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1. SUMMARY  

This report is à concise description of work completed 

during the contract "Development of Ultrafast Response Semi-

conductor Diode Sources for the 0.8-1.0 and 1.0-1.5 Micron 

Wavelength Ranges" (Contract No. 13ST.36001-0-3283). 

The basic objectives which were envisaged at the 

commencement of the contract have all been successfully 

attained or exceeded. The results achieved are summarized below. 

1. .Diode laser dynamical models have been developed which are 

capable of predicting light output characteristics for driver 

current pulses from D.C. to tens of picoseconds duration. 

The models employed are relatively simple but incorporate 

all the necessary features to permit reasonably - good predictions 

to be made of device characteristics for operation on a less 

than 100 psec timescale. These models can be employed, in 

conjunction with appropriate device parameter measurement or 

evaluation, to establish trade-offs between output.power, pulse 

length etc. for different device types. 

2. It has been clearly shown that, in order to achieve very 

short pulse lengths from directly driven diode laser sources, 

it is necessary to operate at very high values of the ratio 

(%31 	of pumping current to the threshold value. In this 
th 

operating regime, a number of terms in the laser dynamical 

equations can be omitted, and a simpler semianalytical model 

has been developed for this case. 

3. Techniques have been developed for the measurement of 

relevant device parameters, and standardised mounting systems 

and methods have been established for reliable intercomparison 
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between devices. In order to make comparison between theory 

and experiment, it is especially important to have knowledge 

of the current drive pulse shape and peak value. This is no 

simple matter for pulses on.a picosecond timescale, especially 

for the case where the drive circuit operates directly into 

the diode impedance. A method has been developed which permits 

reliable display of the diode current pulse even for the direct 

drive situation. 

4. A series of high repetition rate laser pulse drive systems 

have been produced, aimed at ever-increasing driver current and 

repetition rate. The final design is capable of driving a cW 

laser diode sufficiently far above threshold to give pulses with 

risetimes well below 100 psec at a rate in excess of 10 8 
pps, 

for both long and short wavelength laser diodes. 

5. For ipperation at low repetition rates, a standardised drive 

system has been developed which is capable of producing peak 

currents close to 10 amps in a nanosecond pulse. This is more 

than sufficient to produce, from typical devices, pulses 

psec long with output powers r-'100 mW peak. However, there is 

wide variation between diode sources nominally of the same type 

from a given manufacturer. 

6. Designs have been developed for both pulsed and cw laser 

diode sources, operating at long and short wavelengths, giving 

low and high repetition rate source systems having specifications 

which generally exceed the original aims of the contract. Details 

are given in the main body of the report. 



2. PROGRAMME OBJECTIVES AND RATIONALE  

High speed photodetectors and light sources in the 

0.8 to 1.0 and 1.0 to 1.5 micron wavelength range are essential 

in ultrahigh speed optical communications systems and in 

system characterization, laser research, radiation and photo-

chemistry and in laser ranging. Opto-Electronics Ltd. has 

already developed a line of very high speed detectors with 

risetimes as low as 25 psec for selected devices. These devices 

substantially advance the state-of-the-art capability of 

detectors, especially in the long wavelength region. As indicated 

above, this opens up a vast range of applications to exploitation. 

The full realization of the capabilities of these 

detectors demands the availability of intense, high brightness, 

variable wavelength, light sources which respond on a timescale 

commensuÉate with (and operate at wavelengths appropriate to) 

these state-of-the-art detectors. Such sources should be small, 

relatively inexpensive, low voltage, fibre compatible devices - 

especially if the information-carrying capability of optical 

fibres in the 0.8-1.0 and the 1.0-1.5 pm wavelength regions is 

to be exploited. Sources of this type can be developed by 

employing solid-state laser diodes of differing type and structure, 

and manipulating the composition es well as the geometrical 

and electronic structure. The conjunction of laser diode sources 

with ultrahigh speed, variable repetition rate, laser drive 

circuits will provide the necessary complement to the ultrafast 

detectors and thereby allow, for the first time, full exploitation 

of many of the above-mentioned applications of picosecond time-

scale phenomena. 



Present day sources generating output pulses on the 

requisite time scale are generally large and expensive, require 

high voltages, depend on difficult and unreliable technology, 

are not fibre-compatible and can be obtained only in a 

restricted wavelength range. This circumstance has been 

dramatically illustrated in the present Company detector development 

programme. Current prototype detectors operating in the 1.1 to 

1.5 micron wavelength region cannot be fully characterised in 

terms of temporal response sincee prior to the present work) 

 there were no sources in existence capable of responding as 

fast as the detectors! The only devices available which operated 

at a sufficient repetition rate to employ sampling techniques 

in detection (necessary for good detection on a timescalee,-, 50 

psec in this wavelength region) were Nd:YAG lasers (or sources 

based on.this laser). These sources have pulses about 200 psec 

long, which are not'adequate for our purposes. It is interesting 

to note'that one of the major manufacturers of Nd:YAG lasers 

was able, for the first time,  to observe the length of the 

standard mode-locked output pulses from his laser system at 

1.3 microns using one of our detectors. 

clear from the above that there is a great need 

laser sources with capability complementary to our line 

of detectors in the 0.8-1.0 and 1.0-1.5 micron wavelength ranges. 

therefore, have tackled the problem of developing such 

sources using appropriately tailored semi-conductor diode sources 

allied to suitably designed ultrafast electronic microwave 

switching and drive circuitry packages. The approach employeà 

exploited the capabilities of Opto-Electronics Ltd  in the 



areas of thin film materials, ultrahigh speed electronics and 

optics. 

There are two key aspects of the approach we took to this 

problem. One is the development of ultra-fast device housings 

and electronics in which individual diodés can be mounted and 

tested (with repeatable results) and thereby the inherent 

device capability ascertained. The other key aspect is the 

development of time-domain device models capable of predicting 

device response on the requisite time-scale; given the basic 

device parameters. This kind of approach was also used very 

successfully in the Opto-Electronics Detector Programme. The 

work completed in the key areas during this contact is reported 

below. 

3. PROGRAMME STATUS  

In this section, the results attained in both the experimental 

and theoretical modelling aspects of the programme are described. 

Initially the status of the modelling is discussed; thereafter 

results achieved with both low and high repetition rate drivers 

are discussed. 

Laser Diode Modelling  

The analytical approach taken to diode laser modelling 

follows along relatively standard lines (except that the timescale 

over which it is employed is much shorter than that normally 

employed). Coupled rate equations are used to describe the 

photon and electron (upper level) number densities within the 

gain region of the diode laser.(1) 
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Some of the basic physical considerations involved in 

developing the laser dynamical equations were discussed in the 

previous reports, which should be consulted for further details. 

For a laser diode, the dynamics under pulsed current 

conditions represent a complicated interplay of photon densities 

and injected electron densities, both energy dependent. The 

lasing action may be described by a pair of coupled rate equations 

for the electron and photon niimber densities, (1) as long as some 

simplifying assumptions are made. These assumptions include: 

1) all parameters are uniform inside the laser cavity, 2) the 

photon lifetime inside the cavity  (Th)  and the carrier lifetime P 
due to spontaneous photon emission and non-radiative decay  (Te ) 

are constant, 3) effectively only a single longitudinal mode is 

lasing, 4) the gain coefficient ià a linear function of the 

injected . carrier density N
e above an initial value N . om 

For a single Fabry-Perot mode, the coupled rate equations 

then 



In these  équations,  J is the pump current density, e 

is electric charge, d is the width of the recombination region, 

Ais a gain proportionafity constant, Nph is the photon number 

density and y is the fraction of spontaneously emitted photons 

which couple into the lasing mode. The simultaneous solution 

of these two equations will give the light pulse dynamics for 

a given set of material parameters and a specific current 

pulse J(t). 

This system of equations has been solved numerically 

using the Runge-Kutta method (2) 
for different sets of input 

parameters. Initially, the simulataneous equations were written 

in terms of normalized units before being programmed, using the 

following normalizations: 
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The normalized equations are: (Note that capital N! 

-to'normalized-number densities): 
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The correctness of the programming was checked, as 

reported previously, by comparing the numerical solutions for 

a step current pulse to the analytic solution for the same. 

In response to a step current pulse, a diode laser exhibits 

transient effects as the population densities come into 

equilibrium. Figure 1 illustrates a typical numerical solution 

.for a current pulse with amplitude 8.182 times the threshold 

current of 1.1 normalized units. The initial slope of the 

electron density build up is J/T s
, as expected from analytic 

(3) solutions to the rate equations. 	Since lasing action does 

not occur immediately at the time the electron density reaches 

the threshold value for lasing, the electron Censity "overshoots" 

its equilibrium value, and oscillates about this value as the 

system approaches equilibrium. the equilibrium values 

(' R.  171 ) are (setting the time derivatives in the rate equations e ph 

equal to zero and solving): 

1±1..+1-y).2 	4 

Jth  

2 (1-y) 

(1-y) 
 

ith 
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The values for the lasing threshold current j 	and 
th 

electron density N
eth 

are identified from the solution to 

II 	 these equilibrium equations: when ii e  approaches N eth' the 

II 	

photon density rapidly increases indicating lasing action; 

when the current is slowly raised, the electron density 

approaches, and is "clamped" to) the value Neth . Referring 

to Figure I again, the photon and electron densities oscillate 

about their equilibrium values calculated using the above  • 

equations. This kind of behaviour is typical of the dynamical 

response obtained for the laser output and the inversion 

on .a subnanosecond timescale. 

One method of producing a high peak power, very narrow 

light pulse is clear from Figure 1. When the pumping current 

step is several times threshold- value, very sharp, strong 

transiént spikes are obtained in the photon output. If the 

pumping pulse is turned off quickly enough, as the first spike 

builds up, then a single output pulse should be obtained. 

Figure 2 shows the results obtained for the case in which para-

meters typical of pulsed GaAs diode lasers have been used. ' 

The upper half of the figure shows the output pulse (and the 

carrier density) for a constant current pulse of a value twice 

the threshold current, initiated at t=o. Observe again that 

pulse is already quite short, but a second (and 

relaxation oscillations occur. As indicated 

above, we must cut off the current pulse to obtain just a 

single optical pulse. However, the choice of cut-off point 

is rather critical. If the pulse stretches much past the 

first light pulse peak, a second pulse will appear. If, 
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on the other hand, as shown in the lower half of Figure 

cut the current pulse off 100 psec too soon, the optical 

pulse doubles in length (and in fact reduces in intensity 

by a factor of 100). Practical current pulses are not 

rectangular, and we can consequently expect observed output 

pulses to be rather sensitive to the shape of the laser 

drive pulse. 

As a consequence, a particularly important aspect of 

the numerical modelling we have employed is that the as-measured 

current drive pulses are fed in as a specific input to the 

model. In this way, direct comparison between experiment and 

theory can be used to explore the impact of current risetime, 

pulse length, fall time and D.C. bias on the laser dynamics. 

The methods used to determine this, and other input parameters 

t . 	theory are described later in this section of the report. 

The model as described thus far has been utilised t 

predict general trends in the laser output and a number of 

specific examples were described in the six month report. Some 

further examples of the behaviour of the laser output as a 

function of control parameters are shown in the next few 

figures. Figure 3 shows the variation of the full-width-at- 

..f .the laser output 

for selected parameters. The 

of the spontaneous emisbion parameter is taken as y = 

which is typical of measured value s . The two values 

which is the ratio of the inversion lifetime to, the photon 

decay time, bracket thé expected values for the lasers 

investigated. The value of Nom  is rather lower than typical 
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values; however the case is illustrative of the results 

obtained with other values. Furthermore, the value of Nom 

could, in principle, be incorporated into the photon lifetime 

in the resonator, since it merely corresponds to a specific 

(band-to-band) absorption mechanism. The photon lifetime is 

the only parameter which is used to fit theory to experiment - 

all other ,  relevant input data are measured. Figure 4 shows 

a plot of the laser pulse FWHM as a function of the inverse 

of J/ 	for for a range of values of w; other input parameters 

are the same as for Figure 3. Observe that an almost straight 

line relationship is obtained between the pulse FWHM and  • 

the inverse of the pumping current. We shall arrive later 

at a similar result, for reasonably high values of J/, when 
'th' 

a simplified model is developed for this regime of operation. 

Finally, Figure 5 shows the dependence of the laser pulse 

FWHM as a function of the ratio of the photon lifetime .in the 

resonator divided by the spontaneous lifetime. That is, 

it depicts the dependence of the FWHM on resonator losses 

for a range of values of. J/„. . This clearly shows that 
'th 

very short pulses can be obtained in principle if high 

values of J/ • can be maintained for - high values of the 
th 	' 

resonator loss. Furthermore, the basis is established for 

a trade-off between resonator loss and available peak current 

in so far as producing a selected pulse length is concerned. 

This, of course, is only trueif the theoretical nndel provides 

good description of experiment; the comparison between 

theory and experiment is consequently the next step to be 

explored. 



1/PUMP LEVEL 

Figure 4  Calculated FWHM of the laser pulse as 
function of the inverse of the.pump level- (J/ 

;-- jt 

.1 .2 .3 

.05 

.04 

P 

0 
4 

.03 

Q.) 

• 	

.H 

. 0 2 
0 

M •01 



16 

Fig 	tire 5  Calculated FWHM of the. laser pulse as a. 
function of the rato of the photon  lifetime to the 
carrier lifetime for a range Of pump levels. 
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It is very convenient for analytical purposes to have 

the equations in a normalized form- However, for purposes 

of comparison with experimeht, it is much more appropriate 

to have experimentally measured parameters as direct inputs 

to the analysis. Thus, it is appropriate to determine the 

threshold current,  and use this, in conjunctioh with resonator 

losses to determine the gain parameters. In this way we 

can address directly questions such as whether it is appropriate 

to use lower or higher threshold devices to produce high 

output power and short pulses. 

The recast computer model has been used to investigate 

.how lasers,of varying threshold current respond to a given' 

input current' pulse. The 'cürrent.f pulaeshape is similar to 

the ene used in the simulation-,df the experimental respOnse 

described later. For the largest J/J considered (10), we th 
- 

chose J = 1.71x10 a-cm 	which, for an area of 2.7x10
4  am 2 

th 	 ' 
corresponds to a threshold current of 4.6A, which is typical 

of high threshold devices. The ratio (J/J ) was changed th 

by varying the threshold current using different values of 

t1 •  

Figure 6 shows the  FWHM and risetime of the first laser 

A very interesting 

As the pumping ratio increases, 

lpulseWidthdedreases: râpidlyïfreachesa  minimum  then'begins 

:UnderthéSelected  conditions  

. pulse occurs for à puMPratio:icif .  àpproxiMately 

results betWeèncomPeting effects., 

smaller ratio, the radiation density,would eventually 

about gain 'saturation at a .  ' later'  stage in the .pulse and at a 
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lower gain value, reducing the speed at which the light output 

	

increases near saturation. If it were a larger ratio, gain 	 • 

saturation would occur earlier, at a time when the pumping 

is still rising rapidly. This tends to stretch the rising edge 

while  the longer photon lifetime reduces the abruptness of 

the falling edges. The peak intensity increases with pump 

ratio also because of the increased-photon lifetime and 

greater net gain. 

As one may gather from the above discussion, it is 	 • 

expected that the optimum pump ratio will depend on the input 

current pulse shape and on the peak current available. 

From the preceding discussion, it is apparent that the 

input current pulseshape will strongly affect the laser out-

put. Of course, the critical ,part of the current pulse 

extendà from the time the net gain becomes positive to the 

time it is quenched by the growing photon density in any 

particular case. However, the time region in which this occurs 

is determined by laser resonator and gain parameters. To 

obtain short pulses, it is important that the gain be rising 

rapidly as the photon density grows and that the pumping stops 

suddenly as soon as gain quenching occurs. This implies that 

the portion oe the current pulse below- threshold current is 

relatively unimportant but that the high.current portion should 

e as large and fast as possible . 

xe, let us consider briefly hae the above considerations 

are affected by the existence of multiple filaments. In a 

rea1 laser, the optical loss is expected to vary somewhat even 

in the plane of the junction. There will be regions of lower 
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crystalline perfection, greater recombination center density. 

or cavity mirror imperfection. The threshold current density 

will vary along the junction plane but, the pump current density 

should remain uniform - in a first approximation. In other words, 

a single laser may combine the various pump ratios investigated 

' earlier (see Figure 6). In each of those cases, the output 

•typically consisted in a series of laser pulses. The greater 

• the Pump ratio, the sooner the lasing 'threshold is.reached. 

Therefore, in the case of multiple filaments, we would expect . 

a series of irregular laser pulses. If the number of filaments 

sufficient1y large, those pulseà may merge.into a single 

irregular pulse whose length could be a significant fraction 

, of the input  pulse length. 

Of course those considerations are strictly valid only 

if each filament lases independently. Some evidence has been 

presented in the 12 month report to support this picture. 

.-Up - to this point, it has been assumed that a single 

:mode is lasing at any given point. Of course, at high pump . 

levels, -  it is•possible for higher order modes to experience.. 

Sufficient gain to produce lasing. To gain some appreCiation 

their•importance under various conditions . while retaining 

the- simplicity of thebriginal:modeI, we assume that the losà 

;.of, -the higher order .  mode is,sufficiently greater. than •that  of  

e..fUndamental.mode - for-ità,photon density to remain relatively., 

to say,-we'àddress the questibn of.  how hard we ' 

can pump the. firàt laSing mode Without producing Significant -

,àmounts -of radiation'in'higher Order-mcides as à function.àf -2' 
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the loss difference between them. The photon density 
th the i mode must satisfy the following rate équation: 

in 

dp 
dt 

	

Y. 	• 	Pi 
, + 	N(.t) - — L 	,T 	 T. 

= A [N (t) -Nord 

where A is the gain proportionality .  constant, Nom  the zero 

gain electron density, T. the photon lifetime in the ith mode, 

y  the fraction of the spontaneous emission injected into the 
th i mode and T is the spontaneous recombination life -time. 

The excess electron density N(t) is assumed to be the same as 

would occur if there  was  °illy a fundamental  mode.  

If the spontaneous emission contribution is neglected 

except as an initial condition, the logarithm of the amplifica-

tion from the time of threshold to the end of the light pulse 

is equal to the intégral of the-  net gain over that period. 

This integral was evaluated numerically for various 

photon lifetimes over the period for which the net gain is 

posi -tive  integrand positive) for dynamics fixed by the 

first labing mode.  Figure 7 shows  the amplification seen by 

given mode as a function of its total loss for a laser with a 

fundâMentaimodelCSs'O'f -.29-: and one with 

119.3 cm . Of course the validity of the figures improve 
, 	 - 

the mode loss increases relative to that of the fundamental 

of the figures improve as 

That is t.  -the calculation is only strictly valid 

wheri the- second-m(5de intensity 

operating mode.  

is well below that of the first 
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Amplification of higher order mode reached by the time the 

returned to zero. It was calculated for a material with 
-1 oss in the fundamental mode" of 29 .3 cm and one with a loss of 119 .3 cm 

a = 29.3 cm-1 = 119.3 cm-1  
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For a given relative increase of the mode loss over 

that of the fundamental mode, the drop in amplification is 

seen to be more important in the higher threshold material. 

In the latter case, a mode of loss 10% above the fundamental 

mode loss is very unlikely to be visible compared to the 

fundamental mode itself. 

However, a higher order mode will typically differ by 

its diffraction loss which represents roughly an increase of 

20 cm-1 over the low order mode. In that  case, the high 

order mode will see approximately the same amplification, the 

material threshold notwithstanding. Therefore, it doesn't 

appear possible to reduce the likelyhood of higher order modes 

by a choice of material on the basis of threshold current or, 

at least, not in view of this simplified model. However, 

the soùrce of the variation in threshold between different 

samples of the same laser type is not clear, and it is quite 

possible that junction confinement conditions vary, in which 

case so does the differential diffraction loss between 

different spatial modes. 

In any event, on an experimental basis it is found that 

there are very wide variations in behaviour between different 

pulsed threshold devices of nominally the same type and with 

similar lasing thresholds. This presumably reflects variations 

in relative losses between filaments and local variation 

in  material Parameters in the diode jiinction 
• 

general, for the purpose of ourinvestigationi We have discarded 

pulsed laser devices which give'multifilamentary . operation, as 

soon.ab threshold is significantly'. eXceeded. The quality of . 
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the results obtained from the remaining devices is indicated 

below for a selected case. Further details, and additional 

intercomparisons between theory and experiment are given in 

a later section concerning low Repetition Rate Devices. 

Experiments have been undertaken using pulsed, relatively 

high threshold laser devices. Such sources have the dis-

advantage that peak drive currents of several amps in nanosecond 

long pulses are required. On the other hand, operation is 

such that pulses on a 100 psec timescale are obtained. This 

timescale is considerably in excess of the response of 

sampling oscilloscopes mated with Opto-Electronics' detectors, 

and so permits good comparison : to be made between experimental 

observation and model prediction. The agreement between 

theory and experiment is generally good in this dynamical 

regime'using current pulses with peak current values not 

greatly in excess of threshold. Figure 8 shows a schematic 

of the drive circuit used to produce the requisite high drive 

currents for these devices. An avalanche transistor is used 

to switch the charge stored in a capacitor. A dc bias can be 

applied to the laser diode through an inductive connection 

the laser current is measured using a small pick-off capacitor 

). This pulser system has been used to  drive .a  number of mon 

diode samples, both single and double heterostructure, over a 

wide range of drive Currents, and the output pulse full width 

half maximum (FWHM), time delay to the onset of lasing 

start of the pump pulse, and the peak output power have 

been determined as functions of the drive current. 

s indicated, a very good fit is obtained for all these 
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1 

1 

dynamical variables, an example of which is illustrated in 

Figure 9 which shows the variation in the measured pulse FWHM 

as a function of drive current. The open circles correspond 

to a theoretical fit to the data; the slight kink in the curve 

at around 8 amps is real and corresponds to a shoulder in 

the falling edge of the current pulse. The fitting procedure 

only involves the variation of the resonator loss; all other 

relevant laser parameters are determined independently. 

At this point, we have a theoretical model which givès 

an excellent descriptionof experiment for pulses in the 50-200 

psec region with drive currents up to two or three times 

threshold. The next question is, can we generate much shorter 

pulselengths, and, if so, at what peak output power. Figure 10 

shows the result of taking the Current theory and projecting 

to higher values of '1/, . It is clear from this that very 
'th 

high values of J/, are needed to obtain short pulses and, it 
u th 

turns out, the shorter the pulse the higher the output power. 

This circumstance dictates the use of low threshold current 

lasers. As a consequence, we have made a preliminary investigation 

of the high J/ T  region using continuously operating diodes 
'th 

which typically have threshold currents in the region of 100mA 

or less. Before we go on to consider the experimental results, 

it is interesting to observe that, at high values of J/„ 
u th' 

the laser model can be simplified such that a semi.ranalytical 

solution can be obtained for the pulse FWHM as a function of 

appropriate (normalized) laser parameters. The details of 

this analysis are given in Appendix A. Figure 11 shows the 



1 0 0 r 50 

80 

60 

cn 

ri3 

(-1-1 

cri 

rd 

H 

1.4 

40 

- N 40 

o 

. '30 4 
3 

- 20 
• numerical model 

sp 
for w - 	= 1000 

T h  

1 0 20 
11/2 

FWHM = 2.5 
Tph 

 max 

0 15 10 
1/2 

[w/Pmax l 	• (normalized) 

1 «100 25 
I 	 II 

100 10 

out (W) 

2 

FWHM fcn of PEAK OUTPUT 

Simplified model 

• 

Figure 11  F.W.H.M. vs. peak output power, comparison 

between simplified model and numerical model 



30 

I. 

predictions of the approximate theory in terms of normalized 

parameters. We see from this that the FWHM is a linearly 

decreasing function of the inverse of the square root of the 

peak output power. To make contact with previous calculations, 

and to give an idea of what the normalized parameters translate 

into for a standard pulsed, high threshold laser diode, 

appropriate scales are shown for actual values of the FWHM‘, 

• LT 
and the output power. In addition, the results obtained 

th 

by using the. full numerical model directly are indicated on 

the figure as dark circles. There is evidently good agreement 

between the full and approximate models even for values of 
u th 

as low as 2. Again, it is clear that very high values of 

J/ 	are are needed to obtain short pulses. Note also that the 

shorter the pulse, the higher the peak output power (more than 

proportionately so). So, if very short pulses are desired 

it is necessary to use low threshold devices (high threshold 

devices would require peak currents ;-'11.1 50 amps!). Consequently, 

initial tests of the theory have been carried out using cw •  

laser .diodes. 

For this case, a fast current pulse drive system has 

been developed. Again, an avalanche pulser system is used in 

conjunction with pulse shaping using step recovery  diodes. 

The current pulse is typically 150 psec long and peak currents 

of up to 600 mA can be obtained. 

This current pulser has been used to drive a double 

heterostructure GaAlAs diode laser over a wide range of currents 

at values of J/ 	up to  abput1 0. Figure 12 shows the variation 
Jth 
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Observed response with pulsed  laser 
diode source 

Intensity 
Response 

0 	40 	80 	120 	160 

TIME, psec 

Response of detector-oscilloscope combination 

Figure 13 	Light pulse from low threshold laser 
with I/I

th
=10. 
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in pulse FWHM and output power obtained as a function of the 

drive current normalized to the threshold current. As expected, 

the FWHM falls quite quickly up to J/, = 4 and steadily 
u th  

thereafter. The behaviour is in good agreement with theory, 

as is that of the output power. An example of the observed 

butput is shown in Figure 13, taken at the highest value of 

the pumping current. The observed output pulse, using an 

Opto-Electronics PD15 detector has a length of 62 psec FWHM, 

whilst the detector/sampling oscilloscope combination has a 

FWHM response of approximately 61 Psec. This is the reason 

for the rather large error bars on the shortest pulse lengths 

plotted in Figure 12! Nevertheless, the basis appears to be 

established for the development of sources with output pulse 

lengths on the order of 10 psec. with peak output powers in 

the range of 100 mWatt. A good deal more work is needed 

to validate the theory in this operating regime, and new 

experimental techniques are required to make accurate measure-

ments in this temporal regime. 

b) Low Repetition Rate Devices  

Work on the low repetition rate pulsed laser diode 

sources has proceeded in a number of areas. A standard 

high current laser head has been developed which enables 

the testing of different laser diodes with the same driving 

circuitry to ascertain the intrinsic device parameters. A 

new monitoring system has bèen devised to permit accurate 

measurements of the current pulse in the laser heads. 

Comparisons between the laser model and experiments using 
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these current measurements have shown good agreement. A 

number of different laser diodes in both the short (0.8-1.0 

micron) and long (1.0-1.5 micron) wavelength regions have been 

tested in an effort to develop criteria for device selection. 

Considerable work on mounting techniques for laser diodes 

and avalanche transistors led to the development of an 

optimum circuit for the low repetition rate, high current 

pulsed laser source. The six month report described two 

drive systems for these laser diodes, one using an avalanche 

transistor mounted within 500 microns of the laser chip and 

the other using a distributed capacitance discharge line. 

Experiments with the two systems showed that'the first one 

produced better results in terms of optical pulse width, 

output power, and pulse jitter. -  As described previously, this 

technique required removal of the laser diode cap, exposing it 

to the atmosphere and to possible physical damage (Figure 14b). 

The reason it was necessary to mount the transistor so close 

to the laser chip was because of the inductance of the long' 

wire leading out the back of the laser package. Subsequent 

testing showed that it was possible to carefully machine parts 

of the laser package off (Figure 14c), shortening the lead 

considerably. This made it possible to use the avalanche 

transistor discharge capacitor circuit to produce short optical 

pulses without breaking the seal around the laser diode. 

Another advantage of this mounting technique is that 	 • 

it makes it possible to interchange laser diodes with very 

little effect on the rest of the circuit. It has been found 

that there is a wide performance variation between avalanche 
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transistors, and thus a clamping arrangement was devised to , 

enable testing of different laser diodes with the same transistor 

and circuit board. 

With this mounting technique'developed, the remaining 

circuitry in the laser head was refined. The present design - 

was already illustrated in Figure 8. The base trigger circuit 

is designed to pass the fast rising edge of the trigger pulse 

into the transistor but shunt the long tail of. the pulse to 	 • 

ground through the coil. This is done because, if this tail 

is not removed, it will appear at the transistor output 

superimposed on the avalanche pulse.  •  The transistor itself 

is removed from its case and sordered to the main circuit 

board, with the emitter mounted close to the back of the cut 

down laser package and the collector mounted close to the 

discharge capacLtor(s).  As  discussed in the six month report, 

the discharge capacitance S  is optimised by observing the 

optical pulse obtained. 

The current input is a d.c. coupled low resistance 

path to the laser diode. This enables connection of a 20 mA 	• 

external current source to operate the laser diode as a 

light emitting diode (i.e. well below threshold). Although 

these laser diodes can not take their lasing current (2 amps) 

continuously, they will take 20 mA and emit enough light to 

allow easy alignment with an infrared viewer. (Even though 

the pulsed lasing power may be several hundred milliwatts, 

the duty cycle is about 10 -6 and thus the average power is 

very .  low). 

The voltage monitor output produces a signal pràportiOnal 
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to the voltage across the laser diode, which was used in the 

past to try to estimate the current through the laser diode. 

This is not an accurate indication of the current, however, 

since the impedance of the laser diode is not constant with 

either voltage or time. 

A much improved,  current monitoring technique has been 

developed more reCently which makes use of the fact that 

the discharge capacitance is a known constant value. A , 

necessary assumption is that virtually all of the charge 

flowing out of the discharge capacitor goes through the 

laser diode. This should be a good approximation, since the 

capacitor-transitor-laser electrical path is a much lower 

impedance than any of the other circuitry. With this approxi-

mation, it is possible to determine the charge flowing through 

the laser diode from the voltage on the discharge capacitor, 

since V(t) = Q(t)/C for the capacitor where Q(t) is the 

instantaneous charge. The current is the time derivative of 

the charge and proper selection of CmoN  enables differentiation 

of the voltage to produce a monitor signal 'proportional to 

the laser current. Referring to Figure 15, the voltages 

around the circuit are 

Qmon 
Cmon 

+1  R mon  
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Figure 16(a)  Current monitor signal for Cmon  of 10 pf 

Figure 16(b)  Current monitor signal for Cmon  of 2.2 pf 
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Differentiating this equation with respect to time 

gives 

Id 	I mon 	dlmon  

	

= C on 	dt d 

The voltage observed at the output acroàs R is 

Vm  =1 	R 
onmon 

 

and thus is proportional to Imon. Looking at the previous 

equatiOn, if 

'mon 	dI
mcin Cmon 	 dt 

then 

	

I
d 	

Imon  
E—  = c 

	

d 	mon 

Or 
C
d 	Vmon  • 	

I - d Cmon 

which gives a linear relationship with measurable constants 

as proportionality factors. 

To determine the value of Cmon , we approximate 

dlmon 	AI  mon 
dt 	At 

and use the largest posF;ibtle 

smallest time (say 2 nsec). 

than (I 	)max/5, then the condition mon 

I 	 dl  
mon 	 mon  

Cmon 	dt 

is approximately 

( monlmax 	( mon)max 
5.0 	• 	2 nsec mon 

or C 	<<  8  pf mon 
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Note that this value for C 	is much smaller than mon 

the typical values for Cdis and thus Imon 
will be small and 

will not significantly affect I dis. 

This analysis used worst case parameters, and in practice 

it may not be necessary to have Cmon 
this small. This was 

tested experimentally, looking at the pulse shape and discharge 

current given by 

C 
- d 	

V mon 
I  d C mon 

for various values of Cmon. 
 The basic pulse shape remained 

the same over the range of values tried (2.2 to 15 pf), although 

some extra substructure occured at the smallest values of 

capacitance which may or may not have been in the laser current 

pulse (Figure 16). (In either case this difference should 

not affect the dynamics very much). The computed peak pulse 

current is plotted as a function of Cmon 
in Figure 17, and is 

basically independent of C 	for values less than 6 pf. mon 

Testing of selected laser heads has been done using this 

current monitor. Peak currents from 3.2 to 9.5A were measured 

with pulse widths of 2 to 3 nsec, which indicates that the 

laser diodes are being pumped at 2 to 5 times the threshold 

current. 

Another important laser parameter which must be 

determined in order that good comparisons can be made between 

theory and experiment are the laser threshold and the spontaneous 

emission (inversion) lifetiine CT ). The pulsed laser 

threshold is determined by observing the light output as 

a function of drive current. Above a certain current, the 

light varies linearly with current; extrapolating this 
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determined by;-measuring its response.to  a pulsed light source 

whoSéjoutput- had been, measured using -  a'10 psec resolutiOn 
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curve to zero light output gives the threshold level (Figure 

18). The length and width of the diode p-n junction then 

are used to determine threshold current density. Measurement 

of T can be made directly by pulsing a laser diode at a 

current level below threshold. The current pulse must 

have a fast fall time so that the light emitted can decay 

with the time constant T
s

. Since the light level is low, a 

photodetector with gain is required. Note however, that 

most photomultipliers do not havè fast enough response to 

accurately measure the decay rate directly. Therefore an 

Opto-Electronics avalanche photodetector (PD30) was used. 

Figure 19 is a plot of intensity as a function of time, from , 

which a value for T
s 
of 2.2 nsec can be determined. Once 

these major parameters have been established as inputs to 

the theory, we are in a position to make detailed comparison 

between the theoretical model and experiment. 

An initial experiment along these lines was described 

in the 12 month report. The current pulse and the corresponding 

light pulse for that selected laser head are shown in Figure 

20(a). An approximation to the current pulse was fed 

into the computer model for that comparison. The measured 

peak current is twice the threshold current. Under this 

excitation, the FWHM of the calculated output is 84.2 psec 

s compared to the experimental value of 84.4 psec obtained 

after deconvolution (light pulse width = observed width
2 

- 2 

detection system width2 ); The detection system width was 
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streak camera. The current pulse shape used in the model 

exhibits slight differences compared to the measured current. 

Aside from the absence of the two small peaks on the rising 

and falling slopes, the pulse is wider near the top. Never-

theless, the agreement obtained between theory and experiment 

is very good. Since this initial experiment, the theory 

has been refined so that the actual measured current drive 

pulse is a direct input to the numerical analysis. The 

next step then is to subject the theoretical predictions to 

a much more stringent test by comparing with a number of 

measured dynamical output characteristics over a range of 

pump values. One example of this intercomparison has already 

been given in the previous section (see Figure 9 ). Figure 21 

shows another example of the agreement obtained between 

theory and experiment for the FWHM as a function of pumping 

current; in this case a double,heterostructure GaAlAs diode 

laser was used. As a final example, we show the overall 

fit obtained for another single heterojunction GaAlAs diode 

laser for the variables: time-delay to the onset of lasing 

from the time the pump crosses threshold:output peak power 

and FWHM as a function of pumping current. Evidently, good 

agreement is obtained between model prediction and experimental 

observation for these devices operating in the regime J/ • 4=.  5 J th 
and output pulse lengths in the 50-200 psec range. 

Using the general experimental techniques outlined above, 

the characterisicts of a range of pulsed, high threshold laser 

devices has been determined. The results are shown in Table I. 

Three types of stripe geometry injection structures were 
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investigated: 1) multiheterostructure GaAlAs, 2) single 

heterojunction GaAs/GaAlAs, and 3) double heterostructure 

GaInAsP/InP. The first group can be further divided into 

two subgroups. In one subgroup, the laser chips are three 

times wider than in the other and appear to have a stripe 

geometry although designated by the same manufacturer part 

number. 

The data in the first three columns refer to manufacturer 

specifications. The lasing'threshold current is measured 

using a 100 nsec current pulse. The maximum power is the 

peak output power measured at the maximum current quôted. 

Once mounted in our laser head, we conducted the following 

measurements: output wavelength, minimum pulse width and peak 

power output at that same pump level. 	 - 

The output wavelength was measured using a I/4-m scanning 

spectrometer in combination with an Opto-Electronics PD40 

Germanium avalanche photodiode. The spectrometer range did 

not extend beyond 1.0 pm and figures  quoted for the wavelength 

of devices in the 1.0-1.5 gm range were obtained from the 

manufacturer. Nine devices were tested in the 0.8-1.0 pm 

rangee three in the 1.0-1.5 pm range. We note that the separation 

of the multistructure GaAlAs diodes into two subgroups also 

corresponds to a difference in output wavelengths. 

The temporal response of lasers in the 0.8-1.0 gm range 

were measured using a.PD15iSidiodewhich, combined with the -

sampling oscilloscope had a FW1114 . response of 64.5 psec. For 

the 1.0-1.5 pm range a PD25 Ge photodiode was uSed. Çombined 



POWER I th 	P 	Imax 	X 	FWHM max 	 AT NARROWEST 
(1%.) 	(W) 	(A) 	(um) 	Ppsec) 	 (W)  

3.5 	2.9 	8. 	.818 	64.8 	 .51 

3. 2.4 	8. 	.824 	57.7 	 .182 

unavailable 	 .856 	67.6 	 .064 

2. 	3.2 	8. 	.862 	293. 	 .014 

2. 	1.9 	8. 	.864 	998. 	 .0016 

unavailable 	 .900 	71.6 	 .40 

unavailable 	 .899 	53 • 	 .44 

4. 2.4 	10. 	.900 	84.4 	 .45 

4. 	2.4 	10. 	.904. 	93. 	 .65 

.90 

1.0 	.078 	3.8 	1.16 	80.1 	 .043 

0.7 	.073 	1.4 	1.31 	75.8 	 .016 

0.8 	.09 	1.6 	1.32 	68.3 	 .014 

Multi Hs 	narrow (85 pm) 
GaAlAs 

1-1 

1-2 

wide (310 pm) 

1-3 

1-4 

1-5 

Single HS 
GaAsGaAlAs 

2-1 

2-2 

2-3 

2-4 

'Double HS 
GaInAsP/InP 

3-1 
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TABLE 1 

.OUTPUT CHARACTERISTIÇS FROM LOW REPETITION RATE LASERS  
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with the oscilloscope it has a response of 81 psec. The 

numbers quoted for the laser pulse FWHM were obtained after 

deconvolution assuming that the square of the total width is 

given by the sum of the squares of each element in the circuit. 

We note that there is a large variation of the FWHM even 

amongst devices of the same type, but in each group there is at 

least one device exhibiting a FWHM of less than 70 psec. 

On the other hand, two of the lasers emitting in the 

.86 Pm region would not produce pulses shorter than 290 psec. 

In such cases, the output had the appearance of a series of 

indistinct and irregular pulses. Observed under the microscope, 

those lasers appear to emit over a greater p >ortion of their 

active region. 

The lasers in this subgroup and also those emitting in 

the 1.0-1.5 pm wavelength range gave a relatively low output 

power under pumping selected to give the narrowest pulsewidth. 

The FWHM rapidly increases for pump currents above this 	 • 

level. It is noticeable that those lasers have particularly 

low threshold current. There is a strong possibility that 

the long laser pulses result from a combination of different 

laser modes. 

To summarize, different types of pulsed lasers have 

produced laser pulses shorter than 70 psec in both the .8-1.0 pm 

and the 1,0-1.5 pm range, with reasonable values of output 

power. However, it is essential to select devices in order to 

produce the conjunctionof sufficiently short pulses along 

with good output power. 
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As described earlier in this report, very short risetime 

20 psec) optical pulses can be obtained from low threshold : 

(e.-, 100 mA) laser diodes driven by fast current pulses several 

times above threshold. In a previous report, a 25 ohm 

modular drive system was described (Figure 23) which was 

designed to produce these current pulses. Since that time, 

new step receovery diodes and laser diodes have been tried in 

conjunction with improved mounting techniques to improve the 

optical pulse output. Figure 24 (a) shows one of these current 

pulses; the peak current is approximately 730 mA and the pulse 

width is 170 psec. Figure 24 (b) shows the detected optical 

pulse when this current pulse is used to drive a cw laser diode 

with a threshold current of 74 mA (i.e. peak current approx-

imately 10 times threshold). The observed FWHM on the 

oscilloscope is 62.5 + 0.5 psec. The best estimate for the 

detection system (detector plus scope) FWHM is 62 + 2 psec; 

thus, the deconvoluted FWHM of the optical pulse is 8 psec, 

with the minimum possible pulse width being approximately zero 

and the maximum approximately 20 psec. This improved pulse 

width is again the fastest • we know-  of for direct current pumping. 

(Although our sampling oscilloscope is the fastest commercially 

available, it has a FWHM response time of 50 psec and is the 

major limitation in the detection system speed). Opto-Electronics 

is, présently.settingUp aniautocorrelation,system, a--. . 	_ 

common technique (at higher laser powers). for measurement of 

repetitive optical pulse widths with a resolution on the order 

of a picosecond. We are also planning to characterize this 

source using a streak camera with resolution less than 5 psec. 

The optical pulses have peak power in excess of 50.mW (assuming 
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Figure 24(a) Current pulse from 25 ohm modulator 

system. Vertical scale 125 mA per cm: 

Figure 24(b)  Optical pulse from c.w. laser diode 

in 25 ohm modular system. Detection system width 

62 psec. 
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a 15 psec pulse) and the peak power will be proportionately 

greater if the pulse is in fact narrower. 

c) High Repetition Rate Devices  
• 

The production of light pulses at high repetition rates 

(greater than 50 MHz)-from laser diodes has been completed. 

The design criteria are somewhat different from the low 

repetition rate sources; the main difference being in the 

choice of the laser diodes used. At low repetition rates, 

high threshold current laser diodes can be used but at 

very high repetition rates the dility cycle requirement cannot 

be met and the devices would be rapidly destroyed by excessive 

heating of the chip. Thus lower threshold laser diodes which 

have the capability of operating continuously at room 

temperature (cw1 must be used. This has the advantage that 

lower amplitude drive current pulses can be employed, but it  • 

also means that the peak optical power in each pulse will be 

smaller.  (The average power may be greater, however). 

Although the pulse to pulse spacing at the high repetition 

rates may be only a few nanoseconds, this is still a relatively 

long time compared to the relevant time constants controlling 

the laser diode dynamic characteristics, and it is reasonable 

to treat each pulse as an isolated pulse for modelling purposes. 

Thus, the basic drive pulse requirements for producing short 

optical pulses at high repetition rates are the same as for 

the low repetition rate sources - a short current pulse, -several 

times above threshold is.néeded. 	 • 

- ,Experimental work On the high .repetitiOn - rate  laser diode 



57 

source proceeded in two areas. The first area was the 

development of a triggerable pulse generator with a 25 

ohm output operating up to 100 MHz to be uàed in place of 

the avalanche transistor in the 25 ohm modular system. The 

second area was directed towards work on a 500 MHz, continuously 

oscillating' (i.e. not triggerable) pulse generating system. 

It has been demonstrated that a 25 ohm step recovery 

diode current pulse system is capable of producing the 

required optical pulse widths from c.w. laser diodes. However, 

the avalanche transistor pulse generator used in the low 

repetition rate system has a maximum repetition rate of 1 MHz. 

This is not the case with the step recovery diodes, and 

although their operation ià slightly different at high 

repetition rates, production of similar optical pulses at 

100 MHz rates using this system mainly requires the initial 

production of the current pulses to be shaped at the appropriate 

rate. Work was conducted in this area, with the aim of 

producing triggerable current pulses of several hundred milli-

amperes into a 25 ohm load. 

The only digital logic family which operates at this 

speed is emitter coupled logic (ECL) and thus it was decided 

to make the trigger input to the laser source ECL compatible. 

An ECL multivibrator is used to deliver pulses at repetition 

rates between 1 kHz and 110 MHz, but this could be replaced 

with an ECL digital data source if needed. 

The output of an ECL gate is typically Iv into 50 ohm 

and thus pulse amplification is needed to drive the step 

recovery diode circuits. Regular saturated-switching tranàistors 
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Figure 25 	Linear Switching Circuit 

58 



Light pulses produced by a c.w. laser diode at 26 Figure 
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(a) 

(b) 

87 MHz repetition rate. The drive system used a single pulse 

amplification stage. 
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cannot be used at this frequency since the charge stored 

when the transistor saturates takes too long to be removed. 

It is necessary to use high frequency transistors operating 

in their linear region such that the transistors switch from 

"slightly on" to "mostly on" and are never fully on or off. 

The common circuit used for linear switching is shown 

• in Figure 25, This circuit acts as a differential .amplifier 

with inverting and non-inverting inputs and outputs. One  •  

transistor is always "on" when the other is "off". Since the 

transistors are operating in the linear regime, proper adjust-

ment of the bias voltages and resistances is necessary for 

optimum operation, The experiments carried . out using these 

. switching transistors have employed one, two, Or three Stages 

of amplification. The main difficulty is in getting a large-

enough initial current pulse that the drive is still several-

times the threshold current after it has experienced the SÉD 

circuit losses. With a single stage of amplification, where 

the.output pulse into 25 ohm was 100 mA, better results were 

obtained by connecting the transistor output directly to - the " 

'laser rather than through the steprecovery diodes. This was: 

because the laser had to be biased closer to theshold with 

the smaller SRI]) current pulse and the effective rate. of rise,, 

of the driver current was lower. 

The results obtained using one stage of pulse amplification 

connected directly to:thelaSer'diode with à threshold - Olirrent. 

Of 42 mA are shown in Figure 26, The current. pulses are 

shown in Figure 27 and go from a minimum of 15 mA to - a 53 mA 

-maximum.' The  light- pulses have a (deConvolutedlrisétime,Of 



Figure 27 Drive current pulses for figure 28. 

Vertical scale 8mA per cm. 
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Figure 28  Light pulses produced by c.w. laser diodes 

at 60 MHz repetition rate. The drive system used a three 

stage pulse amplification system. (a) laser threshold 

current = 74 mA 	(b) laser threshold current = 42 mA 
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I. 
areweil within-the requiredvalues. The majority: 

waSroarriscl Out*usingshort WaVélength {(G871.0 

sinCe'tlisrS'ià'nOlpasidàifferènçebStwèen 

'parameters a 

of:. thiS ; work 

micron): 

diode characteristics in the two regions. 

long wavelength c.w. laser diodes have also 

However, for direct 

teSting purposes 

been:tested.: 

85 psec and a FWHM of , 115 psec. The repetition rate displayed 

in this particular picture is 87 MHz, but the system operates 

up to 110 MHz whilst producing similar light pulse widths. 

A three stage pulse amplification system has since been 

operated at 60 MHz, giving over 200 mA pulses into 25 ohm. With 

the step recovery diodes connected, this can be shaped to a 

200 psec wide, 50 mA current pulse. This current pulse, driving 

c.w. laser diodes with threshold currents of 42 mA and 74 mA 

gave optical pulses with deconvoluted risetimes under 40 psec 

and pulse widths under 60 psec (Figure 28). • Peak optical 

powers were 12-16 mW. 

A second technique used to produce fast-optical pulses 

from laser diodes employed a direct drive from a microwave 

oscillator/amplifier combinatiôn. Early results with low 

modulation levels produced fairly wide (150 psec) optical pulses, 

but recent work has allowed increased drive level of up to 

double the threshold current to be otained. Although no pulse 

shaping was done, at • the 500 MHz repetition rate the effective 

current pulse width was 1 nsec, and optical pulses with 

risetimes of 40 psec and FWHM of 57 psec were produced (Figure 29). 

The results of the high repetition rate systems discussed 

above are summarized in Table 2. It can be seen that all the 
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Figure 29  Light pulses produced by a short wavelength c.w. 

laser diode at 500 MHz repetition rate. The drive system was 

an oscillator/amplifier combination. 
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TABLE 2  

SHORT WAVELENGTH 	- 

HIGH REPETITION RATE SOURCES  

REPETITION RISETIME 	FWHM 	PEAK 	LASER 	. 'THRESHOLD 	D.C. BIAS 	PEAK 
RATE(MHz) 	(+2 psec) 	(+2 psec) POWER(mW) TYPE 	CURRENT(mA) CURRENT(mA) CURRENT(mA) 	DRIVE SYSTEM _ 	_ , 	 _ 
60 	 40 	 57 	16 	Multimode 	74 	 60 	 110 	ECL Generator, 

switching trans-
istors, step 
recovery diodes 

60 • 	 39 	 55 	13 	Single- 	42 	 28 	 80 	ECL Generator, 
' 	 mode 	 switching trans- 

istors, step 
recôvery diodes 

110 	 85 	115 	20 	Single- 	42 	 15 	 53 	ECL Generator, 
mode 	 Early switching•

transistor system 

500 	 40 	 57 	16 	Single- 	42 	 0 	 90 	 V.50  Ohm oscillator/ 
. 	 mode 	 amplifier 
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The first experiments on the long wavelength, high 

repetition rate pulser used a c.w. laser diode emitting at 

approximately 1300 nm with a threshold current of 140 mA. 

When this laser was driven at 250 MHz with the oscillator/ 

amplifier, optidal pulses with 93 psec risetime and 140 psec 

FWHM were produced. The peak power was not accurately 

measured, but was on the order of a few milliwatts. In this 

case, the peak current pumping was only about 10% above 

threshold, accounting for the slower pulse risetime and low 

power output. A long wavelength laser diode which had a 

lower threshold current (65 mA) was also tried in this 

circuit. In this case the peakcurrent pumping was about 25% 

above tàxeshold, producing pulses with 70 psec risetime and 

96 psec FWHM at a power level of 6mW (Figure 30). The 

repetition rate in this case was 180 MHz. 

The long wavelength laser diodes currently available 

have higher threshold currents and lower slope efficiencies 

(power out/current in) than the short wavelength. This makes 

it more difficult to obtain large power outputs from the long 

wavelength diodes for a fixed input pulse. However, even for 

very moderate pumping as above, it is possible to achieve 

very fast output pulses. The results of the long wavelength, 

high repetition rate experiments are summarized in Table 3. 
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Figure 30  Light pulses produced by a long wavelength 

c.w. laser diode at 180 MHz repetition rate. The drive 

system was an oscillator/amplifier combination. 
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TABLE 3  

LONG WAVELENGTH 

HI'GH REPETION RATE SOURCES  

REPETITION RISETIME 	FWHM 	PEAK 	LASER 	THRESHOLD 	D. C. BIAS 	PEAK 
RATE (MHz) 	(+2 psec) 	(+2 psec) POWER(mW) TYPE 	• CURRENT(mA) 	CURRENT(mA) CURRENT(mA) 	DRIVE SYSTEM _ 	_ 

250 	93 	140 	not 	•Multimode 	140 	85 	155 	• 	50 ohm 
measured 	 oscillator/ 

amplifier 

180 	• 	70 	96 	 Multimode 	65 	11 	 81 	 50 ohm 
oscillaotr/ 
amplifier 



3(d)  Final Operating Characteristics for Low and High 

Repetition Rate Laser Sources  

(i) Short Wavelength Sources (0.82-0.9pm) 

0 82-0 9 pm 	 Pulse 	Repetition Peak Output 
..  Risetime Rate 	Power  

Low Repetition Rate 
Source 	 41 psec 	10 kHz 	440 mW 

High Repetition Rate 
Source 	 40 psec 	500 MHz 	160 mW 

(ii) Long Wavelength Sources (1.1-1.5 Pr) 

Pulse 	Repetition 	Peak Output 
1 	5 	m .1-1. 	p 

	

Risetime 	Rate 	Power .  

*Low Repetition Rate 
Source 	 54 psec 	10 kHz 	43  mW 

High Repetition Rate 
Source . 	 70 psec 	180 MHz 	6 mW 
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CONCLUSIONS  

Work has been completed for the contract "Development 

of Ultrafast Response Semiconductor Diode Sources for the 

0.8-1.0 and 1.0-1.5 Micron Wavelength Rangee(Contract No: 

13ST.36001-0-3283). All objectives of the programme have 

been met or exceeded. A source model has been developed 

which is capable of predicting the laser dynamical behaviour 

for both low and high threshold laser diodes in terms of 

measurable diode parameters. This model has been used to 

predict the necessary drive pulse and device characteristics 

in order to meet the original contract specifications for 

both low and high repetition rate sources. -These sources have 

been implemented for both long and short output wavelength 

diodes giving characteristics,.as detailed in Section 3(d), 

which'substantially exceed the original aim of the contract. 



(Al) -N  )N  -N  om ph 	e 
dN e,_ 

APPENDIX A  

SIMPLIFIED LASER MODEL  

The calculated results described in this report arise 

from the numerical solution of two coupled rate equations 

introduced in section 3a) which govern the dynamics of the 

electron and photon densities In their normalized form, they 

are respectively 

and 
dN. 
P" - w1Nph(Ne-Nom-1)  + yNe l- 

If the excitation current pulse is large, and fast, it 

may be possible to decouple those equations at some of the 

following stages. 

1) Early in time, the photon density is so low that it 

has little effect on the electron density. Therefore the time 

trajectory of the electron density is governed only by the 

first equation in which the term containing the photon density 

is set to zero. This has a simple solution 

Ne (T) = exp(-T) 	j(v) exp(v) dv 	 (A3) 

The integral can be evaluated analytically for a number 

simple fbrms of the current temporal behaviour. Since the 

hotôndenSit,is-iciw.,. , the'stimulated:recombinatiOn.will be , 	_ 	- 

,the  spontaneous emission contributes to, 

(A2) 

:- .-the photon- density. 

the2nd equation 

This leads to the following solution for , 

exp(-w ) 	yN (v) exp(v) dv 	 (A4)',  

gain. long as there is no .net This approximation holds true as 



(A5 ) 

(A6 Y 

dz  
z [ z-ln (z)- : 0  + ln (y J-N 	/w] ô pho 

1 
T 	T

0 
 = 

7,7" fy 
Yo 

eyentually:becomes 

reduces ,the, inversion.' on. The net gain w(N -N -1) in eqn.A6 

zero marking the tirnè at  which the photon 
, 	, 	. 	• 	— 

:density reaches its maXi -murà. The 'absorption  (négativegain) 

that follows Continues increasing and • approaches:„the passive 

cavity loss. 

:4*ff-the 

2) Once net gain appears, light builds up at an ever. 

faster rate. At this point, all the terms in the equation are 

important and any simplification would lead to sizeable errors. 

3) Eventually the stimulated,recombination rate becomes 

larger than the pumping rate minus the spontaneous recombination 

rate and those latter terms can be neglected. The pair of 

equations reduces to 

dN
e 

dT 

dN ph  =w N 	(N -N -1) dT 	ph e om 

which has solution 

= -Nph (N-N e om)  

The photon density is 

Nph (T)=Npho  -wCy-ln(y)- yo+ln(yd)) 

To simplify the expression, the additional variable y 

has been defined as follows 

y=N -N 	and y =N -N 
e OM 	 0 eo OM 

. 	The subscript o refers to  an arbitray.time,origin which 

will bechosen later. .  As the,phôton-density increases', 



recombination rate eventually becomes smaller than the pumping 

rate and the electron density starts increasing again as was 

described in step 1. 

Use of the expression derived in the first step can 

help establish a minimum for the time delay to lasing, the 

minimum being the time required to reach net gain. If the 

laser is excited by a square current pulse, the time delay to 

appearance of net gain is 

t = -1n(1-j th) 

where j = 1 + N in terms of normalized parameters. 
om th • 

Not much can be said about the intermediate stage 2 • 

unless the equations are solved numerically. In stage 3, the 

attention is focussed on the stimulated recombination while 

the pump current is neglected. In the derived solution the 

characters with a zero subscript refer to values at an 

arbitrary time origin. It can be shown that there are families 

to t
o

, y
0 ,  Npho

, that share the same time trajectory, differing 

only by an offset in time. As representative of each family 

we can choose that to which 
corresponds to the time when the 

light output reaches its maximum. We know-  that at this time, 

i.e. at lasing maximum the net gain is zero or 

Y = N -N  • = 
o 	eo om 

This allows us to define a particular time trajectory 

solely. by the magnitude of its maximum N
ph 

- malc i-assuming of 

course  that the material parameters remain equal.- The FWHM o 

the lasing output WaS calculated as a function ofoutput,peak  and  

the results presented in Figure 11. Ascan be seeni'the FWHM 
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decreases with increasing peak photon density and this dependence 

is nearly parabolic. Furthermore, if the factor w is used as a 

normalized parameter, all the calculated FWEM's fall on the 

same straight line. In terms of physical parameters, the 

relationship can be expressed by the equation 

A priori, one might have expected the FWHM to be directly 

proportional to the photon.lifetime. The fact that is is only 

proportional to the square root of the photon lifetime is a 

reflection of the fact that the pulse sharpening effect due to 

gain is reduced with shorter photon lifetimes. Similarly, the 

presence of A and N h  in the 
denominator underline the importance 

p 
of the gain sharpening. 

h max 

T
ph 

 ]1/2 
FWHM = 2.5f N h max 

T
ph  

where A is the gain proportionality factor. 








