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We describe the design, construction, and operation of a low-cost, microprocessor-based digital
correlator. The device has 128 channels, operates in either the single clipping or single scaling

mode, and allows selection of the sample interval with 2-digit precision over the range 100 ns to
9.9 5. The device can be operated in the autocorrelate or cross-correlate mode and may easily be

expanded to more than 128 correlation channels.

PACS numbers: 06.50.D¢

INTRODUCTION

The technique of photon correlation spectroscopy (PCS) of
scattered laser light is well established and enjoys wide-
spread application, particularly in the study of the solution
properties of macromolecules and other particles in the size
range 10-1000 nm." Figure 1 is a schematic diagram of our
laser light scattering system. This is a typical arrangement
for PCS experiments. The light source is a Spectra-Physics
164-06 Ar™ ion laser with single-frequency intracavity éta-
lon. The output aperture of the laser is reduced to ensure
operation in the TEM,,, transverse mode, and output powers
of up to a couple of hundred milliwatts at 488 nm are typical-
ly used. The laser beam is focused into the cylindrical scat-
tering cell C by lens L, (50-cm focal length) and the light
scattered through an angle & is imaged onto the EMI9863B/
100 photomultiplier tube by lens L, (10-cm focal length).
Pinholes S, and S, {300-um diam) define precisely the coher-
ence properties of the scattered light and limit the solid angle
over which the light is collected.” The photomultiplier out-
put pulses are converted to TTL level (5 V, 35 ns FWHM) by
the amplifier discriminator® and the photocount autocorre-
lation function is computed by the digital correlator. The
correlator is interfaced to a laboratory computer which per-
forms curve fitting on the autocorrelation data. The com-
mercial autocorrelators used for data collection in these ex-
periments cost upwards of several thousand dollars and this
cost is often a major barrier to the acquisition of a PCS facili-
ty.

A number of workers*~ have presented design and con-
struction details for digital correlators. Of these, the Chen
device! is the most successful in that it has been constructed
and used in a number of laboratories with satisfactory re-
sults. One of us (J.C.T.) has used the Chen device and recog-
nized that it had a number of characteristics which made it
less than ideal. For instance, the need to provide a multi-
channel analyzer for data accumulation greatly increases the
true cost of the device and the relatively small (16 count)
channel storage capacity of the device means that the input
count rate has to be kept low to prevent the channels from
overflowing between read cycles. With this in mind we set
out to build a correlator which does not have these limita-
tions but which preserves the attractive features of the Chen
device, i.e., (i} it is relatively cheap and easy to construct, (i) it
has a large number of correlation channels so that multiple
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decay components can be detected, and (iii) it is fast enough
to be useful for PCS studies of biological macromolecules.

The need to provide a large counter storage capacity (at
least 20 bits) for each correlation channel increases the cost
of the device and makes necessary a complex logic network
so that the counter contents can be read and displayed in real
time. We have simplified greatly this problem by utilizing a
microprocessor and cheap random access memory (RAM)in
our correlator.

Recently, single-board, stand-alone microprocessor
evaluation and development kits have become available at a
moderate cost. These kits consist of a microprocessor unit
(MPU), a small amount of RAM, a read only memory
(ROM)-resident monitor (for program operation and devel-
opment), a parallel interface, a cassette interface, a hexadeci-
mal keypad, seven-segment display, and space for additional
RAM and EPROM (erasable programmable read only
memory). These rudimentary systems have the potential to
save an enormous amount of hardware development and
they increase dramatically the flexibility and intelligence of a
particular device. For the present application an 8-bit micro-
processor is the ideal choice because then it is only necessary
to provide 8 bits of intermediate storage for each correlator
channel yet the 8-bit capacity is sufficient to ensure that a
reasonable input count rate can be accepted without causing
the counters to overflow. We have built our correlator
around the Motorola MEK6802D5 microprocessor devel-
opment kit. However, our correlator design does not rely on

Ar'laser Ly

Lab

Computer

Correlator

~

CRT Display

EMI98638B

Preamp/Disc

FiG. 1. Apparatus for photon correlation spectroscopy.
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a specific microprocessor and, as only very basic control sig-
nals are required, a different microprocessor system could
easily be used.

In the succeeding sections we discuss one-bit quantiza-
tion schemes (clipping and scaling), the detailed design and
construction of the correlator, and finally we demonstrate
the performance of our device with experimental PCS data.

I. ONE-BIT QUANTIZATION SCHEMES

In a PCS experiment one ideally measures the true (or
full) photocount (intensity) autocorrelation function

G¥r) =3 nltnlt, +7),

i=1

(1)

where n(t;) is the number of photons detected in sample in-
terval / centered at time ¢, NV is the number of sample inter-
vals (of width T') over which the correlation function is deter-
mined, and 7 is the time delay.

If one of the elements in the correlation product can be
reduced to a 1-bit quantization level, simplified circuitry and
high-speed operation result because multiplication is re-
placed by an AND-gating operation.” Single clipping and sin-
gle scaling are two easy-to-implement schemes which can
achieve the required 1-bit quantization.

A. Single clipping

In single-clipped correlation a clipped count n,(¢;) is
derived from the original photocount signal by the “clip-
ping’’ operation

nlt) =1
ne(t)=0

if n(t;) > k,
if n(t,)<k,

(2a)
(2b)

where k is a preset integer clipping level. We then measure
the single-clipped correlation function

G = S nltmele, + 7).

i=1

(3)

When the scattered electric field exhibits Gaussian sta-
tistics (the majority of cases in laser light scattering), single

SHIFT REGISTER

clipping does not distort the measured correlation function.®
Moreover, under appropriate experimental conditions sin-
gle-clipped correlation will provide a measure of the actual
intensity autocorrelation function with little loss in effi-
ciency or accuracy.

B. Single scaling

In situations where the scattered light statistics are ei-
ther unknown or known to be non-Gaussian, the use of sin-
gle clipping may distort the correlation function. Jakeman et
al.® have demonstrated that under particular conditions sin-
gle-scaled correlation gives an excellent measure of the full
photocount autocorrelation function regardless of the signal
statistics. In this technique a 1-bit signal n_(t;) is derived by
scaling the incoming photocount signal by a factor s which is
chosen high enough that the probability of obtaining more
than one scaled count per sample interval is negligible com-
pared with the probability of obtaining one. Thus we mea-
sure the single-scaled correlation function

G = 2\’ n (et + 7). (4)

C. Clipped multichannel digital autocorrelator

Our correlator design utilizes the 1-bit cross-correla-
tion approach and we can use either single clipping or single
scaling to get the required 1-bit representation. Figure 2
shows schematically the correlator front end of a 16-channel
element (one board) of our device. The shift register holds the
1-bit clipped (or scaled) signal which is simply a 1-bit record
of the photocount signal for the previous 16 sample periods.
The shift register contents gate the incoming photocounts
into the counters of the corresponding correlator channels
during the current sample interval. At the end of the sample
period the new clipped count is clocked into the shift register
and the existing values are all pushed one place to the right,
(i.e., one more time delay) and the process repeats itself. Thus
the products n(Ojn,(T), n(0n, (2T}, n(0)n, (3T), ... are accu-
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mulated in the channels 1, 2, 3, ... . This gating arrangement
is common to all single-clipped correlators (see, e.g., Chen ef
al.*). The essential and innovative difference with our design
is that on each channel we have an 8-bit counter which acts
as an intermediate store for the accumulating correlation
product terms and each of the counters is connected to the
microprocessor data bus via an addressable 8-bit tristate
latch so that the counter contents can be read, accumulated
in RAM, and the counter reset.

Il. DIGITAL CORRELATOR HARDWARE

A block diagram of the correlator is given in Fig. 3. The
device consists of the MEK6802DS5 single-board micropro-
cessor system (with RAM/EPROM expansion board), a
control board, and (for 128 channels) eight correlation
boards. Accumulation of the correlation data and overall
control of the correlator are achieved via the MC6802 micro-
processor under control of software which is briefly outlined
below.

During normal operation the correlated photocount
data are accumulated in the 8-bit counter of each correlation
channel. The counters are read and cleared sequentially
throughout the measurement period. This read—reset pro-
cess is under the control of the microprocessor system clock
(894.8 kHz) and is thus independent of and asynchronous
with the correlation operation. The contents of each chan-
nel’s counter are accumulated in RAM and, with 3 bytes of
storage per channel, the count capacity is 2%* (16X 10°) per
channel. At the end of each read cycle (every channel is read
once) an updated correlation function is displayed on the
oscilloscope screen. When a measurement is terminated the
accumulated correlation data may be transferred to a labora-
tory computer or other device via the MC6821 PIA (peri-
pheral interface adapter) of the MEK6802D5. Fully buf-
fered versions of the correlator sample clock {SCLK), the
photocount signal (SIG), the clipped/scaled signal (C/S),
and the run/halt signal (GATE) are provided on the correla-
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FIG. 3. Block diagram of the microprocessor-based correlator.
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tor front panel for use with external counters if it is desired to
normalize the correlation data prior to curve fitting.

A. Correlator system memory map

The required address decoding and additional EPROM
and RAM locations necessary for the correlator operating
system are provided on a RAM/EPROM pc board which is
mounted onto the MEK6802D5 pc board in piggyback fa-
shion. It can be seen from the system memory map shown in
Fig. 4 that this board provides 16K of EPROM (8 x2516
devices)and 12K of RAM (24 X 21 14LP devices). This mem-
ory, when added to the 2K EPROM and 5K RAM {IK op-
tional user plus 4K on the wire-wrap test area) already on the
MEK6802D5 board, grossly exceeds the minimum require-
ments (6K RAM and 6K EPROM is ample) but is relatively
cheap to implement and will accommodate future expansion
of the device. As shown in Fig. 4 the actual correlator is
located at addresses $0000-$007F (correlation channels 1-
128) and $0080-$00FF (control board at location $0080).

B. Control board

The control board is designed to generate a 1-bit signal
by performing either clipping or scaling on the input photo-
count signal, to generate timing signals and sample interval
timing from a 20-MHz system clock, to provide readouts
and display of the system status, and to provide an analog
output for real-time oscilloscope display of the correlation
data.

1. Correlator sample clock

The basic clock for the correlator is a 7418320 crystal-
controlled oscillator/clock driver running at 20 MHz. The
output of this circuit is programmably divided to give a sam-
ple interval in the range 100 ns—9.9 s. This sample interval is
selected with two-digit resolution (e.g., 1.3 us).

Programmable binary counters scale down the basic
clock by a preset factor to set the mantissa of the sample
interval (1-99). A series of six decade counters then scales the
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F1G. 4. Memory map modification for the digital correlator.
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F1G. 5. Clip/scale circuit.

DATA BUS

clock by the chosen submultiple of ten (0-6). We presently
limit the minimum clock period to 100 ns, but if necessary
this can be reduced to 50 ns. The sample clock is fed to the
clip/scale circuitry on the control board and is buffered
through a 745140 line driver to the shift register clock inputs
on each of the correlation boards and to a front-panel BNC
socket.

2. Clipsscale circuitry

The 1-bit C/S signal is derived from the input photo-
count signal via the clip/scale circuitry shown in Fig. 5. This
scheme is similar to that used by Chen ef al.* in that to mini-
mize dead time we have two banks of counters which count
in alternate counting periods, but in the present case we have
implemented the single scaling function as well as single clip-
ping.

A preset count (1-99) is loaded from two 74LS75
latches into one bank of counters while the other bank is
counting. The counters simply count down the incoming
photocount pulses from the preset level until an underflow
occurs and this generates a BR output. This BR output (after
passing through a gating scheme to eliminate spurious bor-
rows generated when the other counter bank is being reset) is
stored in a J-K flip-flop and becomes the C/S count. At the
end of the current sample interval this C/S count is clocked
into the 74L.S164 shift register on the first correlation board
and the flip-flop is preset and ready to store the C/S count
from the succeeding sample interval.

Switching between the two counter banks is achieved by
having the load inputs (LD) of the two pairs of counters con-
nected to complementary outputs of a toggle flip-flop. Thus
while the LD input of one pair of counters is high and the
counters are counting, the LD input of the other pair is low,
counting is inhibited, and the counters are loaded with the
appropriate preset count. In the single clip mode the sample
clock switches between the two pairs of counters (by trigger-
ing the toggle flip-flop) while in the single scale mode the BR
output of the counters does the switching. Selection of either
clipping or scaling is done via the microprocessor. The clip/
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scale circuitry (and the clocking of the shift registers on the
correlation boards) is synchronized to the rising edge of the
sample clock.

3. Digital-to-analog interface

Two 8-bit digital-to-analog (D/A) converters
(DACO0808) provide a real-time display of the correlation
function during an experiment. A maximume-ratio/self-
scaled display is achieved by examining the correlation data
and displaying the most significant data-containing 8 bits.

The analog display circuitry is shown schematically in
Fig. 6. For the X axis two 74LS75s are used as an 8-bit latch
to hold the channel number and the D/A converter simply
converts this to an analog voltage. The Y axis (correlation
data) circuitry is made more complicated by the need to pro-
vide a scaled display. In this case we use four 74LS75s as a
16-bit latch to hold the topmost 16 bits of the 24 bits of
correlation data, then a series of eight 74L.S151 8-of-1 data
multiplexers ‘windows’ out of the most significant 8 bits for
input to the D/A converter. This multiplexing scheme is
controlled by a further 74L.875 latch which holds a 3-bit
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display code determined by the highest bit set in the data of
the first correlation channel. The 3-bit code is determined by
examining the correlation data in channel No. 1 at the begin-
ning of each display period and this code is used to display
the subsequent 127 channels of data, i.e., the same 8 bits of
data are output for all the correlation channels and the data
are scaled by the amount required for channel No. 1 to fit on
the screen.

The analog voltage output of the D/A converters is am-
plified by an inverting amplifier to give an output in the
range 0 to 2.3 V. A TTL level signal which can be used for
blanking the oscilloscope screen during flyback and the X
and Y axis signals are available through BNC connectors on
the rear of the correlator.

4. Status indicators, seven-segment displays, and
overflow indicator

The operating status and experimental parameters
(sample interval, clip/scale level) are displayed on the corre-
lator front panel on a series of high-intensity light-emitting
diodes (LED’s) and seven-segment displays. The correlator
operating status (CLIP or SCALE, RUN or HALT, AUTO
or CROSS) is microprocessor controlled and the control
data bits for these functions are stored in data latches. The
outputs of the latches control the appropriate circuitry and
buffered versions of these outputs provide drive for the ap-
propriate status LED’s. An overflow LED warns when over-
flow occurs in any of the binary counters on the correlation
boards. When overflow is detected either the input count
rate must be decreased or the clip/scale level must be in-
creased.

C. Correlation boards

A schematic diagram of the correlation boards is shown
in Fig. 7. Each correlation board consists of 16 channels,
each with a fast 8-bit counter and control signals to transfer
data from the counter to the MC6802 for accumulation in
RAM. The modular construction and bus configuration of
the correlator mean that additional channels may be easily
added.

Two 741.5164 8-bit serial-in, parallel-out shift registers
on each board provide 16 channels of storage for the C/S
signal. The shift registers are cleared under software control
at the beginning of each fresh data accumulation period. A
74LS154 4-16 demultiplexer with the lower four address bits
A,—A, and a strobe or card select (STR) as inputs allows each
of the 16 channels on a board to be addressed uniquely so
that the channels can be read and reset in turn by the micro-
processor. The E® clock synchronizes data transfer to the
microprocessor clock.

1. Correlation and data transfer

The new C/S count from the control board is clocked
into the first shift register (on the first correlation board) on
the rising edge of the sample clock and the output of the
second shift register on the board is fed into the first shift
register on the next board and so on for the six subsequent
boards. Thus the values of the C/S signal for the 128 pre-
vious sample intervals which are stored in the 128-bit shift
register are all clocked one place to the right. The parallel
outputs of the shift registers gate the incoming photocounts
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F16G. 7. Correlation board schematic.
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into an 8-bit counter on each correlation channel. Thus the
1-bit by n-bit correlation product is accumulated for each
correlation channel. The 8-bit counters consist of two
74LS161A 4-bit synchronous binary counters cascaded to
perform 8-bit synchronous counting.

When a particular channel is addressed the following
sequence of events occurs: (i) the outputs of the 74LS374
tristate latch are enabled onto the data bus; (ii) the contents
of the 8-bit counter are loaded into the latch; (iii) the 8-bit
counter is reset and begins a fresh count period; (iv) the mi-
croprocessor gets the count off the data bus and adds this to
the contents of the RAM location corresponding to the cor-
relator channel being read.

The whole process is synchronized to the VMA and E@
control signals of the MC6802 and is quite straightforward,
although in practice there are two time delays (one associat-
ed with the tristate latch and one associated with the counter
resetting) that need to be considered.

A minimum data setup time of 20 ns must be satisfied
for the 74LS374 latch. If the data at the latch input change
during this time, the data at the output will be uncertain. It
was not possible to measure directly the manifestation of this
effect in the correlation data. However, the net result will be
to add noise to the data. It is important to realize that this
process will not systematically distort the correlation data.
In any event, since this 20-ns setup time applies only when a
channel is read (i.e., once every 7.8 ms), the fraction of the
total counts arriving in this time is of the order 20 ns/7.8 ms
or 2.6 X 107 °. This is clearly a very small fraction and, given
that the 20-ns setup time is actually narrower than the pulse
width of the incoming photopulses (35 ns), the setup time is
expected to be violated extremely infrequently.

When each channel is read by the microprocessor, a
dead time of 28 ns occurs while the counters are reset. Fol-
lowing the same argument used above we conclude that in
practice this dead time has an insignificant effect on the cor-
relation data because it also only occurs when a channel is
read. This means that the fraction of missed counts due to
the dead time is at most 28 ns/7.8 ms or 3.6 X 10~¢, which is
clearly not significant. Furthermore, even if this was larger it
would not systematically distort the correlation data as each
channel experiences the same dead time and will thereby
miss the same fraction of the total counts for that channel.

ilIl. SOFTWARE SYSTEM

One of the advantages of a microprocessor-based sys-
tem is that the correlator can be operated entirely via the
front-panel keypad. For ease of operation our software al-
lows data to be entered via the (hex) keypad as though the
keypad was coded in decimal, i.e., in this case an entry of
“10” is interpreted as 10 (decimal) and not 16 (decimal). We
have written user functions to carry out clip/scale level se-
lect, sample interval select, single clipping select, single scal-
ing select, autocorrelate select, cross-correlate select, and
data output select. The software is relatively device specific
so we will only outline the operating program and discuss the
software considerations that need to be made for efficient
operation of the correlator. A complete software listing is
available on request.
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A. Overall program description

Figure 8 is a flow chart of the correlator software
{stored in EPROM) operation. At the beginning of the pro-
gram the user function pointer is initialized to the user func-
tion table and the software flags and 384 bytes of RAM (to
store the accumulating correlation data) are cleared for each
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F1G. 8. Flow chart for overall program operation.
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experiment. The program continually loops through the
sum-and-store and display routines collecting and display-
ing data until it is halted through the keypad. After halting
the correlator, the user may either invoke a user function to
alter the correlator operation (by entering an appropriate
hexadecimal digit] or resume data collection.

1. Surn-and-store routine

To streamline the sum-and-store routine we have writ-
ten it in in-line code for the whole 128 channels. Further-
more the actual correlator hardware is located in the lowest
memory addresses so that it can be addressed via direct ad-
dressing. The assembly code to read, sum, and store one
correlation channel is

STRT LDA A D 300 3 Read channel
ADD A E $CC00 4 Addto
STA A E $CC00 5 low byte.
BCC .+9 4 Next channel.
LDX E $CCO1 5 Add
INX 4 the
STX E $CC02 6 carry.
LDA A D $01 3

This code is simply repeated 128 times incrementing the cor-
relator channel address and the RAM destination addresses
each time. For the case depicted here data are loaded from
the binary counter of channel No. 1 {address $00) into the A
register and then added to the low byte of RAM assigned to
that channel (address $CCO00). The result is stored back in
the low-byte RAM location and the carry flag is checked. If
the carry flag is set, the contents of the high- and middle-byte
RAM locations ($CCO1, $CCO02) are loaded into the index
register {a 16-bit register) which is then incremented and
stored back in RAM. If the carry flag is not set, a branch to
the next channel occurs and so on throughout the 128 corre-
lation channels. In the worst-case situation, when there is a
carry from the low byte every time, this routine takes 31
machine cycles per channel to execute.

2. Display routine

The assembly routine which implements the correla-
tion data display is also written in-line code and is listed in
Table 1.

This routine starts out by examining the high byte of
channel No. 1 to determine the required scaling, (i.e., which
eight of the 16 topmost data bits will be selected for display
by the multiplexing circuitry). The high byte is first com-
pared with 1 and if it is <1, the high seven bits of the middle
byte and the first bit of the high byte are the eight bits dis-
played. If the high byte is > 1, the contents of the A register
are shifted left (ASL A) until the carry bit is set. The B regis-
ter is loaded with 8 and each time an ASL A is performed it is
decremented; thus we identify the highest data-containing
bit of the high byte. The contents of the B register are stored
in the data select latch (SELAT) on the control board and
this latch then sets the 8-bit display window.

The data for channel No. 1 are displayed by loading the
high and middle bytes of the correlation data into the 16-bit
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TasLE L. Data display routine.

*Display Data

CLR B 2
LDA A E  SCCOl 4 Get Hi byte
CMP A ®# S} 2 »1¢
BLS DISPY 4
LDA B # S8 2z
BITST ASL A 2 Roll data to
DEC B 2 find 1st
BCC BITST 49 non-zero bit
DISPY STA B D SELAT 4 Stow 1n sel. latch
LDA A E SIGNL 4 Disable
ADD A # 6 2
STA A D RHAC 4 blanking
*
LDA A E $CCO1 4 Get Hi byte,
STA A D S$8BA 4 stow 1in latch.
LDA A E S$CCO2 4 Get Mad byte,
STA A D SBB 4 gtow 1n latch.
LDA B # SO 2 Channel # x2,
STA B D $8C 4 stow in latch.
LDA A E SCCO04 4 Get Hi byte

(12?7 channels)

LDA B E SIGNL 4
ADD B # sS4 2
STA B D RHAC 4 Blank display
IMP E INTRP 3 Check Keys.
INTRP TST E KEYFG 6 Key pending ?
BNE our 4 Yes
BACK JMP E STRT 3 Go get more data
ouT JSR E RDKEY 9 Read Key.

Y-axis data latch on the control board (addresses $8A, $8B)
and loading the channel count into the 8-bit X-axis data latch
(address $8C). This process is repeated for the subsequent
127 channels.

In the worst case the display sequence takes 2923 ma-
chine cycles and since the sum-and-store sequence requires
128 x 31 = 3968 machine cycles for the worst case, the dis-
play is refreshed at least once every 6891 machine cycles or
once every 7.8 ms. This means that the display is refreshed at
a rate of at least 130 Hz, which is well above the refresh rate
at which display flicker would be obvious.

B. User functions

The user functions control the correlator operating
mode simply by setting or clearing particular bits in the sta-
tus latches on the control board. The only functions needing
additional input information are the routine which sets the
clip/scale level and the routine which sets the sample inter-
val.

Selection of the clip/scale level is done by keying in a
particular value in the range 0-99. To select the sample inter-
val (in us) three digits are entered through the keypad. The
first two digits are the mantissa and the third is the exponent
of the sample interval. For example, an interval of 1.2 ms is
entered as “123,” i.e., 1.2X 10° us. When the data for the
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clip/scale level and the sample interval are entered, they are
checked for validity and if they are outside the allowed
ranges default values are set.

IV. DEVICE EVALUATION
A. Maximum input count rate

The data throughput rate of the correlator is deter-
mined by the speed of the read, sum, store, and display pro-
cess and on the number of channels implemented. We re-
quire a large number of correlation channels so that multiple
decay components can be detected during data analysis, but
the throughput rate of the device will decrease in direct pro-
portion to the number of channels (because it takes longer to
read more channels). A trade-off between the number of
channels implemented and the maximum input count rate
must be made. We regard 128 correlation channels as a rea-
sonable working number and now proceed to calculate the
maximum input count rate for a 128-channel device operat-
ing in the single-clipped mode.

The 8-bit counters on the correlator channels must not
overflow, 1.e., we require <255 coincident counts per corre-
lator cycle time T, (the time to read, sum, store, and dis-
play 128 channels). The maximum mean number of coinci-
dent counts per sample interval T is*

<n> 1+ k
2{n){n,) =2(n (————— . 5
k (n) o (5)
The maximum number of coincident counts per cycle time is
thus

2{n){n,) =255T /T, (6)

and the maximum mean count per sample interval for each
value of & is found by solving

ye?

14+ k
2(n)( {n) ) BT, (7)
1+ (n) Ty
The maximum input count rate C_,, is then
Coar = (m)/T. (8)
[ o Cout Rt e o Frtm ]
1 Max. Input Count Rate as a function of
| Clip Level and Sample intervd
| Teyc =77 ms
|
@
a
E
x Clip Level
@« k=0
5 e
k=10
; =20 _
j =L
k=50
; k=99

| SAMPLE_lETERVAL (microsec)

F1G. 9. Maximum input count rate as a function of clip level and sample
interval.
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We showed above that for our device in the worst case
T,,. = 7.8 ms. Using this value of T, we have calculated
the maximum input count rate as a function of clip level and
sample interval. These results are summarized on the graph
shown in Fig. 9. From the graph we see that the maximum
allowable input count rate decreases from 108 X 10° cps at
100-ns sample interval and a clip level of 99 to an asymptotic
value of 16 10° cps at longer sample intervals and lower
clip levels. This asymptotic value is the true throughput rate
of the device in that it represents the number of coincident
counts actually processed by the device. In practice the
count rates that prevail in PCS experiments are usually
much less than two or three hundred thousand so that the
fundamental 16 x 10° cps does not really limit the utility of
our device.

B. Correlation functions

During the construction of this device numerous tests
were made to check that the correlator channels were count-
ing correctly and that the contents of the counters in each
channel were being faithfully read and accumulated in
RAM. The simplest and most reliable way to confirm the
device’s overall operation is with a real dynamic light scat-
tering experiment.

Using the experimental arrangement shown in Fig. 1,
we have performed a series of PCS experiments on polysty-
rene spheres. In this case the unnormalized correlation func-
tion has the form

G2(r)=A + Bexp(—2I'7), 9)
where 4 and B are constants. The exponential decay con-

stant I" is related to the translational diffusion coefficient D
of the scatterers by

I=K?D. (10)
Polystyrene Test Run
Single Clipping: 488 nm, S.A. = 90 deg.
Termp. = 24.5 C, Conc. = 0.0005 %
0.10
© 0054
w
Q
X
e)
i<t
O 000 JM%MM—
Legend
x 62
G2FIT
RESIDXI0
~0.05 T T

T T T T il
0 20 40 60 B0 100 120 140
Channel Number

(10 microsac. per Channel)

F1G. 10. Single-clipped correlation function and best-fit single exponential
plus base line for homodyne detection. Sample interval = 10 us. Data col-
lection time = 10s.
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TaBLE II. PCS measurements on 91-nm polystyrene spheres.

Clipping/ Sample Temp. r D Diameter
scaling int. { us) (°C) s 1 (107" m?s Y (nm}
Clipping at 0 10 245 3149 5.337 90.6 + 1.0
Clipping at 0 S 245 3240 5.491 88.2 + 4.0
Scaling at 8 10 22.8 2968 5.030 90.6 + 0.5
Scaling at § 5 24.5 3152 5.342 91.9 + 0.6
Clipping at 0 -
(cross-correlation) 10 22.8 2898 4.912 94.2 + 2.0

Here

__ 4mnsin0/2
Ao

K (11)

is the magnitude of the scattering vector, @ is the scattering
angle, n is the solvent refractive index, and A, is the vacuum
wavelength of the incident light. We determine the radius R
of the scatterers from the Stokes-Einstein relationship and
D, ie.,

D=kyT/6myR. (12)
Here kj is the Boltzmann constant, 7 is the absolute tem-
perature, and 7 is the solvent viscosity.

Samples of a 0.005-wt. % solution of polystyrene
spheres in water were filtered through 0.45-um pore-size
filters into a clean scattering cell and a number of measure-
ments were made using both single clipping and single scal-
ing. The cross-correlation function was also tested by apply-
ing the photocount signal to both the A and B inputs of the
correlator. This is expected to give the same result as for
autocorrelation with the photocount signal applied to input
A only. The incident laser power was about 100 mW at 488
nm and the photocount rate around 30 X 10° cps at a scatter-
ing angle of 90°. The experimental correlation data for a se-
ries of 10-s runs were recorded and subsequently fitted to a
single exponential plus a base line using a locally written
nonlinear regression routine to determine the decay constant
I'. The best-fit value of I” was then used to calculate the
diffusion coefficient and the radius of the scatterers using the
results outlined above.

Figure 10 shows a typical result of curve fitting to the
experimental data. Clearly the residuals between the raw
data and the fitted curve are evenly scattered about zero
suggesting a good fit to the experimental data. Furthermore
the reduced chi-square obtained from the curve fitting was
invariably close to 1.0, which is expected if the experimental
data are well described by the fitted functional form.'® The
results of these experiments are summarized in Table II.
Each result is the mean of five experimental runs. In each
case the value for the diameter calculated from the experi-
mental data agrees closely with the nominal value of 91 nm.
On the basis of these experiments it is clear that this correla-
tor operates correctly and provides a faithful measurement
of the autocorrelation function using either single clipping or
single scaling.
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V. DISCUSSION AND CONCLUSION

As we mentioned at the outset, a number of other
workers have developed low-cost digital correlators, but
these all have characteristics which, to varying extents, limit
their desirability for PCS experiments. For example, the de-
vice of Bohidar er al.® is very low-cost, but has only 64 corre-
lation channels, does not have provision for real-time display
of the correlation data, and the correlation data must be read
manually, one channel at a time. This mode of operation is
not really compatible with the high data production rate
common in PCS experiments. Basano and Ottonello’s de-
vice® has a large number of correlation channels (256), but it
is not capable of parallel processing since it works on the
principle of measuring the photoelectron arrival time distri-
bution and this is a single-channel process. Thus to get a
good signal-to-noise ratio run times will be long. The Chen
device* suffers principally from the need to provide an ex-
pensive multichannel analyzer to accumulate and display
the autocorrelation data. The 16-count channel counter ca-
pacity also limits the input count rate for this device. Recent-
ly, Paul and Nicoli'' have built a modified Chen correlator
wherein they increased the channel capacity to 128 counts
and used a microprocessor and RAM to store the correlation
data. This device has only 48 correlation channels and the
measured correlation function is scaled by 128, which is un-
desirable at low count rates.

In the foregoing sections we have described the design,
construction, and operation of a device which has none of
the disadvantages mentioned above and which preserves the
more attractive features of the Chen device. Moreover, with
the choice of either clipping or scaling our device can handle
both Gaussian and non-Gaussian signal statistics. The cross-
correlation facility also makes our device suitable for appli-
cations such as multidetector experiments. Incorporation of
the microprocessor in our correlator design has made the
device extremely flexible and easy to use. Simply by chang-
ing the software, the correlator can be made to perform more
complex modes of operation (e.g., instead of taking one long
measurement, take many measurements of short duration).
With appropriate interfacing the correlator could also re-
cord {and control) experimental parameters such as the sam-
ple temperature, scattering angle, etc.

Our correlator is a research quality device that is ideally
suited for use in PCS experiments; however, we believe that
the low cost of our device makes it especially attractive for
applications in areas where cost is a major consideration,
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e.g., in undergraduate teaching laboratories. Finally our cor-
relator design clearly illustrates the advantages of using sin-
gle-board microprocessor kits as the basis of an instrument
design. These simple, low-cost devices are cost effective and
have tremendous potential for reducing both the design ef-
fort and the hardware requirements in an intelligent instru-
ment. The end result in our case is that for around $1500 we
have built a device which compares well with commercial
devices costing on the order of $10 000.
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