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Kinetics of Picosecond  Pulse  Generation in 
Semiconductor  Lasers with Bimolecular 

Recombination  at  High  Current 
Injection 

ECKEHARD SCHOLL, DIETER BIMBERG, HERMANN SCHUMACHER. AND PETER T. LANDSBERG 

Abstract-The  kinetics of generating  ultrashort  light pulses  by  gain 
switching  unbiased  semiconductor lasers emitting  relaxation  oscillations 
is theoretically  modeled  and  described  using  phase  portraits.  Biomolec- 
ular  recombination processes and realistic  injection current pulse  shapes 
are  incorporated in the model. Approximate  analytical  solutions of the 
rate  equations  are derived  for  high current  injection. Laser  pulse  widths, 
pulse  peak  power,  electrical to  optical pulse  delay  times, and  time  differ- 
ence to  subsequent  relaxation  oscillations  are  computed.  Their  depen- 
dence  on  injection  current  to  threshold  current  density  ratio (J/Jt) and 
on  material  and laser  design parameters is explicitly  derived  and is in 
good  agreement  with  experiment.  In  particular  the  remarkable  observa- 
tion  that  the laser  pulse  width is broadly  independent of the  injection 
current rise and fall time  can  thus be understood. 

INTRODUCTION 

I N a  recent  paper [ 1 ] the  generation of short light  pulses by 
gain switching unbiased proton  implanted GaAs/GaAlAs 

double  heterostructure  semiconductor lasers has been reported. 
The  occurrence of relaxation  oscillations is exploited.  The 
pulse width (23 ps FWHM = full width  at  half-maximum) was 
found  to  be largely independent of the rise and fall times of 
the  injection  current  density J ,  and is an  order of magnitude 
shorter  than  these. A new  technically simple way, as compared 
to  mode  locking  for  example,  for  generating  probably even 
shorter pulses has  thus been proved t o  exist. Direct modula- 
tion of lasers might  become  particularly  interesting  for  applica- 
tions  in  optical  fiber  communication close to  1.3 pm, where 
fiber transmission is high and dispersion is close to  zero,  such 
that  presence of more  than  one  longitudinal  mode  does  not 
limit  the  bit transmission rate. 

In this  paper,  a  theory is developed to describe the  kinetics 
of  pulse generation  for high currents above threshold. Bimo- 
lecular recombination processes and realistic injection  current 
pulse  shapes are  incorporated  in  the  model. Phase portraits 
are  used  for  the  first  time  here to  visualize the  solutions  of  the 
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system of rate  equations  which describe the  kinetics of photons 
and  electrons  under  time-dependent  injection  current densities 
J( t ) .  The phase portraits  relate  the  temporal  evolution of the 
number of  charge  carriers to  the  temporal  evolution of the  num- 
ber of  photons  after  application of a pulse or a  step  function 
until  steady  state is reached (if ever). 

There  exist  many  phenomenological  rate  equation  models 
using linear [2] -[8] or nonlinear [9] -[ 171 , including bimo- 
lecular,  recombination rates.  Bimolecular band-to-band  recom- 
bination is known  to  be  dominant in GaAs which is not  too 
strongly  doped  at  room  temperature [9]. The  theory given 
below is based on a  rate  equation  model developed recently 
by  two of us under  more general aspects [ 171 and  extends  it 
to  some specific materials  (semiconductors)  and  excitation 
conditions of practical  importance. In particular  the  time 
dependence of the  external  pumping  rate P is taken  explicitly 
into  account. Bimolecular band-to-band  recombination is 
used. Consequently  the  electron  life-time is not  a  constant, 
but  depends  on  the  electron  concentration. A merit of our 
model is that  it is simple enough to  give clear insight into 
the  mechanism of the  kinetics  and  sophisticated  enough  to 
allow for  quantitative  comparison  with  and  prediction of 
experimental  results. 

THE  MODEL,  SOME  NUMERICAL  SOLUTIONS AND A 

COMPARISON WITH EXPERIMENT 

The  following  processes are  taken  into  account: 
i) Stimulated emission and  absorption of rate gR. N is the 

photon  density. g = l?(E - n t h )  is the gain. E is the  electron 
concentration in the  n-doped laser active region (No completely 
ionized  donors). n th  is the  electron  concentration  for  which 
the  difference of the  electron  and  hole quasi-Ferrnilevels  equals 
the  bandgap. n t h  defines  the laser threshold  for  zero  photon 
dissipation K [ 171 . 

ii) Spontaneous emission rate  into  the lasing mode BEp, 
where p = - No is the  hole  concentration  in  the laser active 
region. 

iii) Nonradiative  transitions  and  spontaneous emission rate 
into nonlasing modes DEp. 

iv) Photon dissipation rate  by cavity  loss, scattering  etc., 

v) Nonradiative  excitation  rate  by  external  pumping via a 
KN. 

time  dependent  injection  current  density J( t ) .  
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Other  excitation processes like thermal  excitation  are  ne- 
glected. B, B" and D are  transition  rate  constants  (cm3 * s-l), 
K-' is the  photon  lifetime. 

The values of  the  different variables like  electron  concentra- 
tion E ,  nth,  photon  densityfl,and  current density Ja re  replaced 
by  normalized  ones: 

n = ii/n,, N = N / n , ,  no = nth/nt, j =  J/Jt, 

where - 
nt = nth + K/B, Jt = (B + D)nt  (n, - N') * q . L 

are  the values at  the laser threshold, q is the  elementary charge 
and L is the  thickness  of  the laser active  layer.  The  time is 
scaled in units 

(&,)-' = (1 - n,)/K, 

Similarly,  dimensionless  rate  constants b = BND (1 - n,)/K, 
d = DND(l - n,)/K and a doping  parameter f = nt/ND are 
introduced. 

Then  the  following  normalized  rate  equations  for  the varia- 
tion  of  the  photon  and  the  electron  density  are  obtained 

I\i= (n - I ) N +  b(ln' - n )  (1 a) 

f i  = (b  + d )  [(f - l)j(t) - {n2  + n ]  - (n - n,)N. (1b) 

Numerical  solutions  of  (1)  are  shown in Fig. 1 for  two  differ- 
ent  injection  currents  and  two  different  sets of  material  param- 
eters.  The  dimensionless  material  parameters b,  d,  no, f are 
derived  from 

D = 1.5 X lo-'' cm3 s-l [ lS ]  , B/D = [ 3 ] ,  

nth = 1.3 X 1Ol8 cm-3 [13], nt = 6.5 X 10" ~ m - ~ ,  

No = 6.5 X l O I 7  ~ r n - ~ ,  

K- '  = 1.25 ps  for Fig. l(a),  (b) 

(d = b = lo-', no = 0.2, f = 10) 

and 

nt = 2.6 X 10" ~ m - ~ ,  No = 2.0 X 10'' ~ m - ~ ,  

K - ~  = 0.2 ps [ l o ]  for Fig. l(c) 

(d=3X  10 -6 ,b=3X  10 -9 ,n ,=0 .5 , {=13) .  

These  are  typical  values  for  GaAs  double  heterostructure lasers. 
The  phase  portraits of  Fig.  l(a)-(c)  show  the  flow n(t) ,N(t)  

of electrons  and  photons  starting  at  time t = o from  the  phase 
point (n = {-' , N = 0). This  point  corresponds  approximately 
to  thermal  equilibrium,  where  the  electron  density is equal to  
the  doping  concentration,  and  the  photon  density is negligible. 

Fig. l(a)  represents  the case  of a  step  function  injection  cur- 
rent  density.  The  time lag between  the  delayed  response  of 
the  photon  density  and  the  instant  increase of electron  density 
is clearly shown.  The  relaxation  oscillations  and  the  decrease 
of their  amplitude  with  increasing  time  towards  a  steady  state 
value  of the  whole  system  can  be  clearly  seen. It should  be 
noted  that  the  current  density  chosen  for  this phase portrait 
is 8.6 times  the  threshold  current.  The  highest value the elec- 
tron  density  reaches (z 1.2 nt) is much  below  that  ratio. 

Fig. l(b)  in  contrast  represents  the  nonstationary case of  an 
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Fig. 1. Phase portraits of photons  and  electrons  with (a) step  function 
injection  current j = 8.6. (b), (c) j = Gaussian  with j o  = 8.6, f, = 
500 ps, t ,  = 250 ps, ff = 280  ps. The  material  parameters  are D = 
1.5 x 10-10 cm3 . s - 1 ,  BID= 10-3, n th= 1.3 X 1 0 ' ~  and  (a), 
(b) I?, = 6.5 X 10l8 ~ r n - ~ ,  N D  = 6.5 X l O I 7  ~ m - ~ ,  K - ~  = 1.25 ps 
(c) nt = 2.6 X 10" ~ m - ~ ,  A', = 2.0 X l O I 7  ~ m - ~ ,  K- '  = 0.2 ps. The 
trajectory  corresponding to the  initial  thermal  equilibrium N = 0, 
n = f-' is shown, 

injection  current  pulse.  A  two-sided  Gaussian is chosen,  to 
allow for rise and  decay  times t ,  and t j ,  respectively,  indepen- 
dent of  each  other.  The  normalized  current  density is 

j ,  exp - [(t  - to)/t,] * for t < to 

io exp - [(t - to) / t f]  for t > to 
i( t> = 

approximating well the  experimentally  used  current  shape. 
The same j ,  = 8.6 as in Fig. l(a), t ,  = 250 ps and t f =  280 ps 
are  used.  The  phase  portrait  shows  that fewer relaxation oscil- 
lations  occur,  decaying  faster  in  amplitude.  Finally  the  system 
is drawn  back  in  the  phase  plane  from N 0, n I. to the  ini- 
tial  point N = 0 ,  n = {-' along  the n-axis.  This corresponds  to 
the decay  of the  electrons  to  thermal  equilibrium on the slow 
time scale d-' by (1 b). During the first  relaxation  oscillation 
the  current j ( t )  can  safely  be approximated  by  its  maximum 
value j,. In order to  obtain  a  pronounced  first  relaxation oscilla- 
tion  the  time  when  the  peak  injection  current  occurs  should 
roughly  be  equal to  the delay  time. 

Already at first  glance a  comparison of the  first  relaxation 
oscillation  of  Fig.  1 (a) to  the first  relaxation  oscillation of Fig. 
1  (b)  discloses a  great  similarity.  Indeed  numerical  calculations 
with  a  large  number  of  different  injection  current  pulse  shapes 
show  that  the  shape of the laser  pulses is largely independent  of 
rise and fall times  of  the  current.  However, a strong  dependence 
on  the  peak  current  and  some of the  intrinsic laser parameters 
is found. Fig. l(c) represents a phase  portrait  with  the same 
injection  current as in Fig. l(b),  but  with  different  material 
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parameters.  The  donor  concentration  and  the  photon  lifetime 
are chosen to be smaller in Fig. l(c). These values are  repre- 
sentative  for  the lasers used in our  experiments. Since nt and 
No were given by  the  manufacturer  up  to  an  order of  magni- 
tude  only  [19] , we determined  their  exact values by  fitting 
them  such  that  the smallest value j ,  for  which  a laser pulse 
occurred agreed with  the  experimental value  of j ,  = 6.7.  Note 
that nt does  not  appear  explicitly in our  calculations as it  only 
scales the  occurring  concentrations. 

Fig.  2  shows  the  normalized  photon  density of the laser 
pulses (relaxation oscillations) versus time  for various peak 
currents j ,  and fall  times t f :  and  the  same  material  parameters 
as Fig. l(c). 

For  a  sufficiently slow current fall time tf and  sufficiently 
large j ,  successive relaxation oscillations can also be produced 
[Fig. 2(b)-(d)] . During  each of these,  the  current  can again be 
approximated  by  an  appro'priate  constant value j < j,. Hence, 
the successive, if any oscillations are  centered  around phase 
points  to be labeled (n",  N") .  Successively smaller N" are 
found  according  to  (3)  below.  The peaks of these successive 
oscillations  are  the  more  pronounced  the larger io, and  the 
slower the  current fall time tf is. They are completely  sup- 
pressed for  short tf [Fig. 2(a)]  or small j ,  [Fig.  2(e)]. This is 
shown  in Fig. 2(a)-(c)  where t f  increases from  150-280 ps and 
in Fig. 2(c)-(e) where j ,  decreases from  8.6-6.7.  The  peak 
height of the oscillations  falls faster  than  normal  relaxation 
oscillations at  constant j = j ,  would,  and  the FWHM of  each 
of them  becomes successively broader. 

With  increasing j ,  the full width  at half maximum (tFWHM) 
of the  first  relaxation  oscillation,  the  distance  between subse- 
quent  oscillations T and  the delay time T~ between  current 
and  photon pulse  decrease, the  peak power (proportional  to  the 
peak  photon  density N,,,) of the laser pulses on the  other 
hand increases dramatically. Fig.  3(a)-(d) show  explicitly  the 
dependence  of  these  four  quantities  on  injection  current  den- 
sity  for  a larger current range. 

The  independence of the  shape of the  first  relaxation oscilla- 
tion  of  the  injection  current pulse shape is in good  agreement 
with  the  experimental findings  of Klein et al. [ 1 ] . 

In  order  to  compare  with  the  theoretical  predictions  for  the 
j-dependence of t F W H M ,  T ~ ,  T ,  and N,,, we made a number 
of new experiments using the  experimental  set-up described in 
[I]. The transient  photocurrent  from  a  Schottky-diode was 
displayed on  a  fast sampling-oscilloscope (tr 20 ps). The 
overall response  of the  detection  system was determined  to 
have a FWHM of about  28 ps by  means of a 2 ps pulse from  a 
mode-locked  dye laser. Since the  measured signal (Fig. 4) is the 
convolution of the  photon pulse N(t )  with  the response of  the 
detection  system,  the pulse widths  are significantly broadened. 
The results for T~ and T are  included  in Fig. 3.  Excellent 
agreement  with  theory is found. Due to  lack of time resolu- 
tion  unfortunately no similar comparison can be yet  made  for 
FWHM and  peak  power,  which  are  certainly  the  more  important 
quantities  from  the  point of view of applications.  From  the 
theoretical analysis it seems to  be feasible to  produce laser 
pulses narrower  than  10 ps, having a  peak  power far beyond 
1 w. 
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Fig. 2. Photon  concentration  in  units of nt versus time as numerical 

solution of the  rate  equations  (1)  with  the  same  material  parameters 
as in  Fig.  l(c).  The  injection  current  in  modeled  Gaussian  according 
to  (2)  with to = 500 ps, T,. = 250 ps. 

(a) if= 150 ps, io = 8.6 

(b) tf= 200 ps, io = 8.6 

(c) t f =  280 ps, io = 8.6 

(e) t f =  280 ps, io = 6.1 

ANALYTICAL SOLUTIONS 

In order  to gain deeper  physical  insight into  the mechanism 
of the laser pulse generation, we shall try  to  obtain  analytical 
expressions for  the delay time  and  the  width of the laser pulse. 
First,  solutions  of  (1)  in  terms of  phase portraits  for  the flow 
n(t)  and N(t)  (Fig. 1) are discussed in  more  detail. 

Neglecting spontaneous emission into  the lasing mode (b  = 0), 
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Fig. 3. Delay time Td, width of the  photon pulse IFWHM, spacing of 
the first  two  relaxation  oscillations T ,  and  amplitude of the  first 
relaxation  oscillation Nmax (= peak  power  in  arbitrary  units) as a 
function of io. The crosses  are experimental values, the lines  are 
numerically  calculated  [parameters as in Fig. l(c)] . 

the  steady  state (n*, N * )  of (1) for  a  constant  current is  given 
by 

N" = 0, n" = (1 + d l  + 4{({ - 1)7)/(2{) 

for j < 1  (below  threshold) 

for j > 1 (above threshold) ( 3 )  

For  fixed j ,  the flow  of  photons N(t) and of electrons nit)  
is always  directed  towards  the  appropriate  steady  state,  which 
is therefore  always  stable. 

The  steady  state is defined  by  the  intersection of the curves 
= 0 and ri = 0, which  are  respectively 

N = O , n =  1 (4a) 

and 

N = d[ ( {  - 1 ) j  - {n' + n ]  i(n - no).  (4b) 

The  question of the  path  in  the (n ,  N)-plane  by  which  the 
steady  state (n*, N * )  is approached  can  be  answered  by  linear- 
izing  (1) around  this  steady  state  and solving the  rate  equations 
explicitly  in  its  neighborhood. If the  discriminant 

A = d { ( c -  l)( j  - 1) - $d[2{  - 1 

+ (S  - l>( i  - l>/(l - no>] 'I (4c) 

is positive, all trajectories  spiral  around  a "focus" '(n", N * )  
with  angular  frequency o =a. If A < 0, the  steady  state 
represents  a  "node,"  i.e.,  any  trajectory  approaches  the  steady 
state  along  one of two  straight lines in  the  phase  plane  with 
different but fixed  slope dNldn. In our model A = 0 singles 
out an injection  current  density j l  2 1 below  which the  steady 
state is a  node  and  above  which  it is a  focus.  For  physically 
reasonable  parameters (d << 1)  we find  approximately jl 2 1. 

For  a  time-dependent j the curve ri = 0 (4b)  changes,  and 
with  it  the  whole  flow  picture of the phase  portrait.  Hence, in 

t i m e  
- 

Fig. 4. Measured  response of a  GaAs Schottky  diode to three laser 
pulses  with  different  injection  currents  corresponding to Fig. 2(c)- 
(e). The  insert  shows  the  applied  injection  current pulse shape versus 
time (FWHM: 440 ps). 

contrast  to  the  standard  phase  portraits  for  autonomous  systems 
of differential  equations,  a  trajectory (n( t ) ,  N(t)> can  intersect 
itself as shown  in Fig. 1 (b). 

Initially,  at  t = 0 we have j = 0, and  hence,  by (3) the  steady 
state is N* = 0, n* = {-I . As j increases, the  steady  state  first 
moves  along the  n-axis,  and  then,  above  threshold,  along  the 
line n = 1, by (3). The  flow is directed  away  from  the  initial 
point N* = 0, n" = {-' , as indicated in Fig. 1.  The  increase  of 
photons  by  (la) is negligible as long  as n < 1,  and  the  electron 
number n(t)  increases  by (i b) with N 2 0. If the  current  den- 
sity j ( t )  rises sufficiently  fast  on  the  time scale of  the  electronic 
transitions (d - ' ) ,  the  phase  point  (n(t),N(t))  remains  at  suffi- 
cient  distance  from  the  actual  steady  state (n*,N*) in the phase 
plane, Le., ({ - l)j(t) >> {n(t)' - n(t). Hence,  the  recombi- 
nation  term  in  (lb)  may be  neglected,  and n(t) is g~ven  approx- 
imately  by 

n(t) = {-l + d({ - l)jo f(t') dt' l* ( 5  1 
where f ( t )  is the  current  shape  fufiction. 

The delay time Td for  the  onset  of  the  photon pulse  can  be 
defined  by n ( T d )  = 1.  Experimentally,  it  may be more  appro- 
priate to  define Td by  building up a  certain  minimum  photon 
concentration,  but  this  only  shifts Td by  a  small quantity.  For 
a  square-shaped  injection  current  it  follows  from (5) 

T p a r e  [ I  - {-' J [d({ - 1)j0]-' = (d{j0)-' . (6a) 
In  dimensional  time  units  the  delay  time is (Dn,j,)-' . For 

an  exponentially rising injection  pulse ( f ( t )  = 1 - exp (- t/t,)) 
one  finds  for t, << T~ : 

T d  ZZ Tjquare + t r' (6b) 

For  a Gaussian  pulse f ( t )  = exp - [(t - t,)/t,] ' with t, << 
to 5 Td one  has 

Td  T;quare + - - fi 
0 t,. (6c) 
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Quite generally the  approximations  [(6a)-(6c)]  are valid 
for large io as used in  our  experiments.  Due to  the neglect 
of recombination  the  approximate delay times  are slightly too 
small. For  the  parameters  appropriate to our  experiments [see 
caption of  Fig. 1(c)]  the  error as compared  to  the  numerical 
solution [Fig.  3(a)] is 8 percent  for j ,  = 7,  5 percent  for j ,  = 
7.6 and below 2 percent  for j ,  2 10. Note  that  in case of step- 
currents  more  sophisticated expressions for T~ are available 

For n > 1 stimulated emission becomes  effective,  and  the 
photon  number increases. Relaxation oscillations are  initiated. 
During  each of these  the  current j ( t )  may be approximated  by 
an appropriate  constant value j .  From (l), linearized around 
the  steady  state (n*,N*) for  fixed j zz io, one  finds  oscillatory 
solutions  sN(t),  6n(t) - e-h fe- iwf  (6N: = N - N ” ) ,  6 n :  = 
n - n*) with  damping  constant 

[91 ~ 1 1 .  

h = d[2{ - 1 + (j- - l)(jo - 1)(1 - no)-’] /2 (7) 

and  period 

T :  = 2nfw E 2n/dd({  - I)(?, - 1) for d << 1 .  (8 1 
In the linear approximation  the first relaxation  oscillation  for 

h << w is almost an ellipse centered  around  the  steady  state 
N* = d({ - l ) ( j  - l) /( l  - a,), n* = 1 with  maximum  photon 
concentration 2N*. Hence, in the linear approximation  the 
FWHM of the  photon pulse is T/2,  i.e., in  dimensional  time  units 
~ { ( n ,  - n th ) / [ (n t  - Ab)DntK(jo - 1)]}1’2. However,  from 
the phase portrait  [Fig. 1 (a)] it is obvious that  the peak photon 
concentrationNmax is drastically  increased by the  nonlinearities 
in  (1), such that  the FWHM becomes essentially shorter  than 
T/2. This effect is the  stronger,  the larger j ,  is. 

An approximation of the  nonlinear FWHM can be computed 
by retaining, in the  photon  rate  equation,  in  addition  to  the 
terms arising from  the  linearization  around (n*> N*) ,  the  full 
nonlinear gain and loss terms. An exact first integral of the 
rate  equations  can  then be obtained [20j . If the  second  inte- 
gration is carried out  approximately  up to lowest order  in  the 
small parameter N*/6N,  the following FWHM is found: 

tFwHM 0.8 dN*/(Nmax - N * )  T/2. (9) 

For Fig. %(c), e&, this means tI?WHM e 0.4 T/2. 
Obviously this  approximation is good if N*/(Nmax - N*)  is 

small,  i.e.,  for  a large overshoot ofNmax over N * ,  as is the case 
for large io. For  the  parameters  appropriate  to  our  experi- 
ments  there is excellent  agreement  with  the  numerical  result, 
the  error being less than  6  percent  for jo 2 7.6 in Fig. 3(c). 

Alternative  approximations of tFWHM were given by Van 
der  Ziel and Logan [21] for  combined dc and microwave cur- 
rent  injection. Their analytical  approximations  are valid for 
dc currents close to  threshold  and  are  thus  complementary  to 
our  calculations. 

CONCLUSION 
In conclusion?  the  kinetics  of  extremely  short laser pulses 

and  the  dependence of their delay time,  their  width,  the  num- 
ber  and spacing  of successive relaxation  oscillations  and  the 
peak  photon  concentration  upon  the  injection  current j ( t )  
and  the  electron  and  photon lifetimes  can be readily understood 

from  the above  phase portrait analysis which used a novel 
technique  for  explicitly  time-dependent  rate  systems.  It is evi- 
dent  that  the laser pulse width is not sensitive to  a  variation  of 
the rise and fall times  of  the  injection  current as long as the rise 
time is smaller than  the delay time of the laser pulse. Analyti- 
cal approximations of the delay time  and  the FWHM have been 
obtained  in  the case of  high peak  injection  currents well above 
threshold (J/J, > 7). Our  analysis suggests that  the FWHM 
decreases approximately  as  the inverse square  root of the  peak 
injection  current (in excess of the  threshold  current). 

We have also used  other  sets of material  parameters  in  order 
to  check  the sensitivity  of our numerical results to  these val- 
ues. For  instance, we have varied the  donor  concentration  in 
the range NO = 4 X 10’‘ * * . 1 X lo1’ cmW3,  which  produced 
only slight  changes in  the pulse width (tFWHM = 6.5 . . . 8.5 ps 
for io = 10). An  increase  of the  spontaneous emission coeffi- 
cient B/D by  a  factor of 10 increases the FWHM by  one  third 
and decreases N,,, by  one  third  for j ,  = 10.  Further increase 
of B/D eventually suppresses the  relaxation oscillations alto- 
gether-an effect  which has already been pointed  out previously 
[3j . A decrease  of D or K increases all relevant times signifi- 
cantly ( T ~ ,  T ,  tFwHM). However, our  experimental findings 
for T~ and T as well as other  references [lo] , [18j strongly 
support  our’choice of values for D and IC. Thus  within  reason- 
able ranges of material  parameters  our numerical and  analytical 
results suggest the  feasability of even shorter puises than previ- 
ously  obtained  down  to  the  10 ps  range. Experimental  work 
on  this  has  started,  but  no results can be presented as yet. 

The  inclusion  of  the bimolecular recombination  term is essen- 
tial  for  the  modeling of the  experiments  considered.  The  pho- 
ton pulse depends sensitively upon  this  nonlinearity in the  rate 
equations, because the  electron  lifetime changes considerably 
during  the  transient process. The effective electron  lifetime T, 
defined  by linear regression to  the  steady  state n”(61i = - 6n/T,) 
is given by T~ = d-’ [2{n* - 11-l. This  yields T ,  = d-’ at  ther- 
mal equilibrium,  but T ,  = d-’ (2n,/ND - l)-’ at  threshold, 
which differs,  for  example:  by  a  factor of 25 for the  parameters 
of  Figs. 2. Thus,  it is impossible to  model  the whole transient 
process by  a single constant  lifetime. 
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