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MEASUREMENTS OF SPEED OF RESPONSE OF HIGH-SPEED 
VISIBLE AND IR OPTICAL DETECTORS 

H. Edward Rowe and John S. Osmundson* 
Goddard Space Flight Center 

INTRODUCTION 

Mode-locked Nd:YAG lasers are extremely attractive candidates as transmitters for high data-rate 
optical spacecraft communication systems. Nd:YAG lasers have broad gain curves, typically as wide as 
120 GHz at the 1.06-pm lasing transition (Reference 1). For a laser of this type with axial mode 
spacings on the order of several hundred megahertz, it is experimentally possible to lock more than 
100 axial modes in phase with one another when the laser is operating in single TEM,, mode by 
inserting an intracavity perturbation varying in time at a frequency equal to the axial mode spacing 
(References 2 and 3). 

This locking of axial modes is known as mode-locking and converts the continuous wave output 
of the Nd:YAG laser into a pulsed output with the pulse repetition rate given by f, = c/2L,  where f, 
is the pulse repetition rate in hertz, c is the speed of light in vacuum, and L is the optical path length 
of the laser cavity. 

The width of a mode-locked pulse is inversely proportional to the number of modes locked in 
phase. The full width of a loss-modulated mode-locked pulse at half amplitude rp can be given in 
terms of measurable parameters (Reference 4), as 

where go is the saturated midband gain of the laser, 6 is the depth of modulation of the mode-locking 
' element, f, is the mode-locked frequency, and Af is the width of the laser gain curve in hertz. If 
go = 0.1,6 = 0.1, f, = 300 MHz, and Af = 120 GHz, then rp = 50 ps. 

Thus the output of a mode-locked laser consists of a very fast stream of extremely short pulses 
that is compatible with a digital communication system. One of the most promising methods of trans
mitting data with a mode-locked laser is pulse-coded modulation (PCM) (References 5 to 7). In PCM 
a modulator external to the mode-locked laser can code the optical pulse train. The modulator can 
block a pulse to signify a 0 and let a pulse pass to signify a 1, in a 1,Obinary code. 

*National Research Council Resident Research Associate at GSFC. 
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The pulse-coded data can be received very simply by direct detection with detectors that have 
response at 1.06 pm. When the system is operating in a low background condition, the only require
ment on the detector is that it respond with sufficient speed to  the high-pulse-rate input so that the 
detector output can be processed without introducing intersymbol interference. 

Figure 1 shows a stream of optical pulses incident on an optical detector and the resultant detector 
output. Tis  the period betwe,en adjacent pulses, rr is the detector rise time between the 0- and 100
percent levels of the pulse, and rf is the detector fall time between the 100-and 0-percent levels of the 
pulse. Ignoring noise and pulse jitter, if the output of the detector is sampled once every period T, 
T must be greater than or equal to rr and T must be greater than or equal to T~ to  eliminate intersymbol 
interference. An improved signal-to-noise condition can be obtained, however, by integrating the 
detector output over one pulse period; for this case the condition for no intersymbol interference is 
T > r r  + r f .  

These constraints on the speed of response of detectors in a PCM optical communication system 
show the need to be able to accurately measure rist: dnd fall times of high-speed optical detectors. In 
the sections that follow, some of the theory relevant to testing the speed of response of optical detec
tors to mode-locked pulse trains will be briefly presented and an experiment t~ measure the speed of 
response of detectors to a mode-locked Nd:YAG laser output and the results of tests of four high-
speed detectors will be described. 

OUTPUT PULSES 

\ 
\ 
\ 
\ 
\ .  

OUTPUT PULSES 

w 
I I I I i 

IN T E G  RAT1N G  
TIME --I 

(b) TIME 

Figure 1-(a) Sampling detection. (b) Integrating detection. 
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THEORY 

The output pulses of a mode-locked laser are gaussian in time and the mode-locked power at the 
fundamental laser frequency w at any instant in time over one pulse period is given by 

where Q is a constant and Po is the peak power of a single mode-locked pulse. 

One common measure of pulsewidth is rp;using Equation 2 

r p = 2J",'-- (3) 

The 1.06-pm IR output of a Nd:YAG laser can be partially converted into the visible spectrum by 
frequency doubling the fundamental radiation. This is most easily accomplished by propagating the 
fundamental radiation through a crystal that absorbs two 1.06-pm photons and reemits one photon at 
twice the energy, or at a wavelength of 0.53 pm, which is a green wavelength (Reference 8). The 
second harmonic power in this type of two-photon process is proportional to the square of the incident 
power, and the instantaneous second harmonic power at 2w over one pulse period is given by 

where K is a constant for a given doubling crystal temperature and optical alinement. 

Therefore the pulsewidth of the second harmonic pulses is given by 

Thus pulses at the second harmonic are a factor of 6 narrower than pulses at the fundamental 
frequency. 

The fundamental pulse exiting from the second harmonic generating crystal is now 

This is a nongaussian pulse with a broader pulsewidth than the incident fundamental pulses. In practice, 
however, the maximum value of K attained during detector testing was K = 2.5 X 10-5 mW- ,and the 

x maximum TEM,, laser output during these tests was below 1000 mW. Thus 

P,,,(t)=Poe-at2(1 - 0.025e-af2) mW (7) 

is the worst possible case of pulse degradation, and for this instance rp is changed by no more than 
2.5 percent. 

In any actual laboratory test of a detector, the output of the detector must be passed through 
electronic components that have finite frequency response and act as frequency filters. If several pass-
band filters of the same bandwidth are cascaded, the overall bandwidth is given by 
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Afn = Af, d211"- 1 , 

where Afn is the bandwidth of a cascade of n filters each with bandwidth Af, . 
The rise time of such a cascade (Reference 9) will then be given by 

7, =+rl . (9)  

If the filters do not have identical bandwidths, then the rise time of the cascade (Reference 9) will be 
given by 

where ri is the rise time of the ith filter. 

The term "rise time" usually refers to response time between the 10-and 90-percent points of the 
leading edge of a pulse, and fall time usually refers to the response time between the 90- and 10
percent points of the trailing edge of a pulse. This convention will be used in the following sections. 

EQUIPMENT 

A block diagram of the experiment for testing 1.06-pm detectors is shown in Figure 2a. The laser 
has a 3- by SO-mm Nd:YAG rod, pumped in a double elliptical cavity by two tungsten lamps, and is 
operated in the TEM,, mode. 

A loss modulator driven at approximately 136 MHz by an amplified frequency synthesizer 
was used as the mode-locking element. This produced a mode-locked pulse train with a repetition rate 
twice the drive frequency, or approximately 272 MHz. 

The mode-locked 1.06-pm laser output was split into two beams by a beamsplitter. One beam of 
the fundamental output was detected by a photodiode,' the output of which was sent into a sampling 
head and then displayed on one channel of a sampling oscilloscope. The second 1.06-pm beam was 
detected by the device to be tested; the output of this detector was sent into the second port of the 
sampling head and displayed simultaneously on the second channel of the sampling oscilloscope. 

Detectors with responses in the visible spectrum were tested with the experimental array shown 
in Figure 2b. The fundamental 1.06-pm mode-locked laser beam was externally focused into a 
Ba2NaNb50,, crystal where it was partially converted into its second harmonic at 0.53 pm. The 
beam exiting from the barium sodium niobate was collimated and then the 0.53-pm radiation was 
separated from the fundamental beam by a dichroic beamsplitter. Signals from the two detectors 
were processed identically as in Figure 2a. 

In each test an appropriate 1.06- or 0.53-pm passband filter, 10 nm wide, was placed in front of 
each detector. This insured that most of the radiation detected was the mode-locked laser output. 

lIn this case a Coherent Optics model 32 photodiode. 
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Figure 2-Experimental array for measuring response times of detectors. (a) 1.06-pm detector measurement. (b) 
0.53-pm detector measurement. 
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ANODE 
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Figure 3-Voltage divider of the second detector. R ,  to R,: 510 
k a , l  W; R8:  470 k R ,  1 W; Rg and R l O :  82 k a , l  W. 
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Figure 4-Voltage divider chain of the third detector. R, ,  R,, to R2,  : 100 kS2, % W; R2 to Rlo ,  R12, R 1 3 :  200 kS2, 
1 W; R,  : 300 ka,1 W; Rz2 :  5 MQ; R23 and R Z 4 :  10 Ma;c1 : 0.1 pf;cz to cg: 0.01 pf. 

FOCUSING 
PHOTOCATHODE ELECTRODE 

GR 874-FBL 

Figure 5-Silicon multiplier and voltage bias network. 
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Four high-speed detectors were tested. The first of these, a crossed-field photomultiplierY2was 
designed for applications requiring high time resolution, and its frequency response is specified by the 
manufacturer to be from dc to 3 GHz. Therefore, it should have a rise time of about 100 ps. It has 
an S1 photocathode that has response to both visible and near-IR radiation, and the tube has a 
nominal gain of 2 X 104. The multiplier contains nine dynodes and utilizes both static electric and 
crossed magnetic fields. The tube is terminated into a slotted 50-52 coaxial transmission line, and 
connection to an external SO-St load is provided. 

The second detector tested was a photomultiplier designed for applications requiring subnano
second time r e ~ p o n s e . ~It has electrostatic focusing and in-line dynodes and provides a gain of 
5 X lo6. Its rise time is specified to be less than 1 ns at  an operating voltage of 3500 V. The anode is 
terminated with a coaxial pin sealed in the tube envelope and is supplied with a 15-cm coaxial adaptor 
assembly with a mating connector on one end and a GR 874 connector on the other. The voltage 
divider used was selected for best response time and is shown in Figure 3. 

A special-purpose high-speed photomultiplier4 was the third device tested. It has eight dynodes 
and an S20 photocathode. Its gain is lo5 at 5000 V and its rise time is specified to be less than 1 ns. 
The multiplier has a focused linear construction and delivers pulses into a 50-St coaxial line sealed in 
the tube base; the line is terminated in a standard C-type connector. Figure 4 shows a schematic of 
the voltage divider chain. 

The fourth detector tested was a silicon multiplier.’ This is an experimental device consisting of a 
photocathode, a focusing electrode, and a photodiode. The input light is incident on the photo
cathode, and photoelectrons emitted by the photocathode are then focused onto the photodiode. In 
principle this will give the time response of a photodiode and also have gain of about lo3. The response 
of the unit tested has not been optimized because the components of the device were chosen because 
of availability rather than for optimal characteristics. The manufacturer feels that with the proper 
selection of components the response can be improved, especially the fall time. Figure 5 shows a 
schematic of the silicon multiplier and voltage bias network. 

RESULTS 

Figures 6a and 6b are photographs of single sweeps on the sampling oscilloscope of tests of 
the first detector, the crossed-field photomultiplier. The upper trace in each photograph shows the 
response of the photodiode to the incoming 1.06-pm mode-locked pulse train and the lower trace 
is the response of the crossed-field photomultiplier to the same input. (Sweeps just above or through 
detector response traces on some pictures are the response of the same detector when the input is 
blocked.) The time scale for both traces is 1 ns/cm. Figure 6b is identical to Figure 6a except 
that the time scale on Figure 6b is 500 ps/cm. 

Equation 10 may be rewritten as 

-~ 

’Sylvania model 502. 3RCA C 31024. 41TT F 4102. %TT ssxo37ioi. 
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(b) 

Figure 6-The upper trace on both parts of the figure 
shows the photodiode response to 1.06-pm pulses (verti
cal scales: 5 mV/cm). The lower trace on both parts of 
the figure is the crossed-field photomultiplier (the first 
detector) response to the same 1.06-pm pulses (vertical 
scales: 2 mV/cm). (a) Time scale: 1 ns/cm. (b) Time 
scale: 500 ps/cm. 

where T~ is the rise time of the detector being 
studied, is the rise time of the signal as 
observed on the lower trace of Figure 6a or b, 

and ‘sampler is the rise time of the sampling 
oscilloscope. The signal rise time can be 
measured by setting 

and using the upper trace of Figure 6a or b to 
give the output rise time. The sampler response 
is given as 90 ps. The diode rise time is given as 
rdiode< 100 ps, and here is assumed to be 
equal to 80 P S . ~  

From direct measurement of Figure 6a, it is 
found that T~ = 670 ps for the first detector. A 
similar analysis can be used on the fall time, 
giving T~ = 550 ps. A linear leading and trailing 
edge on the pulses is assumed so that these rise 
and fall times, multiplied by 1.2, will be equal 
to the full rise and fall times shown on Figure 1. 
With this assumption the crossed-field photo
multiplier has adequate response to detect mode-
locked pulses 200 ps wide at a 670-MHz repeti
tion rate without introducing intersymbol 
interference. 

Response of the tube was measured as a 
function of tube operating voltage; results shown 
in Figures 6a and b were for a tube voltage of 
3800 V, the optimum operating voltage. The 
crossed-field photomultiplier shows overshoot 
at the end of each pulse; this may be due to a 
space charge near the anode at the end of each 
pulse. Also, the time response of this detector 

A
is close to an order of magnitude worse than the 
manufacturer’s specifications. 

Oscillations are always seen on the trailing 
edge of the photodiode response curve. This 

type of ringing is a common occurrence with fast diodes and is usually due in main part to an imped
ance mismatch between the photodiode and the S O - a  line connecting it to the sampling head. 

6Diode rise time is estimated in the following way: For go = 0.02, 6 = 0.18 rad (for an FM mode-locker), Af= 120 GHz, and 
f, = 278 MHz, T~~~~~~ was observed to equal 140 ps. For FM mode-locking, T is given by Equation 1 multiplied by 4.This gives 
7 = 44 ps, which yields a diode rise time of 80 ps. 
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The remaining three tubes were tested for response to the second harmonic wavelength. Figure 
7a shows the photodiode response to a 1.06-pm mode-locked pulse and Figure 7b shows the same 
photodiode response to a 0.53-pm pulse, the result of frequency doubling the pulse shown on Figure 
7a. The time scale for both photographs is 200 ps/cm. The 1.06-pm pulse is measured to be 187 ps 
and the 0.53-pm pulse is measured to be 130 ps. This agrees within experimental error with the 
expected ratio between Equations 3 and 5.  Therefore when testing 0.53-pm detectors, the 1.06-pm 
pulsewidth is measured and the value is divided by flto get the 0.53-pm signal rise and fall times. 

Figure 8 shows the response of the second detector to focused 0.53-pm mode-locked pulses. The 
time scale on Figure 8a is 1 ns/cm and on Figure 8b is 500 ps/cm. Results show that rr = 670 ps and 
rf = 750 ps for this detector. Thus the tube can be used for detecting 200-ps 0.53-pm pulses up to a 
repetition rate of 590 MHz. (The slight waviness in the detector traces of Figures 8, 9, and 10 is 
caused by rf interference from the mode-locker.) 

The speed of response of the second detector was measured as a function of voltage applied to  
the tube. Figure 8 was obtained with the tube operating at the optimum voltage, 2900 V. In addition, 
response was measured for unfocused and unattenuated light. Figure 9a shows the response of the 
second detector to a focused but unattenuated input; here rr = 710 ps and T~ = 920 ps. Figure 9b 
shows the response to an unfocused input, attenuated by an 0.3 neutral density filter. Here rr = 670 
ps and rf = 830 ps. The time scale in Figure 9 is 500 ps/cm. 

Figure 10 shows the response of the third detector to 0.53-pm mode-locked pulses. The time 
scale of Figure 10a is 1 ns/cm and Figure 10b is 500 ps/cm. These photographs show that for this 
detector rr = 5 10 ps and rf = 660 ps. This response limits the tube to mode-locked frequencies of less 
than 7 10 MHz for 200-ps pulses. The input beam was focused to give the best speed of response. 
The three focusing electrode potentiometers shown in Figure 4 were adjusted to give optimum response. 

Figure 7-Photodiode response. Time scale: 200 ps/cm; vertical scale: 5 mV/cm. (a) Response of the photodiode to 
1.06-pm pulses. (b) Response of the same photodiode to 0.53-pm pulses generated by frequency doubling the 1.06-pm 
pulses of Figure 7a. 
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(a) (b) 
Figure 8-The upper trace on both parts of the figure shows the photodiode response t o  7.06-pm pulses (vertical 
scale: 5 mV/cm). The lower trace on both parts of the figure shows the response of the second detector t o  0.53-pm 
pulses focused on the photocathode. The 0.53-pm pulses were obtained by frequency doubling the 1.06-pm pulses. (a) 
Time scale: 1 ns/cm. The 0.53-pm pulses were attenuated by a 0.3 neutral density filter. Vertical scale for the trace of 
the second detector is 5 mV/cm. (b) Time scale: 500 ps/cm. The 0.53-pm pulses were attenuated by a 0.5 neutral 
density filter. The vertical scale for t h e  second detector is 2 mV/cm. 

Figure 9-The upper trace on both parts of the figure shows the photodiode response t o  1.06-pm pulses (vertical 
scale: 5 mV/cmr, Time scale: 500 ps/cm. (a) The lower trace is the response of the second detector to unattenuated, 
focused 0.53-pm pulses obtained by frequency doubling the 1.06pm pulses (vertical scale: 2 mV/cm). (b) The 
lower trace is the response of the second detector to unfocused 0.53-pm pulses attenuated by a 0.3 neutral density 
filter (vertical scale: 2 mV/cm). 
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Figure IO-The lower trace on both parts of the figure shows the photodiode response t o  1.06-pm pulses (vertical 
scale: 2 mV/cm). The upper trace on each part of the figure shows t h e  response of the  third detector to  0.53-pm pulses 
generated by frequency doubling the 1.06-gm pulses (vertical scale: 20 mV/cm). (a) Time scale: 1 ns/cm. (b) Time 
scale: 500 ps/cm. 

Figure 11-The upper trace 0in bo1:h parts of 
scale: 1 mV/cnn). The lower trace on each p 
pulses 9enerated by frequenc:Y dotubling t h e  
(b) Tinne! scale: 500 ps/cm. 



The response of the fourth detector is shown in Figure 11. Here rr = 670 ps and T~= 1.75 ns. 
Response is limited to frequencies below 275 MHz, mainly because of the relatively poor fall time. 

CONCLUSION 

The technique described in the previous sections for measuring speed of response of high-speed 
optical detectors is relatively easy to apply and gives consistent results. On the basis of tests of the 
four detectors, it is found that the first three detectors can be used in a 500-MHz PCM optical com
munication system when the detector output is integrated over each pulse period without introducing 
intersymbol interference. The fourth detector can be used as a detector in the same type of system 
operating at about 270 MHz without introducing intersymbol interference. 
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