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We have designed and built a low-cost current—voltage converter with a bandwidth larger than
200 MHz and a fixed ac insertion gain of 20 dB for use in multiple-frequency phase fluorometry
(MFPF). We describe its application with the Hamamatsu R928 photomultiplier (PMT) and
discuss problems of radio-frequency (rf) interference, signal-to-noise ratio (S/N), PMT
nonlinearity, and overall frequency bandwidth. The separation of ac and dc signal paths
introduces the possibility of direct determination of relative modulation in two simultaneous
measurements. We demonstrate that systematic errors such as PMT nonlinearity can be
completely eliminated in MFPF by an appropriate experimental procedure and report an

accuracy of our dual-beam instrument of 5 ps.

INTRODUCTION

Over the past decade multiple-frequency phase fluorometry
(MFPF) has advanced to a well-established technique for
the investigation of luminescence characteristics.'~'® The
availability and use of lasers as excitation sources and stable
electro-optic modulators covering a broad, continuous fre-
quency spectrum have promoted the development of re-
search instruments and led to the commercialization of the
method as well."!

Introducing cross correlation of the fluorescence signal
with a second high-frequency source has considerably im-
proved the sensitivity of the frequency-domain technique,
with the disadvantage of relying on several detectors in most
instruments.”®'! Small side-on photomultipliers (PMT)
such as the Hamamatsu 1P28, R928, and R446 have found
widespread use as light detectors in these fluorometers; only
recently have they been partly replaced by microchannel
plates such as the fast Hamamatsu R1564U for the special
case of modulation by the harmonic content of a pulse train
from a cavity dumped dye laser'>'® where the mean detector
current is small.

Considerable effort has been spent on optimizing the
rise-time characteristic of the inexpensive side-on-type
PMT’s by modification of the high-voltage divider
network.”%1%"1¢ As claimed by Kochel et al.,'” however, for
the case of the R928 circular cage PMT, the optimum mode
of operation with respect to the noise factor is the one with
standard, constant interstage voltage distribution.

According to our experience many of the dominating
PMT-related problems in phase fluorometry do not origi-
nate in the dynode circuitry, but in inappropriate anode cur-
rent pathways.

. REQUIREMENTS
Considering the frequency band applied in the MFPF

technique, coaxial cables with a characteristic impedance of
50 Q and external amplifiers/analyzers of the same input
impedance are generally used. Hence, termination of the de-
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tector output into a pure resistance of 50 ( is required to
minimize waveform distortions and ringing phenomena
caused by power reflection.

The resulting detector cutoff frequency found from the
corresponding R X C product is nonlimiting as long as the
total capacitance of the PMT anode relative to all other dyn-
odes, including stray capacitances caused by wiring, is kept
at a minimum. Broadband, low-noise amplification becomes
necessary in those cases, where the voltage resulting from a
PMT anode current across 50 €2 is too small for the phase
fluorometer detection setup; at this stage dc coupling has to
be preserved in order to allow measurements of the relative
modulation of the detector signal.

Il. DESCRIPTION OF THE DEVICE

Based on considerations of radio-frequency (rf) inter-
ference the TE-146-TSRF (Products for Research) thermo-
electric heat-exchanged cooled housing was chosen because
of its thorough shielding. Compared to a standard potted
tube socket, the extended socket assembly (Products for Re-
search) employed provided additional volume (39X 81-mm
diam) for incorporating the converter/amplifier circuit.'®
The socket wiring consisted of ten resistors of 330 k{2 each
with three capacitors of 10 nF/1kV parallel to the last three
resistors in the chain and of a simple rf decoupling shield
contact element. The insulating window of the housing was
exchanged for a fiber-optic feedthrough of multilayered
PVC. The outer surface of the feedthrough was covered with
a sheet of blank copper..

The basic idea of our circuit is to separate ac and dc
paths in order to avoid the problem of dc-coupled amplifica-
tion of a high-frequency signal. Once the two components
were separated, standard low-cost elements could be used
and thus the schematic diagram shown in Fig. 1 looks very
simple.

With the OP27 a standard operational amplifier is used
for current—voltage transformation in the dc path. With a
value of 30 k() for the metal film feedback resistor a dc out-

© 1988 American Institute of Physics 1924



i
I
30 K
— 1—
from
anode 1K opP27
— |_ 1K
1 DC
* out
+15 V
+8 V
680 pF 680 pF
| L AC
1l out

SAS5204N

FiG. 1. Circuit diagram of the current—voltage converter as used with the
R928 PMT.

put voltage of 3 V results for the maximum allowed anode
current of 100 zA and the offset of the OP27 can be compen-
sated by a small potentiometer.

With a fixed insertion gain of 20 dB the low-cost
SA5204N (Philips Linear Products) performs high-fre-
quency amplification; its gain is flat to 0.5 dB from dc to 200
MHz, with a — 3-dB bandwidth greater than 350 MHz.
Since the part is internally compensated and matched to 50
and 75 €, no external components are needed other than ac
coupling capacitors. Stray capacitance problems are mini-
mized by the amplifier’s layout as a small, monolithic inte-
grated circuit die.

The circuit was implemented on a 75-mm-diam epoxy
print by a ground plane technique. Two SMA bulkhead feed-

V(S+R) / (V(S) + V(R))

through jack receptacles were mounted in the socket chassis
for the ac and dc signals; the dc power lines were rf decou-
pled inside the socket.

Consequent use of high-quality semirigid-type coaxial
cables has proved to be fundamental to achieving satisfac-
tory signal-to-noise (S/N) ratios.

Ill. PERFORMANCE TESTING
A. Linearity with anode current

An important characteristic of a PMT/amplifier combi-
nation is output voltage linearity with incident light intensi-
ty. Any method for luminescence lifetime determination re-
lying on two or more distinct measurements of different light
intensities assumes detector linearity.

Our detector setup, with a two-arm bundle of fused sili-
ca fibers that end, statistically mixed, about 20 mm from a
well-defined spot on the PMT’s cathode, allowed a linearity
check as a simple experiment. Successively increasing equal
light intensities [530.9-nm Kr *, attenuated by Glan-Tay-
lor prisms, scattered by 0.39% LUDOX HS (DuPont) solu-
tions] were coupled into the sample arm; then the reference
arm; and finally, into both arms of the fiber bundle simulta-
neously: The corresponding dc detector output was record-
ed.

Provided that the R928 PMT’s with the current—voltage
converter were operating linearly, the sum of the particular
sample and reference signals V(.S) and V(R) should have
equaled the sum signal V(S + R) at any level of incident
light power. Figure 2, which shows a plot of the ratio
V(S + R)/[V(S) + V(R)] vs V(S) + V(R), should then
have consisted of the dashed line parallel to the abscissa. The
experiment revealed a considerable degree of nonlinearity,
reaching a deviation of nearly 10% at % of the maximum
anode current. This over-response may be fully attributed to
the R928 PMT-dynode string combination; it is caused by
an increase in dynode voltage resulting from the redistribu-
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FIG. 2. Nonlinear response of the R928 PMT for
dc signals. HV = — 1000V, 25 °C.
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tion of the voltage loss between the last dynode and the an-
ode' and can be diminished by increasing the voltage-di-
vider current compared to the anode output current. In
addition, direct anode current measurements with the RCA
31024 PMT in an analogous experiment® have yielded even
larger deviations from linearity, showing a beginning satura-
tion near the value of the current flowing through the voltage
divider due to the extension of voltage losses to the last few
stages. The magnitude of deviations even at low anode cur-
rent levels apparent from Fig. 2 imperatively calls for a non-
linearity correction as developed for our setup®'° or for a
proper measurement procedure in order to avoid systematic
errors.

B. Frequency bandwidth

To characterize the frequency response of the detection
system, ac and dc components of the signal produced by
Rayleigh scattered light were monitored as a function of
modulation frequency. The 530.9-nm output of a Kr * laser
(Spectra Physics model 171) was sinusoidally modulated by
an acousto-optic modulator (Intra Action AOM 403) at
1700 Hz. The zeroth-order beam was then modulated at
variable frequency by an electro-optic modulator (Conop-
tics model 380) driven by a tracking generator (Tektronix
TRS501) and a rf power amplifier (ENI model 550L). Ordi-
nary (O-) and extraordinary (E-) output of the second
modulator was directed into two translation stages and final-
ly, onto two 10-mm fused silica cells containing 0.3% LU-
DOX HS solutions. The scattered light was coupled into the
two arms of the optical fiber bundle ending on the PMT. The
ac component of the detector signal (first sideband) was
monitored on a spectrum analyzer (Tektronix model 7L13)
with 30-Hz resolution, whereas the dc voltage was measured
with a digital multimeter (Schlumberger model 7060). Both
signals were individually recorded for the O- and E-beams as

AC Power [ dBm ]

a function of modulation frequency in the range of 15-170
MHz; the results are shown in Fig. 3.

A first inspection of the plot in Fig. 3 suggests separate
discussion of the frequency response for the two bands up to
and above 90 MHz. Below this limit the characteristics are
essentially flat, with a small decrease in relative modulation
due to the electro-optic modulator, but identical levels for
both beams. Above 90 MHz a considerable loss in signal in
the E- compared to the O-beam is noticed. The concerted
vanishing of both ac and dc components is a consequence of
increasing E-beam divergence due to limited modulator per-
formance. The same phenomenon is observed, to a smaller
extent, for the O-beam. The unproportional decrease of the
ac signal part in both cases is exactly accounted for by the
finite rise time of 2.2 ns of the R928 PMT"?; the pronounced
maximum at 145 MHz can also be attributed to the electro-
optic modulator’s peculiarities. Thus far we have not been
able to give a definite explanation for the observed asympto-
tic disappearance of both dc signal components approaching
200 MHz. However, all the reported details that describe a
degradation of frequency response are independent of the
current-voltage converter employed, as this experiment has
been cross checked against direct anode current measure-
ments on the same PMT tube.

C. Overall accuracy

With regard to the reported relatively large deviation
from linearity of the detection system, the question of overall
accuracy of the MFPF fluorometer employed arises.

The standard procedure for testing this condition in our
dual-beam phase fluorometer makes use of the motorized
translation stage installed that allows variation in the optical
path of the O- beam by as much as 300 cm with a resolution
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FIG. 4. Overall accuracy check of the double-beam MFPF instrument with
current—voltage converter and R928 PMT. HV = — 1000V, 25°C, f= 50
MHz; mean dc current iy, = 6 uA.

of 100 um. Comparison of the optical delay introduced by
the delay line with the measured phase difference A®, using

L =cAd/w, (1

where L is the measured path difference, w is the circular
frequency, and c is the velocity of light, not only yields the
experimental precision, but also yields the absolute accuracy
of our setup. The result of such an experiment is shown in
Fig. 4. The distribution of the residuals indicates a mean
deviation of a single phase difference determination corre-
sponding to less than 5 ps, whereas the standard deviation
given in Fig. 4 as confidence intervals computed from experi-
mental entities by error propagation is slightly overestimat-
ed. We would like to stress that prior to nonlinearity correc-
tion as described in Refs. 8 and 10 the residuals of Fig. 4
deviate systematically from zero and for the most part are
not even compatible at the overestimated 95% confidence
level.

IV. DISCUSSION

Application of the current—voltage converter designed
for use with the R928 PMT, supported by the additional
means of shielding described above, has led to an improve-
ment in the S/N ratio of up to 30 dB over direct-anode cur-
rent measurements. Definite and proper output impedance
along with a frequency bandwidth considerably larger than
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that of the limiting components in our setup can be regarded
as the dominating converter circuit’s contribution to this en-
hancement. The device has met the demands in phase fluoro-
metric determination of the decay kinetics of 10~° molar
rhodamine 3B and pyronine B solutions in dioxane-water
and glycerol-water mixtures. Measurements were carried
out at emission wavelengths between 550 and 685 nm with 4-
nm resolution and with modulation frequencies between 30
and 138 MHz; detailed results of these experiments are given
elsewhere.?

Using benzene as a Raman scatterer (3047 and 3062
cm ~!) and the 406.7-nm Kr T laser lines (50 mW) for exci-
tation, a value for the R928 PMT’s color effect of less than
0.19 ps/nm was found, in very good agreement with Ref. 15.
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