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A laser with a rough reflector is investigated using a helium-neon discharge as the active medium oper
ating at the wavelength of ,\ = 3.39 JJ.. The setup comprised two tubes in tandem with a total discharge 
length of 1.5 m providing the necessary high gain of the system. In a preliminary investigation the super
radiance at the output of the system was studied with and without a reflector at the other end of the setup, 
and the power, angular distribution, and spectrum width were determined. The experiments show that re
flection from tube walls causes a substantial increase (10 -15 times) of the power level without affecting 
the width of the spectrum. The operation of the laser with the above tubes was investigated when one of 
the resonator mirrors was replaced by a rough reflector. The system was found to generate from 1 to 3 
modes whose frequencies depended on the length of the system. A continuous variation of the angle of in
clination of the rough reflector produces random changes in the powers and frequencies of generation, 
and in some cases an abrupt change in the number of generated modes. The size of inhomogeneities of 
the rough reflector did not affect the course of the processes. The investigation showed that it is not 
possible to obtain monochromatic output whose frequency would be independent of the length of the 
system. 

1. INTRODUCTION 

AMBARTSUMYAN and others[ 1 ' 2 J consider the oper
ation of a solid-state laser one of whose mirrors is 
replaced by a rough reflecting surface. According to 
these authors such an approach can yield a sufficiently 
monochromatic emission whose frequency is independ
ent of the length of the system. 

The primary goal of this paper is the investigation 
of an analogous system using helium-neon discharge 
tubes as the active medium with an emission wavelength 
of ,\ = 3.39 IJ.· Two tubes arranged in tandem had an in
ternal diameter of 3.5 mm, a discharge length of 75 em 
each, and Brewster windows at the ends. These dimen
sions of the active medium provided the high gain nec
essary in work with a rough reflector. However, the 
geometry of the system proved to be substantially dif
ferent from that described in [1, ZJ. This problem is 
considered in greater detail at the end of this paper. 

A preliminary investigation was made of the noise 
intensity generated at the output of an amplifier repre
sented by the two tubes and also when a reflecting mir
ror was placed at one end of the system. The latter ar
rangement can be considered as an approximation to 
the rough-reflector generator; experiments show that 
the spectrum of the process is only slightly disturbed if 
the diffuse reflection at the other end of the system is 
weak enough. 

The noise emission at the output of the active medi
um having a sufficiently high single-pass gain is called 
superradiance (or superluminescence) in the literature. 
Superradiance is of interest as a source of a "nar
rowed" spectrum (in comparison with the transition 
line of the medium) with a stable mean frequency. We 
performed experimental studies of the power, angular 
distribution, and spectrum width of superradiance. The 
power was computed by Kogelnik and Yariv/3 J who as
sumed a homogeneous and infinitely wide medium. 
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These assumptions cannot be applied to the ordinary 
discharge tubes; according to experiments, the pres
ence of a dielectric (glass) at the active medium inter
face substantially changes the power level. l) Judging 
from the literature, the superradiance spectrum has 
not yet been studied experimentally. 

After investigating superradiance we studied the 
properties of the system consisting of the above two 
tubes, both in the case of ordinary laser generation and 
when one of the resonator mirrors was replaced by a 
rough reflector. 

2. SUPERRADIANCE 

If the transverse dimensions of a homogeneous ac
tive medium are sufficiently large, the power P of the 
observed radiation of the same polarization emitted by 
an aperture with area S into a small solid angle n ad
joining a normal to S can be approximately written as 
follows, according to [3 J 

(1) 

where v0 is the mean frequency of the transition line, 
,\ is the wavelength, a characterizes inversion in the 
medium (n 2 and n1 are populations of the upper and 
lower levels, and gz and g 1 are their degeneracies), 
G(v0 ) is gain at the frequency v0 per pass of the active 
medium assuming that G(v0 ) » 1, and II is the effective 
spectrum band. Assuming that the transition line of the 
active medium is broadened mainly because of the Dop-

!)Kluver [4 ] investigated experimentally the power of noise 
emission at 3.5 Jl (helium-xenon discharge tube). For comparison with 
theory he used a broad short tube and a system of diaphragms that 
practically excluded the effect of the finite width of the active medium 
and its inhomogeneity over the cross section. The gain of the tube was 
only 50. 
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pler effect and has a width ~liD• we can obtain an ap
proximate expression for II (when G(ll0 ) » 1): 

(2) 

In our case we take ~liD"" 400 MHz and a "" 1.3. 2> 

The value of G(ll0 ) was determined experimentally by 
passing a weak signal from another single -frequency 
laser through the tubes and observing the output signal 
at the time when the discharge was switched on and 
off.3> The tubes were pumped by de discharge; the 
range of variation of the discharge current (from 8 to 
20 ma) permitted us to vary G(ll0) within the limits from 
~ 2 X 10 4 to 4 X 105• 

In order to study superradiance within the widest 
possible range of gain values, and especially those 
causing saturation in the medium (where the above val
ues for P and II are no longer valid) we used three di:E
ferent arrangements of the experimental setup and per
formed three series of experiments (see Fig. 1). 

In the first case mirror M was tilted with respect 
to the tube axis (mirror shown by dashed lines). This 
results in a consecutive amplification of noise by both 
tubes with a total gain G(ll0). The measured power level 
is relatively low and there are no attenuators A2 and A3. 

In the second case mirror M (reflection coefficient 
0.95) was adjusted at right angles to the tube axis and 
the attenuators A2 and A3 were installed in place. The 
A1 attenuator had a transmission coefficient {3 = 0.017. 
The noise is amplified in a double pass through the 
tubes; we can readily see that the effective gain is now 
Geff(ll0 ) = 0.95 {32G2 (ll0 ). These values (found to be with
in the limits~ 105 -4 X 107) should be used in the com
putation of power; on the other hand, the factor 0.95 {3 2 

should obviously be dropped in the computation of the II 
band. 

In the third case the attenuator A1 was removed. As 
a result Geff(ll~) = 0.95G2(ll0 ) and its values reached 
~ 2Xl08 -2X 10 1. When the gain is as high as that, 
fairly small parasitic reflection from any part of the 
setup can seriously disturb the pattern of superradi
ance and can even cause parasitic generation. There
fore the possible sources of parasitic reflection were 
carefully examined and eliminated. 

In all three cases a small portion ( ~ 10%) of the 
measured emission was split off by quartz plate Q re·· 
fleeted by mirror M, and allowed to enter three -mirror 
scanning resonator R to determine the spectrum and 
its width. 4> The beam emerging from this resonator 
was focused by lens L3 onto photodiode D2 • The output 
voltage of the photodiode was amplified and fed to oscil
loscope 0 whose sweep voltage was the same as that 
used to scan the resonator. The image on the screen of 
the oscilloscope could thus be used to study the emis-

2lThis value of ex was obtained from the computation at the end of 
Bershtein's paper [ 5 ] . 

3lThe accuracy of measurement of G(v0 ) was low, approximately 
±25%. 

4 ) Such a resonator does not exert a feedback reaction on the radia
tion source, in contrast with the Fabry-Perot scanning interferometer 
normally used for this purpose. This system of spectral investigation 
was developed by Yu. I. Zaltsev and will soon be described in the 
literature. The resolving power is determined by the resonator band· 
width; in our experiments the bandwidth was IS- 20 MHz. 

FIG. I. M- mirror; A1 , A2 , A3 - attenuators; T 1 , T 2 - discharge 
tubes; P- polaroid; Q- quartz plate; F- filter, L1 , L2 , L3 - lenses, 
B- diaphragm, D1 , D2 - photodiodes; (nitrogen-cooled InSb); 
V- millivoltmeter; M2 - mirror; R- scanning resonator; Amp -
amplifier; 0 - oscilloscope. 

sion spectrum. We note that with a "pure" superradi
ance effect, the translational motion of mirror M 
(mounted for this purpose on a piezoceramic cylinder 
fed with ac) changed neither the pattern nor the position 
of the spectrum. On the other hand parasitic reflections 
in the system caused distortions of the spectrum and its 
pattern changed when mirror M moved as indicated 
above. This provided us with a simple experimental 
method of detecting parasitic reflections. 

The superradiance power was measured with photo
diode D1 placed in the focus of lens L2. The photodiode 
(together with the lens) was calibrated for this purpose 
with a low optical power meter. We also allowed for 
losses in polaroid P and in other components of the 
setup. 

The angular distribution of the radiation was deter
mined by means of lens L1 and variable -aperture dia
phragm B in the focus of the lens. Without the dia
phragm the photodiode received practically the entire 
power of superradiance, while with the diaphragm the 
power received was limited to the solid angle of 
cp = d/f, where d is the aperture diameter and f is 
the focal length of lens L1 . According to our experi
ments the dependence of power on cp varied noticeably 
from one experimental series to another (of the three 
described above), and to a lesser degree with changing 
tube discharge current. Figure 2 shows radiation power 
as function of cp for average values of the discharge 
current. Power observed without diaphragm B was 
taken as unity. Curves I, II, and III correspond to the 
first, second, and third series of measurements re
spectively. Curve L is given for comparison and shows 
the function obtained in the usual emission mode of a 
laser with two flat mirrors. 

If the tube walls had no effect, the angle subtended by 
the emission and defining the region of effective ampli
fication would not exceed the approximate values of 
cp1"" D/L for the first series of measurements and of 
cpz"" D/2L for the second and third series. Here D is 
the internal tube diameter and L is the total length of 

FIG. 2. Emission power Pas a a6 l---f--7"--7"f----7"~ 
function of angle <P· P 0 is the power 
obtained without diaphragm B. 0·4 f-ff-7<------,.f"------1 
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FIG. 3. Emission power P and its spectral band II as functions of 
effective gain Gerr(v0 ). 

the tubes ( ~ 160 em). In our setup cp1 ""' 2 X 10-3 and 
cpz""' 10-3 • Figure 2 shows, however, that the emission 
subtends a markedly larger angle; this is due to reflec
tions from tube walls. 

Figure 3 shows the results of measuring the power 
and the spectrum band of the emission. The values of 
Geff(v0 ) in a logarithmic scale are laid off along the ab
scissa axis, while the emission power in a logarithmic 
scale and the spectrum band are along the axis of ordi
nates. The arrows denote the ranges of values of 
Geff(V0 ) used in each of the three series of measure
ments. Curves 1 and 2 (they are practically straight 
lines) yield the values of P computed according to (1) 
and (2) when n = 1/4rr cpi in the first series, and when 
n = 1/41T cp~ in the second and third series of experi
ments. Curve 3 is a plot of experimental data obtained 
with the same values of n, and curve 4 represents cor
responding data for the full power of superradiance 
(without diaphragm B). The experimental values are 
denoted by points for the first series and crosses for 
the second and third series of experiments. The com
puted values of II are shown by curves 5, 6, and 7; 
experimental data are denoted by circles. 

Examination of Fig. 3 leads to the following conclu
sions: the emission power increases approximately in 
proportion to the gain up to power values of ~ 1 mW; 
any further increase in gain sharply limits the rise of 
power because of the saturation of the medium. 

When the saturation effect is absent, the experimen
tal power data obtained at the above values of n do not 
differ by more than a factor of 2-2.5 from the com
puted values. Such a discrepancy is quite reasonable if 
we consider that the computation is approximate and 
does not account for the cross sectional inhomogeneity 
of the active medium, and also that the accuracy of 
measurements was low. However, the full power of su
perradiance exceeds the computed value approximately 
10-15 times. This can be explained by the presence of 
emission beams emerging from the origin of the system 
outside the above angle 'P1 {or Cfz) and reflected from 
the tube walls. 5 > These reflections do not noticeably af
feet the spectrum band II and the experimental data 

5>0n the other hand, one may say that the tube walls increase the 
number of modes allowed to propagate in the system with sufficient 
gain. Nevertheless, the complex geometry of the system as a whole 
and the cross sectional inhomogeneity of the active medium make a 
quantitative analysis difficult. 

M Tz Q RR 

FIG. 4. M- mirror; T1 , T2 -discharge tubes; Q- quartz plate; 
RR - rough reflector; G - auxiliary laser; H- semitransparent plate; 
R- scanning resonator; L1 , L2 - lenses; 0 1 , 0 2 - photodiodes 
(nitrogen cooled InSb): Amp 1 Amp2 -amplifiers; 0- oscilloscope; 
S - spectrum analyzer. 

are in a good agreement with computations when the 
medium is free of saturation; the values of II increase 
with rising saturation as can be expected from elemen
tary considerations. 

The minimum value of the band was ~ 70 MHz in our 
experiments. A photograph illustrating the superradi
ance spectrum is shown in Fig. 5. 

3. A LASER WITH A ROUGH REFLECTOR 

The peculiarities of a laser with a rough reflector 
are made clearer by a brief description of our system 
operating as an ordinary laser. When two plane mir
rors were placed at both ends of the tubes at right an
gles to the tube axis we found that the system generated 
only a single frequency at high discharge currents 
( ~ 20 rnA). When the discharge currents were some
what lower, the system generated two frequencies 
whose difference c/L ( ~ 160 MHz) was equal to the 
double frequency difference between the neighboring 
longitudinal modes. This can be explained by the fact 
that the high generation power causes a wide break in 
the spectral transition line of the material (commensu
rate with the frequency difference of the neighboring 
modes) and the phenomenon called "mode competition" 
reduces the number of generation frequencies. A fur
ther decrease in discharge current increases the num
ber of frequencies whose difference becomes equal to 
c/2L. Tilting one of the mirrors causes the appearance 
of transverse modes along with the longitudinal modes 
in the spectrum. 

A smooth translation of one of the resonator mir
rors produces a smooth change in the generation fre
quency within a certain range, followed by discontinu
ous changes ("jumps") in the frequency values. 

After this series of experiments, one of the mirrors 
was replaced by a rough reflector. The experimental 
setup is shown schematically in Fig. 4. The rough re-
flector was represented by opal glass, a plate coated 
with BaS04, various grades of emergy cloth coated with 
a thin(« A) silver layer, mat-finish paper, rubber with 
fine pores, etc. The three dimensional reflector was a 
suspension of tooth powder in carbon tetrachloride 
placed in a vessel with a Brewster window. Thus we 
used reflectors with various dimensions of inhomoge
neities: shorter than the wavelength, comparable to the 
wavelength, and exceeding the wavelength by 1-2 or
ders of magnitude. The phenomena described below oc
curred with any type of reflector. 
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We first note that the spectrum of the process as 
determined by the pattern on the oscilloscope screen 0 
usually consisted of separate flashes whose width (as in 
the case of the usual laser action) depended on the 
bandwidth of the scanning resonator ( ~ 20 MHz). This 
serves as a basis for the assumption that the system 
generates various modes with various frequencies. We 
observed from one to three such modes. 

A smooth rotation of the rough reflector about the 
tube axis produced an irregular random variation in the 
spectral pattern in terms of the number of modes, their 
power levels, and frequency values. These effects were 
confined to the range of the angles of rotation from 0 to 
~ 60°. A smooth translation of mirror M shifted the 
generation frequencies so that regions of smooth varia
tion alternated with "jump" changes of frequency. 
When two or three modes were generated, their fre
quency difference did not equal c/2L, and further analy
sis revealed the presence of a single longitudinal mode 
with one or two transverse generation modes. When the 
transverse modes vanished, the power of the longitudi
nal mode increased 5 to 10 times. A reduction in the 
tube discharge current did not change the above pattern 
and merely decreased the emission power. Similarly 
no changes were observed when plane mirror M was 
replaced by a spherical mirror with a radius of curva
ture of 2. 5 m. 

The above observations are illustrated by the spec
trum photographs in Fig. 5. The frequency scale on the 
abscissa axis is determined by the perimeter of the 
scanning resonator; the distance between recurring 
flashes is c/l ~ 450 MHz. The vertical scales used in 
the photographs vary. 

Figure 5a shows the spectrum (approximately 75 MHz 
wide) of the superradiance mode of operation. As we 
noted above, neither its position nor its form are af
fected by the motions of mirror M. Figure 5b was ob
tained with the reflector set at an angle; the reflecting 
surface was opal glass. The low reflection coefficient 
and a well selected mirror angle resulted in a photo
graph of the spectrum only slightly distorted as com
pared to a "pure" superradiance spectrum. Figs. 5c, 
d, e show typical spectra obtained with a rough reflec
tor; cases of single, double and triple frequency gen
eration are evident. 

Since the resolving power of the scanning resonator 
is low, we used a heterodyning method to obtain a more 
accurate width of the emission spectrum in rough re
Hector operation. Plate H (see Fig. 4) received the 
beam from an auxiliary laser G capable of single-fre
quency operation and continuous frequency tuning. Pho
todiode D2 was exposed to radiation from the auxiliary 
laser and to the investigated emission. Appropriate ad
justment of the equipment produced a frequency differ
ence at the output of the photodiode. The signal was am
plified by amplifier Amp2 and fed to spectrum analyzer 
S of the S4-8 type. The screen of this instrument dis
played the oscillation pattern within the range 
1-10 MHz. The frequency difference was not stable be
cause of the low mechanical stability of the investigated 
system; the setup was comparatively long. However, 
within the interval of seconds the spectrum defined by 
the 20 KHz bandwidth of instrument S was the same as 
that obtained from the ordinary laser action (i.e., when 

FIG. 5. Photographs of the 
spectra. 

the rough reflector was replaced by a conventional 
mirror). 

Let us note the order of magnitude of the power 
emitted by the system. For this purpose a portion of 
the radiation split off by plate Q was allowed to fall 
directly on the photodiode, bypassing the scanning reso
nator. A similar splitting of power was arranged near 
mirror M (the arrangement is not shown in Fig. 4). In 
ordinary laser operation, the power in each split-off 
beam was approximately equal, reaching~ 0.6 mV. 
When one of the mirrors was replaced by the rough re
Hector, the split-off power was~ 0.2-0.3 mW; this 
power was about 100 times lower near mirror M. Con
sequently a considerable part of the active medium op
erated close to the traveling-wave mode. The genera
tion of only one longitudinal mode in the system could 
conceivably be ascribed to this situation. 

In summation we can say that the use of the rough 
reflector failed to yield radiation whose frequency was 
independent of the length of the system. 

We now consider the results obtained with the use of 
the rough reflector. Since a quantitative analysis of the 
processes observed in the system is difficult we are 
limited to qualitative considerations that may serve to 
explain the basic experimental facts. 

At first we do not consider reflection from tube 
walls. The radiation falls on the rough surface and we 
assume that the linear dimensions of the illuminated 
region equal diameter D of the discharge tube. Reflec
tion causes a random distribution of the electric field 
on the plane directly adjacent to the rough surface. The 
propagation pattern of the reflected radiation can be 
evaluated by expanding it into a series of plane waves 
limited by a diaphragm with diameter D. The direc-
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tions of wave vectors of these waves form angles with 
the normal that differ by the quantity ~;\./D. 

The radiation travels a path L along the active me
dium, is reflected from the mirror, and returns to the 
rough surface. However the angle limiting the effective 
gain along this path is approximately equal to D/2L. In 
our case ;\./D ~ 10-3 and D/2L ~ 10-3 • Therefore, 
roughly speaking, only one or two waves of the above 
wave series experience effective gain, and generation 
conditions are met at frequencies that satisfy the nec
essary phase relations. The saturation effect ( "mode 
competition") apparently inhibits generation at more 
than one frequency. Nevertheless it is significant that 
small changes of L change the generation frequency by 
altering the phase distribution along the system. 

The amplitudes and phases of plane waves compris
ing the emission reflected from a totally random rough 
surface are random and uncorrelated. This is due to 
the fact that insignificant changes of the angle of incli
nation of the rough surface cause substantial changes in 
the emission spectrum, such as discontinuous variations 
in the generation frequencies. 

The presence of reflections from the tube walls sig
nificantly increases the number of effectively amplified 
modes (and consequently the number of possible gener
ation frequencies) and apparently is the main cause of 
transverse modes in the system. It is obvious that the 
values of these frequencies and powers are also subject 
to random changes. 

The parameters of the system described by Ambart
sumyan and others[1• 21 had a substantially different or
der of magnitude. According to their data, ;\./D 

~ 4 x 10-5 and D/2L ~ 10-2 •61 Under these conditions 
there is an effective amplification of a fairly large num
ber of individual waves and apparently it is possible to 
generate many beams with various frequencies (we do 
not consider stabilization processes connected with 
pulse operation). 

We take this opportunity to thank K. A. Goronina for 
a fairly useful discussion of the experimental results 
and Yu. I. Zaitsev for useful advice on the method of 
investigating the spectra of the processes. 
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