
12—15%, are equivalent in effect to two successive
filters, one of which is neutral and has 50% trans-
mission and the other of which is complementary
to the original filter (hence its transmission at

the peak must be about 100% and its transmission
band must be (12—15%) x 2 = 24—30%. It is clear
that the measured value of the correlation AT(Npp)
is not affected by the action of the neutral filter
(experiment 5) and that the complementary filter
isolates 24—30% of the photons from the total num-
ber, i.e., Ngh = (0.24—0.30)Nph.

Putting this photon intensity in Eq. (2) and using
the results of Fig. 2 we find 2N, /Npp = 0.24—0.30
~ 24—30%. On the other hand (in a fashion similar
to the calculation made in [2%]) experiment 3 may
be used to calculate the maximum possible corre-
lation which could be produced in this case by cas-
cade transitions alone. To do this it is necessary
to make use of the relative intensities of the spec-
tral lines shown in the table (the first four columns
are taken from Table I in |:22]); these data were ob-
tained by passing the radiation through the inter-
ference filter. It is clear from the values in the
table that the overall radiation intensity going
through the filter concentrated in lines 5, 6, 7, 8,
10, and 11 along with other spectral lines not re-
lated by cascades make up 95—96% of the total in-
tensity (taken as 100%). It follows from the en-
ergy level diagrams (Fig. 11 in [223) that these
spectral lines are not related by cascades. Thus
only the 4—5% remaining intensity may form cas-
cades with these transitions and give rise to a
total number of multiple photons 2N,/ Nph
=2(0.04—0.05) = 0.08—0.10 ~ 8—10%. Thus the
excess of the correlation obtained in experiment
over the correlation calculated for cascade tran-
sitions is a factor 3[(0.24—0.30)/(0.08—0.10) ~3].
This indicates that the correlations are probably
due to other processes. The relative number of
photons corresponding to non-cascade type corre-
lations may be easily seen to be

2Ny+ | Nyp= [ (0.24 — 0.3)
— (0.08 —0.10)] = 0.16 — 0.20 ~ 16—20%.

As mentioned previously correlations in iso-
lated spectral lines were studied in [12,18-21,28]
Brown and Twiss [?%Jobserved and measured cor-
relations which were explained by Purcelll?%] to
be the result of the ‘‘anomalous’’ increase in the
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Table I
Intensity, past the filter for groups of lines, arb,
units
Degree|Intensity | " [ines 6, 7 Lines 10 Lines 12 Lines 44, 45,
Line Wave of bfgftore and 8 and 11 and 13 46 and 47
length e::f;;a- (;Ir;r o nor- fnor- nor-
units) x10-? | mal- | X10-% | mal- | xX10-2 | mal- | X410~ | mal-
ized ized ized ized
1 |3229.50| II
2 | 3230.16 n} 342 |3.12)0.2 | 1.25| 0.156 0.94 | 0.165 61 | 8.85
3 [3232.38] II
4 |3297.74 | 11 0.24 | 2.04|0.13 | 0.43 | 0.054] 1.44 | 0.254| 1.49 | 0.216
5 |3300.78 | II 0.8 [16.8 |1.07 | 2.94| 0.37 | 0.67 | 0,118 4.0 | .58
8 10.78 o 7.9 | 395(25.2 [51.4 |6.43 7.9 |1.39(31.6 |4.6
8 |3323.75| II" | 17.24 | 862| 55 | 120| 15 117.24 | 3.04| 69 [10.0
9 |3334.87| LI 0.96 | 25|1.59 [16.8 | 2.1 | 1.44 | 0.254 3.17 | 0.46
10 | 3344.43 | 1I
1| Sisio | 1 13.9 | 188 |12.0| 530 |66.3 | 32 |5.63| 42 | 6.1
12 | 3377.23
5| B3 %1 11.72 |29.3 | 1.87 42.2 | 5.27 | 445 |18.5 [23.4 | 3.4
14 | 3300.56 | II
f5 | sars | 11 3.6 |65 |0.41 7.6 |0.95/44.4 | 7.3 |6.5 |0.9
16 | 3416.87
17 | 3647.71 11} 0.84 | 0.84 | 0.054 0.67 | 0.084] 2.35 | 0.445] 1.51 | 0.22
18 | 3418.007] I
19 | 3447.703] I 1.2 0,6 | 0.041| 0.6 | 0.075{ 0.72 | 0.126] 2.16 | 0.31
20 | 3453040 | 1I
51 | o320 1} 1.56 | 0.8 | 0.051] 0.78 | 0.097| 0.78 | 0.437| 2.8 | 0.4
gg gzgéggg }} 0.48 | 0.19 [0.012 | 0.24 | 0.03 | 0.492] 0.034| 0.87 | 0.12
2% | 34725711 1 0.12 | 0.95 [0.0032| 0.048| 0.06 | 0.048{0.0085| 0.216| 0,034
25 | 3480.75 | II
TN 11} 431 | 1.72]0.41 | 1.72 | 0.215{ 1.29 | 0.228 7.8 | 1.1
a ety 1%} 0.12 | 0.04 [0.0025/ 0.048) 0.06 | 0,036{@0063| 0.216| 0.031
29 |3520472] 1| 1442 |4.24|0.27 | 5.64 | 0.705| 4.23 | 0,75 [25.4 | 3.7
30 | 3542.28 | II
s |80 %I} 0.12 | 0.04 [0,0025| 0.048| 0.06 | 0.036(0.0063| 0.24 | 0.035
2 | 3565.84 | II
33 | 3568.53 11} 48 [1.9 |0.12]1.96 | 0,245 0.96 | 0.169/11.5 | 1.67
34 | 3571.26 | 1
35 |3574.64 | II 3.35 | 1.34|0.085 1.34 | 0.168] 0.67 | 0.118) 8.7 | 1.26
36 | 3593.526| I
37 | 3503.640 1} 0.96 | 0.58 | 0.037] 0.48 | 0.6 | 0.192| 0.034| 3.64 | 0.53
38 | 3048 | I
9 |3632.75| II
0 | seaa-To 1} 0.36 | 0.54 | 0.034] 0.22 | 0,027] 0.0720.0127| 3.06 | 0.44
2; ggﬁgg ﬁ 1.2 |2,04]0.13|0.84 | 0,105/ 0,36 | 0.063/12.6 | 1.83
43 | 3664.112) 11 0.48 | 0.96 | 0.061 0.53 | 0.086| 0.192( 0.034| 8.2 | 1,19
44 | 3694.197| 1I 1.08 |33 |0.21|1.84| 0.23 | 0.86 | 0.451| 54 |7.8
il L 3.6 [12.6 |08 |7.2 | 0.9 | 3.6 |0.63] 240 [34.8
47 |3727.08 | II 1.2 |5640.3 3.0 |037]1.8 |0.32] 58 |8.4
i aTee. 20 0.36 | 2.9 |0.185 1.8 | 0.225/1.26 | 0.22 | 6,4 |0.88
50 |3777.16 | 1I 0.24 [ 2.2 |0.14]1.44]0.18 | 1.1 |0.194 3,5 | 0.5
Total intensity of the
o s, 7 100 ’15.7]100‘ 8 ‘100 5.69 | 100 | 6.93 | 100

photon fluctuations when a photomultiplier cathode
is illuminated by coherent light. Although the con-
ditions of the present experiment differed consid-
erably from those in which this correlation effect
was observed, it in nonetheless important to esti-
mate its possible magnitude under the present ex-
perimental circumstances and to compare it with
the results obtained.

To do this one makes use of the quantity pg
which is the designation used by Brown and Twiss
for the relative number of photons giving rise to
nonrandom ‘‘intrinsic’’ coincidences. As may be
seen from their formulas this number of photons
is proportional to the photomultiplier counting rate

Ny. According to these formulas, in the paper by
Brannon and Fergusont'®] for Ng = 5 x 10* pulses/
sec, the photon fraction should have been pe = 1.7
x 107%; in the paper of Adam, Janossy and Vargam]
where N, was 100 pulses/sec, p, should have been
less than 107%; in the paper of Rebka and Pound [21],
for Ny = 4 x 10* pulses/sec, pc should have been
~ 8% 107% in the paper of Brown and Twiss L20]
where Nj = 3 x 10° pulses/sec, pe was 2.5 x 107¢4;
and in the paper of Janossy, Naray and Varga[n]
for Ny =4 x 104 pulses/sec (if one assumes that
the quantum efficiency of their photomultiplier was
1072) pc was of the order of 2.5 x 1074
Considering the agreement between the experi-
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ments of Fig. 2 and Eq. (2) the relative number of
correlated photons in the present work is deter-
mined as follows: p, = 2N§/Nph and hence de-
pends neither on the source intensity nor on the
photomultiplier counting rate Ny. For the spectral
lines 6, 7 and 8 it has the value p, ~ 1.6—2 x 107!
which is three orders of magnitude larger than the
largest of the previously mentioned values. If one
uses the equations of Brown and Twiss to calcu-
late the correlation applicable to the conditions

of the present experiment then the fraction of the
correlated photons has a value 5 x 1074—5 x 1073%,.
In making this calculation we used the following
values of the parameters which occur in Eq. (7) in
the paper of Brown and Twiss2); the photomulti-
plier counting rate N, = 103 pulses/sec; spectral
linewidth B = 10% cps (which is approximately the
natural linewidth ); the parameter o = 1; and the
degree of partial coherence @(6D/Ay) =1 is taken
to be the maximum, for which the relative number
of photons pe has its greatest value. The photo-
multiplier efficiency was taken to be 1072, Thus an
estimate of the magnitude of the correlation which
could be due to the fluctuation effect under the
present experimental conditions and a comparison
of this with the results obtained shows that the
correlations in spectral lines 6, 7, and 8 are due
to some other mechanism.

Experiments similar to experiments 2 and 3
above were carried out with other groups of spec-
tral lines (10 and 11; 12 and 13; 44, 45, 46, and 47;
and others), which were isolated by interference
filters (the relative intensities of the lines after
passing through the filters are shown in the table).
The results of these measurements are tentative
and simply indicate that the correlation obtained
(on the scale of Fig. 2) is equal to or does not ex-
ceed by 1.5—2 times the value corresponding to the
dashed curve. The results of the present experi-
ment provide satisfactory evidence that the pri-
mary part of the time correlation of the photons
exhibited in isolated groups of spectral lines is not
due to cascade or bunching processes. They also
indicate that in order to construct hypotheses to
explain their origin it will be necessary to carry
out investigations with still greater spectral reso-
lution in order to decide the existence or absence
of correlations in a single spectral line.

The author expresses his gratitude for the as-
sistance and valuable comments of his colleagues
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