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1. Introduction

Graphene is a monolayer sheet of carbon atoms tightly bound
in a hexagonal honeycomb lattice and has great potential in
applications for various fields due to its exceptional electronic,
mechanical, and optical properties . Recently found surface
plasmon polaritons (SPPs) on the graphene is expected to
become a coherent and tunable terahertz radiation source with
compactness, high power and high efficiency. Several
researches have been conducted to extract terahertz radiation
from the graphene SPPs %14,

As is known, the SPP is a longitudinal wave, tightly
combined along the surface of a uniform graphene structure,
and is not converted to electromagnetic (EM) wave, because
usually the dispersion curve of SPP does not cross the dispersion
curve of transverse EM wave in (w, k) plane. In order to make
a crossing of SPP and EM wave dispersion curves and to
extract terahertz radiation from graphene SPP, several
sophisticated modifications such as to employ a precisely
designed periodic structure or to apply a high electric field have
been proposed 19,

In this paper, we propose a sidewall structure to extract the
terahertz radiation from SPPs. In this scheme, the high-precision
fabrication and high electric field are not required. The three-
dimensional effect of the sidewall structure could upshift the
SPP mode to be close to the light line so that it is possible for
harmonics of the SPPs to go above the light line and radiate. The
physical mechanism is analyzed with three-dimensional theory,
and the numerical results show that this technique could be an

alternative to transform the SPPs into radiation.

2. Theory

We consider a three-dimensional Cartesian coordinate as
shown in Fig. 1. An infinitely thin electron beam with a velocity
v, moves in the z direction in the vacuum over a graphene
sheet located on a dielectric substrate, which is assumed to
occupy the entire space below the graphene sheet. Sidewalls
assumed to be made of the perfect conductor are placed in the x
direction, and the width of the gap between the sidewalls is
chosen as w=100 pm. Considering the fact that the width of an
electron beam can be generated in several tens of micrometers,
this value is feasible for the electron beam to travel through the
system. With using the Maxwell’s equations and boundary
conductions, the dispersion relation between frequency w and
axial wave number k, for the SPP modes can be directly

sidewall
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sidewall

Fig.1 Schematic of graphene-based radiation structure

driven by an electron beam.
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The conductivity of graphene g; has been widely studied, and
it can be expressed as
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where 7 is temperature, Kz is Boltzmann constant, 7 is
relaxation time. The wave vector components in Eq. (1) are

written as

ky = Jw?/c? — k2 — k2 3)
kyy =+/erw?/c? — k% — k2 (4)

where k, = nm/w, n=123..., & is permittivity of the
dielectric substrate, and ¢ = 1/,/gop, is the velocity in the
vacuum.

Whenw— ©o,wehave k, = 0,and the equation becomes

ay & 1
—+—+—=0 (5
gw  kyy ki,

which has been known as the two-dimensional dispersion
equation established elsewhere'?.
3. Plasmon-polariton mode

With choosing the permittivity of the substrate as ¢, =
11.7, Eq(1) and (5) can be numerically solved and the
fundamental modes (#=1) are given as Fig.2. The light line in
vacuum ® = ck, , in dielectric w = k, /¢, , and the
electronbeamline w = k,cf arealso plotted for comparison.
Here B =v,/c is the Lorentz factor, and § = 0.35 is
adopted in this calculation. Comparing with the two-
dimensional result, the three-dimensional dispersion curve is
lifted due to the sidewalls. There is an end point for the three-
dimensional dispersion curve, which indicates the cutoff
frequency induced by the sidewalls, and the cutoff frequency is
about 0.56 THz. From the intersection point of the electron
beam line with the dispersion curve, we know that the SPPs can
be excited with a frequency of 0.59 THz. The threshold for
radiation to occur in this configuration can be worked out as

w > ckyJ1/(e, —1/B?) by the

condition k5 ,, > 0. Thus, the threshold for a beam with § =

radiation

0.35 is obtained as 0.8 THz, which is higher than the
frequency of SPPs, resulting in that the excited SPP mode
cannot radiate though it crosses the light line in the dielectric.
However, we note that the second or higher order harmonics of
the SPP mode can exceed the threshold and consequently

becomes radiative. Next, we discuss the excitation of SPP

harmonics and demonstrate the radiation phenomenon.
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Fig.2 Dispersion relations for surface plasmon polaritons

calculated with 2D and 3D equations.

4. Harmonic radiation
In all radiation sources using an intense electron beam, the
mechanism leading to superradiance is beam bunching '®. The
spectral intensity of the radiation will be enhanced at the
bunching frequency and its harmonics. In order to demonstrate
the properties of harmonic radiation more clearly, we avoid the
problem of bunching from an initially continuous beam. Instead,
a train of bunches is assumed to drive the system. We consider
the idealized case in which periodic line charges with a charge—
density distribution Q in the x direction for a single line charge
are supposed to move over the graphene sheet with velocity v,
along the trajectory y=d. The width of the beam is assumed to
be same as that of the structure. Considering the boundary of
sidewalls, the amplitude of the field in the vacuum and dielectric
can be derived as 1"
D, + ggklkbuow + (kb — kb )kZ
D, + ogklkbuow — (ki + k) k2

Ar=¢§ (6)

_ (KL + k) (ereopow® — k2)
D, + ogklkbuow — (K} + kb )k?
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where
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Ky = Jw?/c? =k = (w/vy)?
k= e w?/c? — k2 — (w/v,)?
N, is the total number of bunches, w, = 21f,, and f,is the

repetition frequency of the periodic bunches. In order to be
independent of influence from the electron beam, we define
A% = A, /Qe % and AY = A,/Qe *¥4. Thus, the fields
in the vacuum and dielectric regions can be calculated when the
relevant parameters are given.

The amplitude of the z-directed electric field in the dielectric
region has been calculated for a single bunch (N, = 1) and is
shown in Fig. 3(a). The frequencies of the excited SPP modes

vary with the energy of electrons, and they are always lower
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Fig3 (a) The surface plasmon modes excited by
various electron’s energy, and the red line is the
threshold of radiation. (b) The distribution of the electric
field in vacuum and dielectric region for v,/c =

0.35.

than the threshold of radiation, resulting in irradiative waves.
The distribution of the z-directed electric field of the excited

modefor £ = 0.35 inthe vacuum and the dielectric region is

given in Fig. 3(b). It is shown that the SPP mode is tightly
combined along the surfaces of the graphene sheet and it shows
a nonradiative pattern. We calculated a train of bunches with a
total number of bunches N;,, = 30and the repetition frequency
is chosen as the frequency of the excited fundamental mode.
The calculation results are given in Fig4. From Fig4 (a) we
know that higher order harmonics can be excited, and some of
the second and third harmonics go through the threshold of
radiation and drop into the radiative region. As an example, the
distribution of the z-directed electric field for the case of f =
0.35 is demonstrated in Fig. 4(b), where the superposition of
the fundamental and its second harmonic mode is plotted. It is
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Fig. 4 (a) The surface plasmon modes and their second
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distribution of the fundamental and second harmonic
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at25.7 deg. in the dielectric region.

shown that the second harmonic wave with a frequency of
1.17 THz radiates in the dielectric region at an angle 8 =

arctan(kf,/(a)/vo)) = 25.7 deg., which corresponds to
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the typical Cherenkov radiation.
5. Conclusion
In conclusion, we proposed a scheme to extract terahertz
radiation from surface plasmon polaritons excited in the surface
of auniform graphene structure by an electron beam. A sidewall
configuration is analyzed in three-dimensional theory and its
function of lifting the surface plasmon mode is demonstrated
with the help of numerical calculation. Furthermore, we found
that some of harmonics of the surface plasmon mode are
possible to radiate based on the sidewall structure. We consider
to use a train of periodic electron bunches to excite the
harmonics, and the physical mechanism is theoretically
analyzed. The harmonics excitation and radiation have been
demonstrated through numerical calculations, and it shows that
this technique could be an alternative to transform the surface
plasmon polaritons into radiation.
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Lasing Characteristics of Corner Cube Retro-Reflector Resonators

Laser Process Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

The theory of laser resonator has been studied for many
years". Resonator stability conditions and different cavity
geometries tailored for different active media and operation
regimes have been analyzed as welP”. Noteworthy, most laser
cavities are designed and constructed by combination of plane
and spherical mirrors. However, for some niche applications
requiring specific laser modes and polarization conditions such
as Laguerre-Gaussian modes and radial/tangential polarization,
respectively, or for reduction of thermally induced wave-front
distortions in solid-state lasers, non-standard resonators have
been used, too. For instance, corner-cubes and metallic
‘W-shaped reflective axicons (also called Waxicons) have been
used as reflectors in solid-state® and gas® lasers, respectively.

Corner-cube retro-reflectors (CCR) are optical components
with interesting reflective and polarization characteristics.
Various CCR properties have been addressed theoretically in
numerous previous publications®. One of their feature is that
the collimated radiation incident at arbitrary direction is
reflected back in the direction that is counter-parallel to the
incident beam. Another feature is that the reflected beam has
coherent properties which could be used for passive
intra-resonator coherent beam combining (CBC). This process
is schematically shown in Fig. 1 and briefly described in its
caption. By rotation of the CCR one could also compensate
the beam astigmatism induced by thermal load in the laser
active medium. Finally, the retro-reflective property of CCR
makes the resonators with CCRs extremely stable to the
environmental vibrations. For these reasons CCRs are already
used as total-reflecting mirrors in laser resonators?.

Detailed knowledge of intensity distributions of p- and s-
polarization components in retro-reflected beam is essential for

designing and building resonators with retro-reflective

components. Moreover, polarization properties of retro-
reflected beams are also essential for modeling laser mode
formation inside the resonator. So, in our previous report” we
have presented experimental and calculated results on the basic
polarization and reflection properties of the comer-cube. Near-
and far-field intensity distribution profiles for depolarized, p-
and s- polarized outputs of the CCR were also presented and
analyzed. We have performed also case-calculations for
several polarization states based on Fresnel equations and
compared them with the experiments.

In this report, the lasing performance of the CCR based
resonator has been addressed in comparison with conventional
Fabry-Perrot (FP) resonator. Lasing threshold, slope efficiency,
near- and far-field intensity distribution profiles have been
monitored. Passive CBC effect inside the CCR resonator is
demonstrated based on experimental results and mode
calculations.

Output Coupler

@ [ —— —_—

Total Reflection
Mirror 1

Laser Medium

Output Coupler

Y A
e Ry
w 1&L) :
Corner-Cube Lﬁ' 7 A — 1

Laser Medium

Fig. 1 Comparison between (a) Fabri-Perot and (b) CCR
based resonators. For large excitation spots and
multi-mode operation, in case (a) the areas in the beam
profile like 1 and 2 are not phase-locked, while in case
(b) the areas 1 and 2 are phase-locked because of
mutual injection in the resonator. As a result,

intra-resonator passive CBC may occur.



2. Total internal reflection based CCR

CCRs are often fabricated using fused silica or various
glass materials. For achieving retro-reflection of an optical
beam, one can coat the reflective surfaces with different
metallic or dielectric substrates or simply use them with
well-polished but uncoated surfaces. In the later case the total
internal reflection (TIR) phenomenon, characterized by critical
incidence angle 8, = arcsin(n,/n,), where nqy > n,, is
used for the incidence beam retro-reflection. For high-power
laser beam applications retro-reflectors with coated surfaces
are not appropriate because of anticipated thermal degradation
and damage of the coated surfaces. Hence, we used an
uncoated CCR (N-BK7 glass, n = 1.5071 at 1030 nm, 6, =
41.57 degrees) where reflection is based on the TIR

phenomenon.

3. Experimental results and discussion
The experimental resonator setup used in this study is

schematically illustrated in Fig. 2.

Fig. 2 Experimental setup diagram for comparative
investigations of lasing characteristics for resonators
with conventional high-reflecting mirror and a CCR:
DM - dichroic mirror, W1, W2 - cryostat windows,
OC - output coupler, TRAM - total reflection active
mirror, d - Yb doped layer thickness. The cryostat
perimeter is marked with the dotted line.

Cryogenically (LN,) cooled Yb:YAG total reflection
active mirror (TRAM) with 9.8 at % doped ytterbium and d =
0.2 mm thickness was used as an active medium. The total
length of the resonator was set to be 460 mm while the LD

excitation (Pmax ~ 200 W) spot was kept at ~ 1.8 mm in

diameter. Both, a conventional 100 % reflective mirror
(Fabry-Perot (FP) resonator) and a CCR were used as high

reflective elements in the resonator.

Cryostat

Pump LD
¥

B

Fig. 3 (a) A snapshot of the cryogenic Yb:YAG laser system.
The resonator is shown by a red solid line. (b) FP
resonator with conventional 100 % reflective mirror.

(c) CCR resonator with 100 % reflective corer-cube.

In Fig. 3 (a) a snapshot of the experimental laser setup is
presented. Fig. 3 (b) and (c) show the interchangeable
high-reflective mirror and CCR elements used in FP and CCR
resonators, respectively.

In Fig. 4 the laser output power versus the absorbed pump
power for both FP and CCR resonators are presented.
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Fig. 4 Output- vs. absorbed pump power dependences for
(mirror) and CCR
high-reflective elements, respectively.
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In both experiments the same 80 % reflective output
coupler (OC) was used. The laser threshold and the slope
efficiencies were measured to be about 700 W/cm? and 0.5 for
the FP resonator, and 1.5 kW/cm? and 0.33 for the CCR
resonator, respectively. The obtained slope efficiency for FP
resonator matches well with our previous result of 0.525 using
84.6 % reflective OCY. A CCR laser based on TRAM was
constructed for the first time, so no effective comparisons can
be made at this stage. Marked increase of the laser threshold
and decrease of the slope efficiency for CCR resonator is
explained by the small beam diameter on the CCR incurring
fractionally large losses due to the scattering on the tip and
comners of the CCR.

FP CCR

Absorbed power

Absorbed power

55W 0w 55W W0W

Fig. 5 NF (top) and FF (bottom) intensity distribution patterns
of a FP (right) and CCR (left) laser beams for 55 W
and 90 W absorbed pump power cases, respectively.

One of the merits using a CCR instead of a mirror in the
resonator was based on the earlier observations that at higher
excitation powers the FP laser output undergoes a thermal
roll-over, so application of a CCR could possibly improve that
detrimental thermal effect. However, in the available TRAM
sample (d = 0.2 mm) the pump power (Pmx ~ 200 W)
absorption ratio was only 0.45 and the thermal roll-over effect
has not appeared at cryogenic temperatures. We are planning
to study the possible thermal roll-over improvement effect in
the CCR resonator at ambient temperature lasing experiments
in the near future.

Near field (NF) and far field (FF) intensity distributions of

the FP and CCR resonator outputs have been also analyzed. In
Fig. 5, NF and FF output intensity distributions of CCR and
FP resonators for two absorbed pump power cases are shown.
It is seen that thermal effects up to 90 W absorbed pump
power hardly affect the main features of the beam profiles.
Based on resonator configuration one can also deduce that the
FP resonator operates at multi-mode regime. On the other
hand, although the NF intensity profiles for the CCR resonator
look like the higher order TEMg3 Laguerre-Gaussian mode
(LGO03), the FF patterns show a strong symmetrical central
peak surrounded by six weaker peaks (Fig. 5, bottom right).
There have been different opinions for the reason why a CCR
can contribute to improve the laser FF power focalization.
Some considered the CCR resonator output to be a LG03
mode based solely on the NF profile of the output beam,”
while some thought that the FF intensity distribution possesses
quasi-phase conjugate characteristics'”?. To clarify the origin of
the CCR resonator output, we have performed model
calculations of mode characteristics of CCR resonators based
on Jones matrix formalism and Fresnel-Kirchhoff diffiaction
integral equation, and present obtained results in Fig. 6
together with the experimental results. Calculated NF and FF
profiles of higher order TEMy; Laguerre-Gaussian mode

(LGO3) are also presented for better comparison.

LGO03 LGO03 - like mode

mode with uniform phase
> S D QD
Ol:l CCR %g %g %g

@ (®) ©

Fig. 6 (a column) Calculated NF and FF profiles of the LG03
mode; (b column) calculated, and (¢ column) measured
NF and FF profiles of CCR resonator output.



‘When a CCR is viewed along a symmetric optical axis, the
NF distribution of the output beam is seen to be divided into
six fan-shaped segments by three reflected surfaces and edges
of the CCR. The NF profiles of the (a) and (b) columns in Fig.
6 are identical. However, the calculated and measured FF
patterns of the CCR resonator unambiguously demonstrate
that the CCR resonator output is not a LG03 mode. The six
separated beam parts are coherent (in-phase), indicating the
coherent nature of the CCR reflected beams and hence,
possibility of passive intra-resonator coherent beam
combination (CBC), when a CCR is used as a high reflection
element. The CCR based passive CBC in bulk solid-state
lasers is especially promising for obtaining high energy pulsed
beams, because in fiber laser based active CBC it is difficult to

achieve high energy pulsed outputs.

5. Conclusions

Lasing properties of comer-cube (CCR, N-BK7 glass, n =
1.5071 at 1030 nm) retro-reflector based resonator in
comparison with conventional Fabry-Perot resonator have
been studied experimentally and theoretically for the aim to
characterize intra-resonator passive coherent beam combining
(CBC) phenomenon. The laser threshold and the slope
efficiencies were estimated to be about 700 W/em? and 0.5 and
1.5 kW/en?? and 0.33 for FP and CCR resonators, respectively.
The maximum output power achieved from the CCR
resonator was ~ 17.5 W.

Near field and far field intensity distribution profiles of
CCR resonator output has been analyzed and compared with
the calculations. Thermal effects for presently applied pump
powers hardly affected the main features of the beam intensity
profiles. Although the NF intensity profile for CCR looks like
the higher order TEMy; Laguerre-Gaussian mode (LGO03), the
FF pattern unambiguously demonstrates that the six separated
beam parts are coherent and in-phase. The coherent nature of
the CCR reflected beams opens a possibility of passive

intra-resonator coherent beam combination when a CCR is

used as a high reflection element.

Presently efforts are made to demonstrate and study
ambient temperature Yb:-YAG TRAM laser radiation
characteristics based on resonators with retro-reflective

elements.
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