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LASER CAVITY WITH A GRADUALLY EXPANDING
RADIATION BEAM IN THE ACTIVE MEDIUM

Subject and Purpose. Increasing the operational efficiency of laser generators and the amount of their radiated power is an important
task in laser development, which can be approached to in a number of alternative ways. The present work has been aimed at increasing the
efficiency of energy exchange between the active medium and the laser radiation by way of optimizing the radiated intensity distribution
over the entire active volume within the resonant cavity of a novel structure.

Methods and Methodology. A model for the process of radiated power amplification in the laser cavity has been considered. Losses
within the cavity have been analyzed, as well as possibilities for improving the efficiency of energy transfer from the gain medium to the
laser radiation. The importance of optimizing the density of laser radiation in the gain medium is substantiated, and the main problems
that might arise clearly identified. The task of increasing the cross-section of the radiation beam being amplified in the active medium
has been formulated, and a concept suggested for solving the problem through modification of the telescopic resonator’s optical scheme.

Results. A novel configuration has been suggested for the laser resonator, where the radiated beam is expanded in width over two stages
of counter propagation. Nonlinear regimes of increasing the beam cross-section in the resonator have been analyzed and recommendations
formulated for selecting dimensions of the resonator and geometry of the mirrors, depending on the amount of amplification in the active
material. Fragmentation of the output mirror is proposed as a means for feedback optimization, with account of diffraction-caused diver-
gence of the radiation. As has been found, field-exciting elements can be placed inside the active medium. Recommendations are developed
as for practical application of the scheme proposed in lasers of a variety of frequency ranges.

Conclusions. Application of laser resonators of the design considered opens up new possibilities for increasing the efficiency of lasers
and their radiated power.
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Introduction

An important task in the development of lasers, as
well as of any generators, is to increase their efficien-
cy, thus increasing the output power of the radiation.
There are many different ways for achieving these
goals — because of the wide variety of existing types
of lasers, ranges of the frequencies generated, output
power levels, sizes and varieties of resonant systems,
and features of the gain media employed.

Universal methods are known that are suitable for
increasing the efficiency of amplification in any ac-
tive medium, of which latter there is a wide variety,
too[1]. One of the methods is based on providing
a uniform distribution of laser radiation through-
out the volume of the active medium. It is desirable
that the active material should not involve zones in-
accessible for laser radiation, because those are the
zones where the energy of the active material can-
not be converted into radiated energy. This condi-
tion can be easily provided for in the well-known
Fabry-Perot resonator [2]. Whereas, some problems
might arise, for example, with confocal resonators,
in which the radiation is concentrated near the axis
[3]. In order to achieve a maximum efficiency of con-
verting the energy of the active material into laser ra-
diation, it is not sufficient to just fill the entire active
volume with the radiation but is rather necessary to
ensure an optimized intensity distribution of the la-
ser radiation throughout the volume. Should the ra-
diation intensity be in excess of a certain level, then
kind of a saturation effect could occur, such that am-
plification in the active material would be decreased.
Otherwise, in case the intensity of the laser radiation
were very low, not all of the energy pumped in could
be used efficiently. Therefore, ensuring an optimal
intensity of laser radiation throughout the volume of
the active material is an important condition for ob-
taining a high amplification efficiency for the laser
radiation, and, as a consequence, an increased output
power of the laser [4]. Partially, the problem can be
solved by providing an optimal feedback. Note the
radiation intensity to decrease abruptly when arri-
ving at an output mirror or another coupling ele-
ment. Meanwhile, in order to obtain a maximized
gain it is necessary that the radiation intensity be op-
timized all the way through the active material. So
far, this condition cannot be ensured in the currently
existing laser cavities [5, 6]. Apparently, there is a
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need for developing laser resonators of novel designs.
The aim of this work is to increase the efficiency of
converting the energy contained in the active material
into that of laser radiation by optimizing the radia-
tive intensity throughout the active volume, using a
resonant cavity of a novel (modified) structure.

1. Prospects for increasing
the efficiency of lasers

Opportunities for improving the efficiency can be
identified through a detailed analysis of energy con-
version processes in the Fabry-Perot laser resonator
(Fig. 1).

The resonator is formed by two planar mirrors
(see Fig. 1, a). One of them is opaque, while the other,
which is at the output, is partially transparent. The
active element is located between the mirrors. The
change in the radiation intensity that occurs over
two passes through the resonator during its steady
operation is shown schematically in Fig. 1, b). A cer-
tain part of the radiation (denoted I)) is reflected
from the output mirror back into the resonator.
While passing through the resonator sections which
are not filled with an active material the radiation
is not amplified. On the contrary, it gets somewhat
weakened. Also, radiation intensity losses occur at
both mirrors. Therefore, sizes of the resonator sec-
tions not occupied by the active material need to be
minimized, and both the ohmic and the diffractive
losses at the mirrors must be reduced to increase the
laser efficiency.

After two consecutive passes through the resona-
tor the radiation arrives at the output mirror once
again. Here, part of the radiation is extracted from
the resonator, while the other part gets reflected back
into it, thus providing a feedback. A maximized effi-
ciency of the laser can only be obtained with an op-
timal ratio of these two parts of the radiation. The
main factors influencing this ratio are amplifiication
properties of the active material, length of the reso-
nator and the amount of losses therein. A smooth
and equable introduction of pump energy into the
active material allows ensuring uniformity and high
amplifying properties of the latter.

An important condition for ensuring an effective
amplification of the laser radiation consists of main-
taining its intensity at an optimal level along the en-
tire path through the active material. The radiation
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intensity should not exceed the threshold value cau-
sing saturation [4, 7], lest the gain would decrease.
Still, the radiation intensity should not be too low,
such as to prevent the energy contained in the active
substance from being used effectively (and, instead,
be partially spent on some spurious spontaneous ra-
diation). The maximum amplification efficiency can
be achieved only at an optimal level of laser radiation
intensity, at the edge of saturation effect [4, 7, 8].

In case both the active element and the laser beam
in it are characterized by constant cross section areas
(Fig. 1), it proves impossible in principle to ensure
an optimal radiation intensity along the entire length
of the resonator. Indeed, the intensity is constantly
growing over every two passages through the active
substance. An intensity close to optimum can only
be achieved over some individual section of this
path. The ratio between the length of this section and
the total path traveled by the radiation as a result of
two consecutive passes can be diminished through
reducing the resonator length. Yet in that case the ef-
fect of radiation losses on the mirrors may increase.
Although these losses are small, they occur at every
pass. Consequently, a contradiction arises which
cannot be eliminated for the resonator geometry
considered.
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The energy of the active substance would be used
most efficiently if the cross section of the laser beam
in the resonator, as well as the cross section of the
active element on its path, both increased in propor-
tion to the growth rate of the laser radiation power.
In other words, the radiation intensity should remain
at a certain optimal level. In that case, a uniformly
maximized amplification would be ensured in each
part of the active medium, providing for a maximum
use of its energy, while never crossing the limits of
saturation.

An approach of kinds toward optimizing the ra-
diation density is implemented in the well-known
confocal laser resonator of unstable positive type,
commonly known as telescopic [4, 8]. The resonator
consists of a concave and a convex mirror with a fo-
cal point in common (Fig. 2). In this case, the focus
for the convex mirror is imaginary. The convex mir-
ror is of a smaller diameter. Radiation is output from
such a resonator past the convex mirror, in the form
of a parallel beam of annular cross section.

The advantage of such a laser resonator is that
the radiation traveling from the convex toward the
concave mirror propagates as a smoothly expanding
beam. Moreover, the farther each of the beam frag-
ments is "shifted” from the resonator axis, the larger
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Fig. 3. Scheme of a laser cavity with a smooth expansion of the
radiation beam cross section

gets its angle of expansion. This character of beam
expansion is well correlated with the exponential
growth of the radiation intensity in the active mate-
rial (denoted I in Figs. below). Therefore, it becomes
possible to obtain, by properly selecting the geo-
metry of the mirrors, the allegedly optimum level of
intensity for the active substance that has been used.
This permits achieving a nearly maximum energy
efficiency of the active material throughout the spe-
cific passage of radiation through the resonator.
However, on the way back (from the concave toward
the convex mirror) the radiation propagates in the
form of a parallel beam, which does not allow obtai-
ning a high gain during this passage. In addition, the
efficiency of the first passage is somewhat reduced by
the fact that only a part, rather than the entire volume
of the active material, is involved in amplifying the
radiation intensity. Another advantage of the reso-
nator is that the radiation leaves it in the form of a
parallel beam. Meanwhile, the output beam is chara-
cterized by an annular cross section, which may be
considered a disadvantage. Still, despite all the short-
comings, such resonators are in use, owing to their
increased efficiency. Work on their improvement is
continued [9—13]. However, no fundamental chan-

332

ges have been introduced into the structure, such that
could make it possible to achieve beam expansion in
both of the opposite-directed passages. Therefore, a
radiation intensity optimized over the entire volume
of the active medium could not be achieved.

2. General structure and operating
principle of the laser resonator
with an expanded cross section

of the radiation beam

The optical principles suggesting solution to the
problem of creating a smoothly expanding radia-
tion beam have been analyzed. A fundamentally new
structure and lay-out of the resonator have been pro-
posed [14], which provide for a smooth expansion
of the laser beam’s cross section during its passages
through the active medium. The general structure of
the resonator is shown in Fig. 3, while Fig. 4 illus-
trates the ray trajectories in it.

The resonator involves a convex cylindrical mir-
ror 1 and a concave cylindrical mirror 2, both located
at the same face of the active element 3 which has a
rectangular cross section. The dihedral reflector 4 is
located on the opposite face of the active element 3.
That reflector consists of two rectangular planar mir-
rors making a 90° angle. The surface generatrices of
cylindrical mirrors I and 2 are parallel to the dihedral
edge of reflector 4. The rectilinear edges of cylindri-
cal mirrors I and 2 are adjacent to opposite edges of
the end face of active element 3. The tangent planes
that can be drawn through these edges to cylindrical
surfaces of mirrors I and 2 form a 90° angle between
themselves and a 45° angle with the end face of the
active element. The other rectilinear edges of each
cylindrical mirror lie either within [the imaginary]
plane 5 or at some distance from it. Plane 5 could be
drawn through the crease of the dihedral reflector 4
at an angle ¢ (Fig. 4) to the side face of the active ele-
ment 3, which is adjacent to the convex mirror I. The
angle ¢ determines the geometric divergence of rays
in the active medium and is chosen with account of
amplifying properties of the latter. The higher the
amplification rate in the active material, the greater
expansion of the radiation beam’s cross section is re-
quired for obtaining a maximized efficiency. Hence,
the greater should be the magnitude of the angle ¢
which ensures formation of a divergent laser beam in
the resonator (Fig. 5). Moreover, it should be taken
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Fig. 5. Formation of a divergent laser beam in the resonator

into account that the angle ¢ is not such of geometric
divergence of the rays. The angle of geometric di-
vergence is smaller than the angle ¢, and is not of
the same magnitude over the resonator volume. The
angle of geometric divergence increases after each
consecutive passage of the radiation toward the exit
from the resonator. The characteristic behavior of the
beam’s cross section is close to the exponential law
obeyed by the growing radiation intensity in an ac-
tive material.

The guides of the cylindrical mirrors I and 2 rep-
resent the parts of a parabolic surface which provide
for satisfaction of the conditions as follows. All the
rays directed toward the surface of the concave mir-
ror 2 which are parallel to the end face of the active
element 3 and perpendicular to the top of the dihe-
dral reflector 4, are directed, upon reflection from
the concave mirror 2 and then from the faces of the
rectangular mirror 4, toward the focal line F of the
optical system (Fig. 5). The rays traveling in the op-
posite direction (toward the convex mirror 1) behave
as if divergent from the focal line F upon reflection
from the mirror I. The focal line is in fact formed by
intersection of the separating plane 5 with continu-
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ation of the lower face of active element 3. Note all
the rays reflected from mirror 2 to be parallel to one
another. This makes it possible to extract radiation
from the resonator in the form of a parallel beam.

Calculations of the surface form of cylindrical mir-
rors 1 and 2 should be made with account of diffrac-
tional properties of the radiation involved. The reason
is that the diffraction-caused divergence of the beam
is responsible for certain corrections in the geometry
of the beam path through the resonator. The effects
will be especially significantin the terahertz frequency
range where the diffraction-produced divergence of
laser radiation is quite significant. Consequently, to
implement a high-quality profile of the mirror it may
prove necessary to take into account, along with the
gain factor due to the active material, also the radi-
ation wavelength relative the geometric dimensions
of the resonator [16]. This is a rather complex prob-
lem which can be solved with the aid of computer
simulation.

The physics of the processes occurring in a laser
cavity with a smoothly expanding cross section
of the radiation beam is as follows. The active ele-
ment 3 is excited by any of the known methods, as
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2.

1

Fig. 6. Stepped surface of the concave cylindrical mirror

a result of which radiation is generated. The set of
mirrors 1, 2 and 4 shape the laser radiation up. The
generation conditions in the near-surface part of the
active element 3 are similar to such in the ring laser.
The amplification process is almost the same for op-
positely directed radiation beams that are reflected
from edge zones of mirrors 1, 2 and 4 adjacent to
active element 3. The laser beam expansion is mi-
nimal throughout this near-surface zone, occurring
almost exclusively as a result of diffraction. The laser-
conditioned generation can occur in the standing
wave regime. This near-surface zone of the active
element 3 can be considered as the zone of formation
of coherent radiation. Owing to diffraction effects
and correctly chosen geometry of the mirrors, the
laser-produced radiation is "shifted", with each pas-
sage through the near-surface zone, into the middle
part of the active element 3 and toward plane 5. The
geometry of the mirrors is arranged so that "shifted"
inwardly is only the radiation propagating from the
convex mirror 1 toward the rectangular mirror 4
and then from mirror 4 to the concave mirror 2.
The geometry of the mirrors prohibits the radiation
of the opposite direction from being deflected into
the active element 3. The cross section of the radia-
tion beam shifted into the active element 3 expands
with each consecutive passage. The closer the radia-
tion "shifts" toward plane 5, the larger gets the beam’s
angle of expansion. The maximum expansion of the
radiation beam is the greater, the larger the magni-
tude of the angle ¢. The radiation reflected from the
concave mirror 2 takes the form of a parallel beam,
and part of it (which is closer to plane 5) leaves the
resonator past the edge of the convex mirror I. Thus,
the output laser beam has a nearly rectangular cross
section, characterized by a parallel arrangement of
the beams in it.
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The smooth shape of the profiles of mirrors 1 and
2 does not allow fulfilling all the conditions for op-
timizing the expansion of the radiation beam, while
still providing for an optimal feedback. Therefore,
it is advisable to assume a stepped surface for the
concave cylindrical mirror 2 (Fig. 6). This makes it
possible to change the size of mirror 2 in the axial
direction of the resonator, regardless of the angle
of expansion of the beam cross section. This per-
mits varying the gap 3 between mirrors I and 2 and
changing the amount of feedback over a wide range,
regardless of possible dependence upon the angle of
expansion of the radiation beam. The stepped sur-
face of mirror 2 may consist of individual reflective
fragments (bands) 4. These fragments can be in the
form of parabolic sections, or spherical sections of
a variety of curvatures. These fragments can also be
straight sections with different angles of inclination.
The size of the reflective fragments a and the distance
between them may vary, depending on specific con-
ditions. The choice of distances between reflecting
fragments must be made, based on the amount of
feedback in the resonator which is dependent on the
size of gap 3 between mirrors 1 and 2 (Fig. 6). The
phases of the waves reflected from neighboring frag-
ments of the reflecting surface of mirror 2 must coin-
cide if the resonator operates in a single-frequency
mode, which is typical for terahertz lasers. To do this,
it is necessary that the distance a between adja-
cent fragments of the reflecting surface of mirror 2
(Fig. 6) be a multiple of the radiation wavelength.
The choice of reflecting fragment sizes and distances
between them should be made with account of the
ratio between the radiation wavelength and size of
the resonator. It is desirable that the adjacent radia-
tion bands (denoted 5) that undergo reflection from
the stepped mirror 2 were transformed, owing to dif-
fraction-produced divergence, into a relatively uni-
form radiation flux while traveling from mirror 2,
then past mirror I toward the active material 6. For
this, the relation must be satisfied:

a<hxtgd,

where a is the distance between adjacent reflecting
fragments of the stepped mirror 2; h is the resonator
height; ¥ is the angle of divergence of the laser beam
as reflected from an individual fragment of the re-
flecting surface of mirror 2.
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When using stepped mirrors, the smooth expan-
sion of the radiation beam cross section is accompa-
nied by discretized expansion upon reflection from
the stepped mirror 2. This must be taken into ac-
count when optimizing the beam expansion in the
resonator.

The calculation of feedback and expansion of the
radiation beam cross section in the resonator is based
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on the main geometrical parameters of the resonator
(Fig. 7). Moreover, the basic parameters are: the ini-
tially set angle ¢, which determines the geometric
divergence of rays in the resonator; the length of the
active element — L; height H of the active element,
and vertical size h; of the cylindrical mirror. Among
the important parameters to determine the feedback
in the resonator also are horizontal dimensions of
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the convex cylindrical mirror 1 (I;) and of the con-
cave cylindrical mirror 2 (I,). The remaining dimen-
sions can be derived from these basic parameters.

The expansion of the cross section of the radiation
beam in the resonator can be characterized by the
coeflicient of increase in the beam’s cross section —
M. This coefficient shows how many times the total
beam cross section increases in two passes in the reso-
nator — on the way from the entrance to the active
substance 3 from the side of the convex mirror I to
the exit from the active substance towards the con-
cave mirror 2 (Fig. 7).

M:hz/hl,

where h; is the vertical size of the laser beam at the
entrance to the active substance from the side of the
cylindrical mirrors, h, is the vertical size of the laser
beam at the exit from the active substance in the di-
rection of the cylindrical mirrors.

In calculations, it is advisable to use the basic pa-
rameters of the resonator:

hy,=h;+(2L+ H)tgo,
hl = h3 + ll tg(p,

then

(h3 +1, tg(p)+ (2L+H)tgp
hs +1,tgp .

The feedback in the resonator is characterized by
the coefficient K representing the share of radiation
extracted from the resonator, namely:

L=
)

K =

In the considered resonator, the radiation is re-
flected four times from the mirrors during two op-
posite passes through the active substance. Conse-
quently, the losses on the mirrors are higher than
those of resonators of comparable length with two
mirrors. However, these losses can be compensated
by increasing the resonator length. After all, with an
increase in the length of the resonator under conside-
ration, the efficiency of using the energy of the active
substance does not decrease (in contrast to resona-
tors without expansion of the beam cross section).
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However, an increase in the length of such a reso-
nator entails an increase in its cross section. This is
especially true for resonators with a large expansion
of the beam cross section. At the same time, atten-
tion should be paid to ensuring the uniformity of
the pumping of the internal zones of the active sub-
stance.

The active element can be pumped in various
ways. The pump elements can be placed at the outer
boundaries of the active element. The scheme of the
resonator under consideration allows this to be done
with little modification. To do this, it is necessary to
change dimensions of cylindrical mirrors I, 2 and
their location relative to the top of the dihedral re-
flector 4, as shown in Fig. 8. As a result, a zone free
from radiation appears in the resonator. This zone is
limited by two parallel planes 5 passing through the
edges of cylindrical mirrors (Fig. 8). The lower plane
passes through the focal line F. Additional pumping
elements 6 can be placed in this free zone. Sufficient
energy supply of the active substance in this area fa-
vorably affects the efficiency of the laser.

The use of additional internal excitation elements
might be necessary for improving the homogeneity of
the active material in resonators of a relatively large
cross section area.

Conclusions

A new scheme of the laser resonator has been pro-
posed. This resonator provides an increase in the
efficiency of converting the energy of the active ma-
terial into the energy of laser radiation by way of
optimizing the intensity of laser radiation through-
out the active volume. The main advantage of the
geometry implemented in the new resonator is the
smooth manner of expanding the laser beam’s cross
section during either of its oppositely directed pas-
sages through the active material. As a result, the ra-
diation is evenly distributed over the entire active
volume and extracted from the resonator in the form
of a parallel beam of a nearly rectangular cross sec-
tion. The smooth expansion of the radiation beam’s
cross section allows obtaining an optimum radiation
intensity in the active material. This permits to effi-
ciently use the energy contained in the active materi-
al, while avoiding saturation effects.
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[IEPEPI3Y [TYUYKA BUITPOMIHIOBAHHSA B AKTMBHIV PEYOBUHI

ITpenmer i mera po6oru. IlifBuienna epeKTMBHOCTI poOOTH Ta3epiB i HOTY>KHOCTI IX BUIIPOMIHIOBaHHA € BaXK/IMBOIKO 3a/ja4elo,
[0 BUpILIEHH KOl MOXKHA MiAifiTH KiIbKOMa a/IbTepHATUBHIMY HULsAXaMIL. L[ po6oTa cripsiMoBaHa Ha ITOCIIEHHST €HeProoOMiHy
MiXX aKTUBHUM CEpPeJOBMLIEM i Ta3epHUM BUIPOMIHIOBAHHAM IJIAXOM ONTUMIi3allil PO3IO/iNTy iHTEHCMBHOCTI BUIIPOMiHIOBAHHA
110 BCbOMY aKTVUBHOMY 00’ €My B Jla3epHOMY pe3oHaTopi MopdikoBaHoi KOHDIryparii.

Metopu i meTomonorisa. Po3rnanyTo eHepreTMdHy MOJe/Ib MPOLECY IMOCUIEHHS BUIPOMIHIOBAHHA B 1a3€PHOMY PE30HATOPI.
[TpoaHani3oBaHO BTPATH B PE30HATOPA, & TAKOXX MOX/IMBOCTI MiiBUIIIeHHA e()eKTUBHOCTI Iepeayi eHeprii BiJi akTMBHOI pe4OBUHM
[0 71a3epHOro BUIpoMiHIOBaHH:1. OOIPYHTOBAHO BXIMBICTD ONTUMI3allil IHTeHCHBHOCTI /Ia3€PHOTO BUIPOMIHIOBAHHS B AKTUBHII
PedyoBMHI Ta BU3HAYEHO NPpOO/IeMH, AKi IpM [IbOMY BMHUKAIOTh. CPOPMYIbOBAHO 3a/Jauy MOCTYIIOBOTO 30i/IbIIEHHS IIOIEPEYHOTO
nepepisy Iydyka BUIPOMiHIOBaHHSA, AKe IOCU/IIOETHCA B AKTUBHII PEYOBUHI, Ta 3a[IPOIIOHOBAHO KOHLEIIIO ii BUPIIIEHHSA LIAXOM
Mopmgikalii ONTUYHOI CXeMU TENTeCKONIYHOr0 pe3oHaTopa.

Pesynbrari. Pospo6ieHo HOBY KOHGIrypallio 1a3epHOTO Pe30HaTOpa, B IKOMY Iepepi3 yuKa Ta3epHOr0 BUIIPOMIHIOBAHHS 10~
CTYIOBO 30i/IbIIyeTbCA Ha 060X 3ycTpiuHuX 1UIAxax. [IpoaHani3oBaHO HEMiHIMHMIT peXX1M 30i/IbLIIEHHA Ilepepidy IydKa B pe30Ha-
TOpi Ta cPOpMyIbOBAHO peKOMeH/Iallii 110710 BUOOPY po3MipiB pe3oHaTopa i reoMeTpii i3epKa 3a/IeKHO Bijj BETMYMHN HiICUIeHHA
B aKTUBHIil pe4oBMHi. 3anponoHOBaHO ()parMeHTallil0 BUXITHOTO J3epKaja fAK 3aci6 onTmmisalil 3BOPOTHOTO 3B’AA3KY 3 ypaxy-
BaHHAM AUQPaKIiTHOIO PO3XOIKEHHA BUIIPOMIHIOBaHHA. BUABIIEHO MOX/INBICTb pO3MillleHH:A TOATKOBUX €/1eMEHTIB 30yI)KeHHA
BcepeqyHi akTuBHOI pedoBuHU. Po3p0o6/IeHo pexoMeHiallil 0/j0 IPaKTUYHOTO 3aCTOCYBaHHSA 3aIlIPOIIOHOBAHOI CXeMM B jTa3epax
Pi3HMX YaCTOTHMUX [iialla30HiB.

BucHOBKI. 3aCTOCYBaHHA JIa3epPHNUX PE30HATOPIB PO3IIAHYTOI KOH(irypauii BigkpuBae HOBI MOX/IMBOCTI I MifiBUIIEHHA
eeKTMBHOCTI 1a3epiB i HOTY>KHOCTI IX BUIIPOMiHIOBaHHS.

Knrouoei cnosa: nasepruii pe3oHamop, axmueHa peuosuna, a3epHe 6UNPOMiHIO8AHHS, epeKmusHicmp.
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