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CHAPTER 1

INTRODUCTION

The advent of intense coherent optical sources has made
it experimentally feasible to observe multiphoton absorption
in a number of materials. Two photon absorption in semicon-
ductors can be employed to genérate electron-hole pairs
resulting in population inversion. Such a two photon pump
could be used to observe laser action in bulk semiconduc-
tors. The laser action(l)’(z)’(s) in various bulk semicon-
ductors such as GaAs, CdTe, CdSe, CdS, ZnS etc. have been
investigated.

In the present experiment, the laser action in GaAs
using a Nd:glass laser as a two photon pump was investigated
with external mirrors formingthe optical cavity. Such a
bulk GaAs laser using external mirrors as resonator could
be used to produce intense Q-switched Optical pulses.

Even though the general theory for two photon absorp-
tion was first given by Maria GBppert-Mayer(4) in the
Gottinger dissertation in 1931, the first observation of

two photon absorption was made in 1961 by Kaiser and
Garrett(s); Moreover the observation of two photon absorp-

tion in semicbnductors came later. Braunstein and Ockman(z)
observed two photon absorption in CdS pumped by a ruby
laser. Basov!l) et al. investigated two photon absorption



in GaAs pumped by a Nd:glass laser and C. Chang(?) investi-
gateQ two photon absorption for 1§ser action in-ZnS bumped
by a_ruby'laser. ‘ '

Before_these oﬁservations, it had been thought that no

optical transitiong were possible which could create electron-
hole pairs by absorbdbing photons possessing less energy than
the energy gap. However, if the exciting source has sufficiently
high power, many photons can be absorbed simultaneously,
The absorption can be detected because the higher order
nonlinear terms cannot be neglected. ' ' 1

In the present investigation we used GaAs, which has a
band gap of 1.5 ev at 77°K and a Q-switched Nd:glass laser

beam as pumping source, The latter has a photon energy of

1.17 ev. So the condition
2hw > ES > fw

is satisfied where Eg is the energy gap of GaAs, w is

angular frequency of the radiation of the laser, A = 3

2mn
and h is Planck's constant. If the semiconductor were
purely intrinsic,only a two photor absorption process would

be possible if we were to neglect higher order absorption. But

in the experiment we do observe a single photon process when

the pumping power is low. This is because of thenéinglé photon
excitation of impurity levels in the forbidden band. Accord-

ing to the experimental result it is possible to distinguish

one andtwo photon absorption proccess. Now this is a good



place to compare one and two photon absorption processes.

‘The transition probability for ome and two photon

absorption processes wae calculated by Basov(l):
210 -4

W o (afiw - Eg) 2 1P for n=1,2

where flw: photon energy of pumping source beam
BS: energy gap of the semiconductor
I: intensity of pumping laser beam

W(n): upward transition probability per unit volume

The absorption coefficient K(n) can be calculéied as
follows
W(n) nfiw

I

K(n) =

In a one-photon process
K(l) e (fin - 53)1/2 = const.,
but in a two-photon process
K(z) oc (2fiw - 158)3/2 I =const x1I.

" In a two photon process K(z) is linearly proportional to
the exciting laser intensity. Ina one-photon process

W(l) e« constX I and in two photon process w(z) oc constx Iz.

As the intensities of the pumping source is ihcreased, nmulti-

photon absorption of light (in this case, two photon abgorp-

tion of radiation in the semiconductors) becomes predominant.



At higher intensities K(z) becomes much larger than K(l).
One of the most important features of the semiconductor
laser using two photon absorption is that the intensity
distribﬁtion inside the lasing crystal is more homogeneous

than that due to single photon absorption. ©This is obvious

conclusion of equatiohs(Z-l-lS} and (2-1-14),. Basov et alfl)

'determined‘the intensity of light I(X) at penetration depth

- X ihto the medium from the equation
o= ot w® - k1= 2Moar® - k1= - p1? -k

where K=K(1); single photon absorption coefficient .
g=k(2)1= 2102 .
Wiai? L
a; _éonsfant given.iﬁ equation (2-1-11)
From now on we will use W instead of v(2) since we are
maigiy interested in two phofonlprqcess. The derivation of I(X)
is shown in appendix III but the result is.as follows '

. I exp'(;Kx)
I(X) =

L .Il ' '
1 + !2;9 [1- exp(-Kxﬂ

where Io = Ig(l~1)
IS; total intensity of the exciting radiation incident

on the surface of the medium

r: the reflection coefficient .



If two photon absorption is dominant, so KX << 1, then

I
BXI, + 1

I(X) =

This equation indicates .hat a large volume of the semi-
conducting medium has participated in the lasing action,
" Thig gives rise to a mucn larger power output. and
ietter.coherence of radiation than from p-n junction
lasers., - |

We have seen that electrons can be excited into
thé conduction band by absorbing two photons, thus creating
. electron-hole pairs, These electroﬁs and holes. can recom-
bine to emit optical radiation commonly called recombination
radiation. .

If we introduce resonant reflectors to this semiconduc-
tor medium, we can get stimulated emission as well as spon-
taneous emission, The probabilities for spontaneous emission
and stimulated emission were derived by Lasher and Stern(s),
followed by a theoretical analysis by Dumke(7)' In order
to get the laser action in the semiconductor, it has to '
satisfy the population inversion condition and threshold
condition.

Even though we know it is possibie to get laser action,
it is not easy to experimentally varify whether it is yyuly
laser action, But the group in Levedev Physics Institute(l)
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and otherscs) proved it with several experimental resuits.
Qne of method is to determine the narrowing of the width of
emission spectrum. Farfield patfern would also help to
determine laser action. Accurate bandwidth measurement can
be performed to make sure of the laser action.

We examined the narrowing of the linewidth of -the emission
spectrum. AS we increased the power density of the pumping
laser above threshold, ‘the linewidth of the emission
Spectrum narrowed abruptly. This can be a criterion
for lasing in the GaAs quantum generator. But even though
éhe po&er density was below the threshold, the narrowing
of the linewidth was observed. This can be explgingd‘gé
the super-radiance. The details are discussed in the next

chapter.



-CHAPTER 11
THE THEORETICAL BACKGROUND

The transition probability and absorption coefficient of
two photon process are derived. The threshold power density
- of the exciting radiation is calculated. Then the narrowing

of the linewidth of emission spectra is discussed.

§1. The Transition Probability and the Absorption Coefficient
In order to derive the absorption coefficient, it is
necesﬁary to calculate transition probability using-time
dependent perturbation theory. In the present investigation,
the transition probability has to be calculated taking into
account the band structure of GaAs. GaAs is a direct band
gap semiconductor having a zinc sulfide structure. The band
structure of such semiconductors have been extensively '
investigated by E.O. Kanecg). In the following we assume

| (10) and

the band structure of GaAs as given by T.S. Moss
calculate the transition probability and two photon absorp-
tion coefficient in GaAs.

First the Hamiltonian of the electron moving in the

presence of an electromagnetic field can be written as

He (P + % X)%/m + vV . .



2 2
= %ﬁ +vVv+ -2 (P-K +X « P) + —3—7 A

2mc 2mc

Since P and A commute if we choose the gauge such that

VeA =0,
2 2
P e 5 e 2
H=2==—+V+_— P X + A (2-1-1)
2m ne 2mc?
where P: momentum operator
A : vector potential
V: potential energy
m: mass of free electron
2

Let H, = %ﬁ + V be. the unperturbed Hamiltonian,

2 .
Then the term %E P.X + 3——7 Az can be regarded as a
2mc

perturbing term. But for one or two photon processes, the

term e A2

2mc

is much smaller than %E P - X . Figure

2-1-1 shows the band structure of GaAs. Gallium Arsenide
has one conduction band and three valence bands. However
in this experiment the transition probability from a
valence band Vs to conduction band C is small compared to.
transition probability from V1 or V2 to C (Figure 2-1-1).
Thus the transition probability from V3 to C can be
neglected. In calculating the two photon transition préba-
bility, only the transition from V, and V, to C will be

considered.



B
EE T_/E
E, = 1.51 ey
E=0 k
. H
¥ .33 ev vl

Figure 2-1-1. GaAs Band Structure(lo)

C ' : Conduction band
V1 : heavy hole band
9 ¢ high hole band valence bands
split-off band

m ¢ electron rest mass

mc* : effective mass in band C mc* = 0.072 m

m, *: effective mass in band vy my * = 0.68 m
1 1

my *: effective mass in band V2 m, * = 0,085 m
2 2

my *: effective mass in band v, my, * = 0,25m :
3 ' 3

By ¢ the energy of electron in’ the « band

where «=C,Vy,¥,, Vs
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Transition probability W via two photon absorption can
be calculated using second order perturbation theory. Let
total transition probability be W = Wl + WZ where Wi is
individual transition probability from ith valence band to

conduction band. We need to calculate Wi for i = 1,2.

< 1ge 2
2n <i|H”|v><y|H”|£>)
W, = _ff g a¥k; (22 il

X6(Eg - E; - 2%w) (2-1-2)f
where H® = %E P*A y perturbing Hamiltonian

I11> denotes initial state

If) denotes final state

Iv) denotes intermediate state

fiw; single photon energy of incident radiation

The initial state is cne of the valence bands.znd the final
state is the conduction baqd. There are two photons which
participate simultaneously in this process. The two photon
absorption process can be considered as follows. An elec-

tron is excited from an initial state i (valence band) to

a final state f (conduction band) through a virtual inter-
mediate state v by absorbing two photons. Basov(l) con-

sidered both thé conduction band and the valence band as inter-

.

hediate states. If we take one intermediate state as

conduction band (the fimal state) and the other as a valence
band(the initial state), and neglect the contribution from

other intermediate states, then Wi becomes as follows.



A z'
H H
V.c "¢cc HV V
2n ff dskc d3 2 ﬁ
E_-E,, -fw E,;, -E,, -~hw
. X 6(13c - Evi - 2hw) (2-1-3)
where Ho. = <y |H |v.>

HZy, i= <y _|H Y, >
cVi c Vi
L N ) etc.

“Ev = (H\;ic)+

Ves in are wave function in band C and V.

Two photons can be absorbed only when E. - E, = 2hw.
i
Thus

LU 3 2 = . . .2
Wy = ——7//d k, &k ( H My, *+ Hey. Hvivi)

x §(E_ - E; - 2hw) - - (2-1-4)

In order to derive matrix elements, we have to know the wave
functions. The wave function of the electrons in the respec-

tive bands can be written as the normalized Bloch functions.

v (E? -—-377 U.(r) exp (ik, - T) .
‘ (2-1-5)
- 1 o
in(kvi) = EE;;377 Uvi(r) exp (lkvi‘. r)

-



12

where y_ and ¥, are normalized and U (r) and U, (T) are
c Vi J c Vi
functions of the position vector T over the dimensions of

a unit cell.

Thus

% e A
Hcvi T <¢C(EE)|P . K|¢Vi(Ebi)>

A - |
- a2 (e “)c"i §(k, - Evi) (2-16)

vhere (P - Dey, = V@IP - Eluvi(F)>

Note that photon wave vector is small compared with crystal

momentum k_ or k, . Thus 6§(k. - k, ) implies a vertical
c V. c Vi

i
transition since Hévi is not zero only when EE = Evi .
Note that
n m 9E
lv>= — — | ¥> (2-1-7)
i 4 3k

where P is t.. operator of momentum P,

Let X = Aq

wherc¢ o is the polarization vector.

Using the relation (2-1-7), we can easily get
eA '
H . = —— (f k. o) 8(k_ - k) (2-1-8)

mcfc
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Hy.v, * B ky o) 6(ky - Fy) @19
1 1 1

where mc* and mvf are the effective masses of the electron
i
in the conduction band and the hole in the valence bapd.
"Substituting these values in equation (2-1-4) we get

Wi (see Appendix I).

17

- A 2
2 z ne4 '(a P)cVi & 3/2 .2
Wi = 7 3 y m.y (2hw - Ea) 1 (2-1-10)
e ¢“(hw) m i ’
where . m: free electron mass
m_* m,*
© = © ¥
m_%*+m
| (o Vi
€; dielectric constant
EJ; Energy gap
and I is the intensity of radiation in the medium
veE2 vw2 € A2
I =vNho = = 5
. 8n 8nc
. __ 123
Since E = SaEE
A~ elut
= 9
E - A ]
A = K|
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. (o
Note that v = 177
€

=

= photon density

tri)

= electric field intensity

= the vector pocential

>

Thius the trans;tion probability per unit wolume Wi is

17 ' n _
W. 2 z ne4 |(p ’ a)cV. ¢
i i 2l/2 3/2 .2
V  ec”(hw) m i
|
. 2 '
¥ = "1 + Wz = q I | (2-1-11?

Absorption coefficient Ki is defined as follows

1 dI 2h w Wi
i I dX I

where X is the penetration depth of radiation from the

surface of the crystal
19

A 2
2 z_ie4 I - a'-)cv.l
i 3 5 2 cV. L
ec” (fiw) i | i

Total two photon gbsorptiébn coefficient is sum of Kis
for 1=1,2 o |

1.‘ m
K = Kl + Kz

The calculation of K of GaAs is shown in Appendix II.
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The intensity dependence on the depth of penetration

into the crystal can be calculated from the followiﬂg

equation.
dI 2
— = - 2w W - KI = -BI¢ - KI (2-1-12)
dX '

where W= Wl + WZ

X: depth of penetratioh
' lg two photon absorption coefficient l
K: one photon absorption coefficient

W=a1, g=2hud=x 1 e

If we solve the equation (2-1-12) (see Appendix III),

I0 exp (-KX)

BI0
1+ — [1 - exp(-KX)]
K

I =

where I0 is initial intensity of exciting radiation. This.

expression can be approximated as

Io
IX) = @—— C2-1 -
(X) SX T, + 1 (2-1-13)

if KX << 1.

*

This is the case when two photon absorption is dominant.

If the absorption 'is mostly due.té a one photon process,

-KX
I(X) = Ig e’ (2-1-1%)
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These calculationscan be applied to Nd:glass laser pulse

as exciting source.

§2. The Spectral Linewidth Narrowing

As we will see from the experimental results, the spec-
tral width above the threshold becomes very narrow but
finite. Even thod&h the power level of the exciting heam is
"below the threshold, the spectral width becomes narrower
as the power increases. This spectral width narrowing
occurs in the emission spectrum from the crystal even

without resonant mirrors. This can be explained in terms

of the superradiance.

a. The Spectral Width of the Laser Output

The finite spectral width of the output of a laser
oscillator is due to the presence of random phase and ampli-
tude fluctuations in its output field. These random fluc-
tuations are caused by the radiative spontaneous transitions
from the upper laser level.

A laser oscillator can be considered as a regenerative
amplifier with a continuous input of spontaneous emission
noise. Thus by using the laser equivalent circuit, the
expression for the spectral width of the laser output was
derived by Gordon(ll), Schawlow and Townes(lz). The result,
taking into account only amplitude fluctuations, is as

follows. ’
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, 2
2%h Vo (Avc) Nz
Ay = : (2-2-1)
P N. - N EZ
2 18g|tn
where Av : the spectral width of the laser output
v, : Tesonant frequency

‘Av_: the width of passive cavity response curve
or cavity bandwidth
. P : the total power leaving the cavity
N1 } the population density of the lower level
Nz : the population density of the upper level

81:87° the level degeneracies

g
N, - N .—3 : the value of the threshold
2 1 "21]¢tn

As we shall see, the foregoing arguments justify the finite

linewidth observed in the laser emission spectrum.

b. The Spectral Width Narrowing Below the Threshold

This type of narrowing is known as the super-radiant
narrowing in fluorescence radiation. The spontaneous
recombination radiation emitted with a lineshape g(v) is
amplified in passing through the medium by a factor
é‘g(v) where a is a constant which is proportional to the
degree of inversion. A Yariv(ls) studied the superradiance.

The gain constant y(v) is given as follows.
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8
c? (N2 - N —Z)g(v)
g1 :
y T (2-2-2)
87v® t spont

Y(v) = ag(v) =

whe?e yY(v): the gain of the optical system
c : the velocity of light
Nl,Nz,gl,gz; same as in the previous section
g(v): the line shape of spontaneous recombina-

i tion radiation.

Thus the intensity of the radiation at the position x

from the surface is !

!
1) = 1, "0 . 1,628 0VX° (2-2-3)

where Io = 1(0)

But since the line shape narrows as the 1i at propagates,
g(v) actually depends also on x. Thus we have to modify
above equation.

X
X,v)dx
. a,é' g(X,v) )

I(X) = I, 1, 2F(V)  (2-2-4)

x .
where F(v) = f g(X,v)dX
0.

Yarriyet al. showed that the line shape of the spontaneous
emission is

JlY( ) - aln_

F(V) = g(v) : (2-2-5)
' Yyiv)-a
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where a : a distributed loss constant
2 : the length of crystal

Vo' the frequency at which the line maximum occurs.

An immediate consequence of the equation (2-2-5) is that for
y(vo)z << 1, F(v) = const g(v) and no change in the spectrum
is expected. The more interesting condition is that if
y(uo)z >> 1 but a >> y(vo), no narrowing occurs since
"F(v) = const géu). I1f y(vo) is increased to a point where
it becomes comparable yet smaller than a, '

gw) ;

F(v) = const ’
Yy(v) - a

which is, because of the frequency-dependent denominator,
narrower than g(v).

‘It is clear from the above that spectral narrowing,
unlike laser action, is a gradual process and no exact
narrowing condition can be given. At the same time we can
summarize the observations made in previous part by giving

the following approximate condition for "starting" of

narrowing
y(vo)!. - 1
(2-2-6)
Ylvg) ~a

The physical interpretation of this result is as follows.
Condition (2-2-6) is equivalent to say that a photon

emitted at “b’ on the average, stimulates the emission of
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order of 1 photon in a distance 2. Photon emitted at the
wings of g(V) have, according to equution (2-2-4), a much
smaller probability of inducing emissions so that the con-
dition (2-2-6; marks the point at which the photon distri-
bution is beginning to vary appreciably from g(v). If we

limit ourselves to cases where

Y(vo)!. > 1 .
‘ (2-2-7)
Y(\’o) > a

and define Ay as the width at half-maximum of F(v) and
(Av)g as the width at half-maximum of g(v), Gordon derived
fhe amount of narrowing Av/(Av)g at 4 given value of

y(vo)z. The recult is

Av -1/2 :
= [Y(vo)zl for a Gaussian g(v) (2-2-8)
(av)
g
Av -1/2
= 0.832 [y(uo)z]' for a Lorentzian g(v) (2-2-9)
(Av)g

§3. The Threshold Pumping Power for Oscillation and Lasing
First let's discuss about the oscillation condition.
The rate equation for the electrons in conduction band is

as follows.

dn n ’
—SC a.y--C (2-3-1)

dt Tg
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where n; eiectron concentration in conduction band
W ; transition probability

Tgs Spontaneous lifetime of electron

The rate of increase of electrons in conduction band is
the difference between stimulated upward transition and
downward transition due to spontaneous emission. The thres-

hold condition can be determined by letting
\ ;

dt g
|
Then 5
N = 25 (2-3-2)
Tg :

As we derived befpre W is a function of Iz. Let W = aIz.

Thus

n | .
algs = -£ where Io denotes threshold pumping power

S
T
S density for oscillation

This isthe threshold for stimulated emission, not for laser

action.

I = |-S_ / (2-3-3)
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This is the threshold pumping power density for oscillation.
But the threshold for lasing would be higher than this due
to the losses. The losses are the sum of reflection losses
at the mirrors of the optical cavity and fhe diffraction

losses. Let K be the losses. If a is the gain in the

loss
laser medium, at the threshold for -lasing, then the following

relation is satisfied.

‘ .
JR e (3 Kigsdl o g o (2-3-4)
where Rl,RZ: the reflection coefficient of the resona-

tor mirrors,
L ; effective optical length of cavity,
-Kloss; loss

a ; gain

The gain is the function of pumping power density I. This

is given in the Basov's papercl). Then from (2-3-4)

1

a(I) =-— 1nRR, + K (2-3-5)
2L

k(1)1 l-
[%  — (2-3-6)
(4

loss

(i)
I) = K -4
(%) 4KT s ) 4KTBhuw
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where K(i); absorption coefficient where 1 = 1,2

Fermi quasi level of the electrons (ue)

=

- and the holes (un),
w ! generation frequency
B : the derivative of recombination rate with
respect to the sum of quasi levels u at
. the point corresponding to the oscil;ation
| threshold Mos*

T ¢ carrier temperature

Boltzman const. !

From (2-3-5) and (2-3-6), the threshold pumping powér den-
sity Igg for lasing can be derived.

1
-



CHAPTER III
EXPERIMENT

First, the emission spectra of GaAs - were observed at
different levels of pump pdwer density. Seccndly, the depen-
dence of output power from the GaAs crystal was studied., To
‘carfy out these experiments the poﬁer calibration of the
photodiode was required. The arrangement of ‘the pumping laser
system was important but it is described elsewhere. (See
Appendix IV.)

In this_ chapter mainly describes the design of '}he.

experiments, The results are discussed in the next chapter.

Si. The Spectral Emission Lines from GaA§

. First of all we require the pumping source in order
to get spontaneous and stimulated recombination radiation.
The Nd:glass laser was used as the pump. The maximum power
density was approximately 50 MW per unit area (cmz) at the
front surface of the GgAs c:ystal. The description of
exciting pulse is shown in §4 of this chapter.

The GaAs crystal with dimensions of 4 mm x 5 mm x 10 mm,

has & carrier concentration, i.e., impurity density, of about
2 x 1017/cm3. The mobility of the crystal is approximately

*

4000 cﬁzlv-Sec at room temperature.

24
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Nl

i
H-l--r — v —— i —
I :

s
F i

y

AD = 10 mm
EG= 4 mm

'C6= 5 mm

Figure 3-1-1. Dimension of the GaAs Crystal

The Figure 3-1-1 is given for convenience to identify

directions of surfaces which will be referred later.

The bulk crystal was prepared such that the surfaces
of bulk coincided with the specific planes of GaAs crystal-
line structure. GaAs has the cubic zinc sulfide structure.

The positions of the Ga atoms in the unit cell are at

0,0,0; 0,%—,—%; -?;-;0,%-; %,%,0 in the Cartesian coordinate whose

unit length is lattice constant. The position of the A

s
atoms in the unit cell are at %—,%-’%-; %-)%-,i-; %—,%-,%—; %,%-,%—.

The Spaée lattice type is fcc. The surfaces [0 ABCD and
[1EGHG are {1 1 0} planes and (1 ABHF and [J DCGE are
( 110} and [J ADEF and (J BCGH are {0 0 1} planes. The
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orientation of the plane ( hkl) is expresséd in Miller
indices. Optical polishing was done on all faces, with
particular emphasis on the two 4mm x Smm end faces. Broad
band anti-reflection coating was done on two 4mm x S5mm end
faces and on one of the {1 1 0) faces (i.e., LJABCD‘face
shown in the Figure 3-1-1; the wavélength ranges from
) '8200 R to 1.1 u for reflectivity less than 1%). The face
[0 ABCD was placed perpendicular to the exciting neodymium-
glass laser beam. The crystal was attached to a cold
finger placed in liquid nitrogen (77°K). The diagram of
déwar which contained the cold finger and crystal in vacuum
is shown in Appendix VI. The direcfion of the _
Nd:glass laser beam was changed by 180°'using 2 prism
and a mirror mounted on a venier. This was done
because was anoﬁher exreriment required the same
Ndiglass laser, The prism (P) could be moved in and
out of the path of the Nd:glass laser beanm. All
these arrangements are shown in Figure 3-1-2 in block dia-
gram. The polarizer was used to be sure that the beam was
polarized in one direction. In this case it was horizon-
tally polarized. The half wave plate was used for changing
the polarization to the vertical direction. Calibrated
neutral density filters were used to vary the pump intensity
incide.at on the crystal. The diameter of the spot of tPe
beam wﬁs larger than the width of the crystal surface on

which exciting radiation was incident. We also used a set
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NOTATIONS in Figure 3-1-2

P ¢ Prism
M : Mirror

Polz: Polarizer
5 Half wave plate

F1 : Neutral density filter
F2 : Neutral density filter

F3 : Filter for filtering flash light (No. 2-58 Corning
. . glass color filter)

Li ¢ Lens
L2 : Cylindrical lens
AP : Aperture
Ml : Mirror
M2 : Mirror
D' : Dewer
Sample
W ¢ Window
Mo : Monochromator (Jarrel Ash 82-020)
PM : Photomultiplier (RCA 7102)
PD : Photodiode (RCA 917)
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of lenses L1 and L2. As the crystal was shorter

in height than in lengh, i.e., AB { ID, we used

the cylindrical lens (L2) to narroﬁvbeam spot along the

AB direction. The aperture (AP) was used as the reference
point to check correctness of the direction of exciting
beam. As the Nd:glass laser pulses were not always of same
power level even for the same operating conditions,i.e., for the
_same dye concentration and the same operating voltage, it
was necessary to monitor the exciting laser pulse. If we a
put beam splitter (BS) after lens (L1), then part of the
beam enters. photodiode (PD) through the ground glass

(GG) and neutral density filter (F2). - The ground glass.and
neutral density filter preventsaxuratiog of the '
photodiode. The details of the photodiode circuit diagram is
presented in Appendix V. The GaAs crystal was attached

to. the cold finger in tke dewar (D) which was evacuated by
the air pumping. The cold finger was mounted on the con-
tainer in which.we supplied liquid nitrogen. The

crystal and cold finger remained at liquid nitrogen tem-
perature, 77°K. There were three windows on the cylindri-
_cal wall oE dewar. In one side‘ of the crystal one mirror
(M2) whicﬁ-phd_99% reflectivity was placed.

The other mirror (M1l) was mounted on a vernier mounc.
These Ml and M2 constitutethe laser cavity. The genera-
ted radiation from the GaAs léser was focused by the lens

(L3) and sent into the entrance slit of the manochromator.
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The signals from the photodiode (PD) and from the photo-
multiplier (PM) were connected to the upper and the lower
input terminals of a dual beam oscilloscope, respectively.
As we will see in next section, we can calibrate the photo-
diode such that the peak value of the pulse in the photo-
graphs corresponds to the power of the laser pulse. For

a fixed power level, we took photographs of the exciting
and emitted radiation pulses as we varied the wavelength
dial of the monochromator. Figure 4-1-1 shows the emission

spectrum of GaAs crystal.

§2. The Dependence of the Power Density Rédiqtedfbi -
GaAs upor the Exciting Light Intensity

It was necessary to calibrate the photodiode .
.in‘order to relate the power and the peak value of‘
the pulse photograbhed from the osci}loscope.
The arrangement of the experimental equipment and the result
of the experiment will be presented later.

First, the output power dependence will be discussed.
The experimental setup is the same as in previous experiment.
Here we fixed the wavelength dial of the monochromator at
the value corresponding to peak value in emission spectrum,

-
i.e., 8386 A. Then we introduced neutral density filters

in F1 in Figure 3-1-2. The exciting pulse was monitored .

using the photodiode (PD) and sent to upper trace terminal
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of tho Tektronix 551 oscilloscope; the, radiation from the GaAs
.crystal was collected through. monochromator, amplified by
photomultiplier (PM) and sent to lower trace terminal of

the oscilloscope. The two signals were then simultaneously
photographed. The result of this experiment after analyzing
the data igs given in Chapter IV,

§3. The Power Calibration of the Photodiode

This was necessary to estimate the radiated power,
In this experiment the power of the emission spectrum
had to be estimated bLecause we:had to find the power l'ével
where the narrbwing of the width in emission spectrum
occurred. In the second experiment it was more necessary
because we had to know the power or intensity of the exciting
beam. Figure 2-1-5 shows the arrangement of experimental
equipment for calibration of photodiode. The neutral den-
sity filters (F1) and (F), the lens (L1), beam splitter (BS)
and ground glass (GG) where used for same reasons which were
.discussed previously. The lens (L2) was used to focus the
beam into the hole of the thermopile. The thermopile was

calibrated as following.
[uV reading/198.2] = The energy [joules]

If we can measure the pulse widtﬁ, then we can calculate

power as follows.
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uv 109 1
Power in MW = b'¢ x 5
198.2 W 10

where uV; microvoltmeter reading in [uV]

W ; width of the pulse in [n sec] .

If.we divide power by the area of the spot of the beam on
the surface of;the sample, we can calculate power density

. I L]

“| 2

where MW is power in [MW]
S is area of beam spot in [cmz]
I

is power density in [EEZ]
' cm

Figure 3-3-2 shows the power vs. peak of the pulse which
was taken on the photograph.
§4. The Pumping Source

As we mentionea before; Nd:glass laser was used as
the pumping source. The Nd:glass laser rod was of dimen-
sions, 0.5" diameter and 8.31" length. The ends of the
rod were cut at Brewster angles to avoid reflection losses.
The rod was placed inside an open resonator consisting ‘of
two mirrors (99.9% reflectivity and 65% reflectivity at

1.06 u). The Nd:glass laser was Q-switched with a dye
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cell inside the cavity. Eastman Kodak dye solution (No.
9860) was used. The Q-switched pulse hagd a maximum'

power of about 50 MW/cm? with a pulse width of about 150

n sec. To insure that only the Q-switched nanosecond pulse
vas generated we inserted a mode selector inside the laser

cavity to prevent mode-locking.



CHAPTER IV
THE EXPERIMENTAL RESULTS AND DISCUSSION

§1. The Emission Spectrum from GaAs

Figure 4-1-1 shows the emission spectrum of GaAs cry-
stal. The ratio of output power density of the emitted
radiation withlrespect to the power density of exciting
beam was plotted on the y-axis and ti.e wavelength of
emission spectrum on the x-axis. The curve 1 in Figure
4-1-1 is the emission spectrum at the exciting power den-
sity, approximately ZMW/cmz. The curve 2 is that.at __
SMW/cmz. The curve 3 is that at 10MW/cm2. We increased
the level of exciting power density by reducing the value
of the neutral density filter (F1). In Figure 4-1-1, we
can see that the width of the emission spectrum of curve
l\was apous 390 X and it was narrowed to about 200 R at
curve 2 ééa.then it was narrowed abruptly down to 16 X.
We expected these narrowingé of the widths of the emission
spectrums as discussed in Chapter II. We saw that there
were mainly two different reasons for narrowing of the width
of the emission spectrum.

| Fgrst, let's discuss about the linewidth narrowing due
to the laser action. The linewidth of the emission spg;trum
in curve 2 was about 200 R. It was narrowed abruptly tb

°

about 16 A in curve 3. This ind¥¥cates there occurs laser

action. But because of the limited resolution of the

36
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FIG4-1-1 THE VERTICAL SCALE OF CURVE 1,2 IS
- MAGNIFIED 8 TIMES.
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" mgmochromator, jt was hard to detect a spectral line :
narrover than the order of 10.i.. Next note that the
widéh of 390 A of curve 1 narrowed to 200 A of
curve 2, ' ' '

The power density of exciting beam was about § MW/cm.2
for curve 2. 'As we can see in next section it was beloﬁ'
the threshold. This is the narrowing due to the super-
radiance. If we increase the power density of the exciting
beam then according to the equation (2-2-2), Y(VO) increases.

Then in equation (2-2-8)

1/2

Av =
= [Y(\)o)z] ’

(Av)g

we can see Ay decreases as y(vo)z increases. This justifies

. the line narrowing below threshold.

§2. The Dependence of Power Density of Radiation from
GaAs on the Exciting Light Intensity

Using the data we got in the experiment of §2, Chapter
III, we can draw a graph shown in Figure 4-2-1. As the
photodiode was calibrated in Figure 3-3-2, we can find
absolute power density of exciting signal. Figure 4-2-1
shows the graph in x-axis correspond to the intensity of
the exciting beam and y-axis correspond to the output .
power in arbitrary scale. It‘can;be easily seen that at

5~6 (MW/cmz) power level the power of emitted radiation
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jumps up to a higher level. Sao we can say this value corres-
pond to the threshold for lasing. Of course, this data

was taken by varying the valie of the neutral density filter.
It was better to start at@a low power level, bucause at

high power levels the su.face of the crystal may be damaged.
2

———

According to the experiment approximately 50 MW/cm® was the
maximum intensity tolerated by the rrystal. If the power den-
sity of incident beam is higher than this, it might give
damage on the surface of the sample. According to the
Figure - 4-2-1 it is obvious that the part of the graph
hélow threshold is due to spontaneous emission,

and the part of the graph above threshold is because of
the stimulated emission. The output power when the

GaAs is lasing, is 30~50 times that of the fluorescence
below the threshold. In the threshold region, the ratio

is around 30.

The threshald power density for oscillation can be

calculated using the equation (2-3-3)

The threshold concentration of electrons in the conduction band
can be calculated using the population inversion condition,

The iteration method is presented in C. Chang's (8)

paper. Dumke(7) calculated the radiative lifetime of an

electron in the conduction band of semiconductor GaAs. Here

- 1t is only necessary to estimate the level of threshold intensity
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According to above papers, .

n,6 -~ 1019 electrons/cm3
: =T
?c ~ 10 sec L
cm - sec
From appendix II a=0.15] erg_2
2 2

. L : MW
Since aIOS 10 and we want IOS in[:.-.-z-‘l 9
‘om
2 -
0.15 Igs x (107)% x (10%) = 1026
Z2
IOS 6.7

. e e —

This is the threshold pumping power density for oscillation.,
The threshold for lasing would be higher than this. Thé
experimental value was about 5 MW/sec. If we recall that
approximate values of electron density and spontaneous
lifetime were used,and if we admit experimental deviation,

the order of the experimental result can be considered good

enough.



APPENDIX I ,

DERIVATION OF Wi

Zn 3 3
b Sl b f_/dk Ty, (e By + Hoy, viv)
X&(B, - Evi - 2fw) 1)
eA
vy T O eyt t R (2)
F eA
H. = n—l.; (f k, o) 8(K_ - E.°) . (3)
~ -eA %
Hyv, = — (hky o) 8K, - K 4)
mv c 1 i i

Substitute equations (2), (3) and (4) in (1). Note that

fﬂ! , r-s(k' ky )
1
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(2“) f V C Vi Cvi
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Thus
s2(F) = (2m)73 v &%)

After operating § functions,
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Thus '
= (3 )3 & )2 N .
W, & — | — — h® a®| (P * a)
1 5 \2r h m“c cVy m
7 . 5
2 2 ™n 2 3
CVl 2-
x (2fw - Eﬂ)
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The intensity of radiation in the medium
B2 vwlea?
I = vViv = ve— = —— - -
8n 8nc
. I )
since E 2L 3
A -~ eiwt.
E = %'A
If we take account spin degeneracy, and az =1,
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APPENDIX II

CALCULATION OF TWO PHOTON ABSORPTION COEFFICIENT

sec - i J
where
; 17 2
22 et 3] - Dy | 1
i=1,2 ec” (fiw) m cv,

e : 4.8.x 10710 [stat coulomb]

€ ¢ 11.8
. ' z -19 7
fo : 1.17 [ev] = 1.17 x 1.6 x 10 x 10 [erg]

m,_ : 0.072m

(o
n,, ;68 m
mvl 0.
]
mvz 0.085 m

m : 9.1 x10°%8 [g]

I = ey | 3g,
ol 2
;2 ch

By = 1.51 [ev] = 1.51 x 1.6 x 10 19 x 107 [erg] at 77°k
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Substitute these values
cm- Sec
Then ] = 0.15 5
[/
Two photon absorption coefficient Kis 2hwal
: 3?) -19 7 ..
= 2 x1.17 x 1.6 x 10 X 10" x J.15 x I where I is in

Thus
K 2x1.17x1.6 x 10712 x 0.15 x 1 x 107 x 109
’ MW
where I is in
. cn?) -
_ a1 MW
_I.f.we assume I = 1 [—-2-])

x"';-s.e[ ] N

L1 |
cm

erg
=

cm -Se



APPENDIX III

SOLUTION OF DIFFERENTIAL EQUATION

dl
— = - 2iw W - KI
dX
- Note that W 3 W(2) ara x = (1),
b
ar .
— = - Ay W - KI = - 2fiw & I“ - KI
dX
Let 2fiw Q=8
dl
— B - plz - I
dX
— = - B(I° + =1)
dX . B
dl 1
—x— = - 8 &
I(I""E)
[ 2 [ w
_K._ = @
B 4 I "
- n s - B
K I-rK
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49



R TS
-I:% Io*s
I 1, e XX
K 10(1-e'Kx)+§
B
: Id e‘Kx
1+ % 10(1-e'Kx;
when KX << 1
I
1(X) = 0
Zﬁwalox + 1
Hence,
I0 exp (-KX)
I =

1+ % I,[1-exp(KX)]

Io

1+ % Ig0l - (1-KX)]

1 +8 I0 X

50



APPENDIX IV
ADJUSTMINT OF Nd:glass LASER

There are important factors for lasing of Nd:glass
mode locked laser.

At first, even though all components of the laser were
'arranged according to estimation and calculation, it was not
easy to get good laser pulse. In order to improve lasing,
a great deal of attention should be paid to the following
factors,

1. Microscale alignment of the equipments

2. Operating voltage of pumping flash lamp

3. Concentration of dye.

According to the experience, it was not difficult to esti-
mate the operating level of voltage and the concentration
of dye. To accomplish part 1., first it was helpful to
take burn pattern on dark photographic picture. That is,
we could examine the spatial coherence of the laser beanm.
When the burn pattern was not good, we tried same thing
after adjusting venier of mirror mount. Repeating those
procedures it was possible to get good shape of pulses.

In the experiment, it was necessary to have single envelope
of pulse. If not, it was difficult to estimate the power.
To get single pulse, the operating voltage should be jué%

abcve the threshold.

51
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Difficulty occurred when the threshold came down. This
was because the light from flash lamp might deteriorate the
function of bleachable dye. fn that case, it was needed to
adjust the operating voltage. For the experiment of spectral
response of GaAs, it was required to keep power levellcon-
stant, so instead of adjusting operating voltage, we added

" dye a little bit to'keep threshold constant.
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APPENDIX V

CIRCUIT DIAGRAM OF DETECTOR
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APPENDIX VI
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