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We employ a 32-anode photomultiplier tug®MT) in a fluorescence detection system and
demonstrate its ability to record broad fluorescence spectra at frame rates in excess of 1.4
X 10° Hz, which is 56x faster than the frame rate of an intensified charge coupled device detector.
The multi-anode PMT has single-photon detectable sensitivity. A new data acquisition and
processing system for the multi-anode PMT, together with the system-controlling software, has been
developed. The performance characteristics of the fluorescence detection system, including the data
rate capability, dynamic range, signal-to-noise ratio, and crosstalk among the different anodes, are
reported. The 32-anode PMT and acquisition system are suitable for a real-time, field-portable,
multichannel optical analyzer. @001 American Institute of Physic$DOI: 10.1063/1.1344179

I. INTRODUCTION photodiodé and intensified linear photodiode arralave
) o ) ) also been used for the detection of elastic scattering patterns
Techniques for then situ, real-time detection of aero- ang fluorescence spectra. The avalanche photodiode and

sols, particularly biological aerosols, have significantly ad-ccp camera have less gain and lower sensitivity compared
vanced during the last several years. These advances haﬁ(?the PMT

been driven by the concern that airborne microorganisms can

di d irat bl in h q Recent advances have demonstrated the ability to detect
cause disease and respiratory problems In hazardous W.OU\/—excited single-shot fluorescence spectra from single ag-
environments. In addition, some are feared as possible bio-

warfare agents. Methods that exploit the intrinsic ﬂuores_gregates oBacillus subtilisspores as small as 1/8n diam-

cence of biological molecules found in biological particles aseter using an ICCD.However, the slow data-transfer rate of

a diagnostic for their detection are beginning to mature.the ICCD detector limits the overall recording speed to 25

These methods have been used to distinguish bio-aerosci@€ctra per second. A more capable real-time fluorescence
from nonbiological aerosols and to partially classify biologi- détection system needs higher sampling rates in order to
cal particles™® Fluorescence-based sensors may provide &ave the ability to capture the hundreds of fluorescence spec-
rapid diagnostic tool for bio-aerosol classificatioh®>® tra per second required for transient bursts of high concen-
A photomultiplier tube(PMT) is one of the most sensi- tration aerosols. In addition, a field-portable instrument
tive detectors. It has fast response tifiel n9, needs no needs components that are compact and light. A multi-anode
water cooling, and is compact. PMTs have been used to d&2MT assembly that has recently become available holds
tect the intensity of the elastic scattering and fluorescence ipromise for building on these recent advances for detection
several wavelength band$®’ The intensified charge of bio-aerosol particles. Replacing the cooled ICCD with a
coupled devic€lCCD) camera has much higher spatial reso-multi-anode PMT detector would increase the spectrum re-
lution. Both detectors have single-photon sensitivity, how-cording speed and reduce the physical size of the detection
ever the ICCD generally needs cooling to yield this levelsystem.
of sensitivity. The ICCD camera has been employed for |n this article we report a high-speed, high-sensitivity
measuring fluorescence spectra from single micrometerzerosol fluorescence spectrum detection system that employs
sized particle$:*® The multi-pixel high gain avalanche g new 32-anode PMT assembifiamamatsu, H7260to-
gether with the interface electronid¥tech Engineering,
dElectronic mail: richard.chang@yale.edu PhotoniQ P726041 By collecting the fluorescence emission
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from single aerosol particles excited by single laser pulses mput 18t ong .

I : : i sampling d integ. charge in i foF
the system is capable of detecting and recording the fluores rioger, / SaMPING " anode (1-52) “Siaker
cence spectra at repetition rate in excess of 1400 particles pe i i P
second, while maintaining single-photon sensitivity. The 32- . ::Intetgration:: P

. . . n ime n ! 1

anode PMT and its electronics assembly are suitable for ¢ I,.r;fuf" I i b

real-time, field-portable detection system. 9/. 7
i ‘ %
e 4

Il. EXPERIMENTAL APPARATUS AND DESCRIPTION ] LA -4 &

An aerosol fluorescence spectrum analyzer that employ: N .

an ICCD detector has been described in detail previctfly. = Hitne profils” ;> 2 A

Briefly, the detection system works as follows. Particles en- t, tie—t; >ty ety delay

trained within a stream of air are directed toward a trigger et e e

volume, defined by the intersection of tw@35 and 670 nm
wavelength near 90° crossed diode laser beams. A triggelF'G-_l- A 'schematic'diagram for the ﬂu_orescence detection and data pro-
. . cessing. Time evolution is from left to right and anode numfoerwave-

pulse from the AND gate is generated only when the eIa‘St'(l:ength) is from front to back. One event cycle can be described as follows.
scattering of light, detected by two PMTS, exceeds a presetn input trigger starts the event cycle. All the PMT anodes are sampled for
threshold from a single particle crossing simultaneously botfhe background, th@-switched laser fires, the fluorescence emits, all an-
of these beams. The illuminatir@switched UV laser is set odes are integrated for their charges, analog to digital converts the sampled

. voltages at each of the 32 PMT anodes, data are serially transferred to a
to fire and the ICCD to gate on about,ds later after the computer, the single-shot fluorescence spectrum is displayed and stored, and
trigger pulse from the AND gate, while the particle travelsat last the whole system is reset and rearmed for another trigger pulse.
the short downstream distance20 um) between the trigger
volume and the sample volume. The sample volume is de-
termined by the intersection of the focal region of the illu- Q-switched laser{3) the fluorescence emission excited by
minating laser(which excites fluorescence in the targetedthe laserj(4) the conversion of fluorescence photons to pho-
particle and the focal point of the reflective objectigghich  toelectrons at the PMT photocathod®) the photoelectron
collects the fluorescengeThe illuminating laser is a diode- cascade and integration of charges from each an@jlé¢he
pumped,Q-switched, pulsed laser of 266 nfor 355 nn) analog-to-digital sampling of voltages for each of the 32
wavelength, with 30 ngor 70 ng duration, operating at the PMT channels(7) the serial transfer of these digital voltage
fourth harmonic(or the third harmonic of a Nd:yttrium—  values to a computer port8) the subsequent display and
aluminum-—garnetYAG) laser(Spectra Physics model X-30 storage of the single-shot fluorescence spectrum;(@nthe
or Y-70). Fluorescence emitted from the particle is collectedresetting and rearming of the system for another trigger pulse
by a high numerical aperturéNA=0.5 Schwarzchild re- from the AND gate.
flecting objective, and dispersed by a spectrogréption Specific timing and integration of these functions is as
SP-150, with 300 groove/mm grating blazed at 500.n&  follows. About 1 us after the initial trigger pulse at tintg,
cooled ICCD camera is placed at the spectrograph exit plane. delay/pulse generator fires two independent but synchro-
A long-pass filter is placed in front of the spectrograph innous trigger pulses. The first pulse is fed to the PhotoniQ to
order to pass the fluorescence and block the elastically scagtart an acquisition cycle, and the second pulse to trigger the
tered light of the UV laser. Q-switched pulsed laser, which illuminates the targeted aero-

In our new system, we exploit a different detector andsol particle. The PhotoniQ has a data acquisition channel for
develop a data acquisition and storage capability for the desach of the 32 anodes of the PMT. Each channel contains a
tector. We refer to this advancement as a high-speed aeroseldeband, integrating, preamplifier, a background subtrac-
fluorescence spectrum analyZetAFSA). The HAFSA em-  tion circuit, and a wideband 14 bit analog-to-digital con-
ploys a 32-anode PMT detector having a single photocathodeerter(ADC). The ADC first samples the background at time
and nine dynode stages that preserve spatial integrity acrosgjust before the laser fires and before the preamplifiers be-
the photocathode. Acquisition and storage of the 32 separatgn to simultaneously integrate the charges from each of the
data channels are facilitated by interface electroffieseaf- 32 anodes. The time-delay—t, is set by the pulse-delay
ter referred to as Photon)Qa data acquisition boarNa-  generatorto be about 1us) as required by the trigger of the
tional Instruments, BNC-2120and software written for ex- Q-switched laser. In addition to the external delay generator,
perimental control and acquisition in C programmingthe PhotoniQ interface provides a built-in digitally controlled
language. delay generatofover a range of 80—280 h$or fine timing

To describe the operation of the HAFSA, consider a timecontrol that can be set through an RS-232 port. The emitted
sequence of its detection and data processing system funftuorescence, after being dispersed by the spectrogisgsh
tions revealed in Fig. 1. The diagram indicates the sequendeig. 2), reaches the photocathodes of the 32-anode PMT with
of an event cycle. Time evolution is from left to right and spatially distributed, wavelength-dependent intensity. The
anode numbefor wavelength is from front to back. The fluorescence intensity increases with the laser pulse and de-
AND gate trigger output starts the event cycle; subsequentlgays to zero within a few nanoseconds after the laser pulse
the following events occur(l) the sampling of background ends. The 32 charge-integrating preamplifiers in the Photo-
levels for all PMT anode channel$2) the firing of the niQ simultaneously capture the charges from the 32 anodes
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RS S el b ] data analysis is written in the C programming language using
' Or ICCD & . . ) .
' controller | National Instruments Labwindows/CVI 4.01. The system is
. — —— ' operated with a PQGateway 200pby means of the RS-232
' ata tec i ¥ : :
acquision 4: electronics |+ 32})%1;‘;‘“ communication port. Upon command, the computer sends a
=l - le p— ?/ signal to ask the PhotoniQ to wait for the next trigger pulse
I—— and measure the next single-shot spectrum. The whole pro-
RRSEE cess for taking one single-shot spectrum requires less than
= Long-Pass = 700 us. Additional triggers that arrive before the completion
elay/pulse Filter " .
generator " of the event are ignored. The fluorescence spectra data ob-
| Trigger B tained through the data acquisition card or through the RS-
- " Reflecting L£_ ! 15 232 port can be immediately plotted on the computer screen.
HEBEr objective ‘kﬁﬂ( The data can also be saved in the host PC for later analysis.
Q-switched E‘ Numerous consecutive single-shot spectra or a series of ac-
532nmlaser |~ "7 Lens ";uvette“ cumulated single-shot spectra can be selected for display or/

and saving. The wave forms displayed on the screen can be
FIG. 2. A schematic setup for testing the complexity of the high-speedmanually or automatically rescaled. Anode location and in-
aerosol fluorescence spectrum analyd¢AFSA). A cuvette containing 2 tensity can be read from the screen via the mouse cursor,
x10°° M rhodamine 640 dye was used instead of an aerosol source fof hichy is convenient for real-time wavelength calibration.
convenience. The cuvette was illuminated by a single p@2eJ from the .
second harmoni¢532 nn) of the Nd:YAG laser(30 ns duration Fluores- One of the chief advantages the HAFSA system has over
cence emitted from the dye is collected by a Schwarzchild reflecting objeca Similar detection system employing an ICCD detector is
tive [(NA=0.5), and dispersed by a spectrogragteton SP-150, with 300 the high sample rate. For higher event rates approaching
fgroove/mm grating blaz_ed at 500 nnThe fluorescence spectrum exited 40000 per second, the PhotoniQ design contains a high-
rom the spectrograph is detected by a 32-anode PMT or a cooled ICCD
camera and their corresponding controllers. A long-pass filter is placed iP€€d batch mode. In the batch mode, the data are not trans-
front of the spectrograph in order to pass the fluorescence and block thmitted out of the analog port after every event, as this limits
elastically scattered light of the laser. the overall event rate. Instead, the data from each event are
stored temporarily in on-board memory. After a fixed num-

during the integration period from to t,. This time period ber of events have been captureg to several thousaid
is configured through the RS-232 line to the PhotoniQ andhe data can be accessed via the RS-232 link and read into a
can be adjusted between 340 and 540 ns. The ADCs captuF@St PC memory for further analysis. In this way, batches of
the sample voltages from the 32 integrating preamplifier&/€ry high-speed data can be captured in real time and read
after the integration period is complete. The net voltage ignto the PC at a slower rate. One advantage of this digital
then the difference between the first sample prior to integra®utPut mode is that the experimenter need not worry about
tion and the second sample following the integration. Thissignal corruption in the analog domain after the data has
differential approach helps minimize susceptibility to elec-already been cleanly captured into the digital domain.
tromagnetic fields or other low frequency noise.

The output data streartsampled voltaggsfrom each || EXPERIMENTAL PERFORMANCE AND
channel is serially transmitted through a single analog lineo|SCUSSION
from the PhotoniQ. This stream is created by passing th%
converted data words through a digital-to-analog converter™
(DAC) prior to being buffered and transmitted differentially Wavelength calibration of the HAFSA multi-anode PMT
out the analog port. The DAC maintains the analog output ofvas done using the fourth harmoni266 nm and second
each channel for 1@s and provides a digital readout clock harmonic(532 nm of the Nd:YAG laser, and the 635 nm
that occurs 9us after each data transition. An entire 32- diode laser as light sources. The current system covers the
element event vector can be read out in @40 correspond- wavelength range from 205 to 835 nm with a spectral reso-
ing to the time fromt, to t5. A 12 bit data acquisition card Ilution of 20 nm. Thus, the HAFSA is suitable for the detec-
is used to recapture the data into the PC. Figure 1 shows the®n of bioaerosols having broad fluorescence emission
time profiles of fluorescence intensity;,(t) ] and the corre- bands.
sponding integrated char€(t)] for several channels. The spectral response of the HAFSA was determined as

Serial analog data transmission from the PhotoniQ to thdollows. First, before the 32-anode PMT was connected to
data acquisition card was chosen for this application as ¢he PhotoniQ, the gain of each channel was calibrated by
compromise between speed and system complexity. Thiajecting known charges into the integrators and reading the
PhotoniQ can also provide digital transmission of the fluo-resulting voltage levels from the PC. The average @siale
rescence data directly to the PC through the serial RS-23factor) for each channel is 3560.5 mV/pC at the output for
link with the full 14 bit data resolution without the data differential data acquisition. Next, the PMT was connected
acquisition card, but this significantly reduces the maximumnto the interface, and a 500 W quartz tungsten halogen lamp
event rate. (Oriel) was used to calibrate the spectral response of the

Integral to the operation of the HAFSA is the control andrelative intensities of the combination &MT and spec-
acquisition software. The software for experimental controltrograph The number of photon@bsolute intensityreach-
and data acquisition, data processing, spectral display, aridg the PMT can be calculated by reading the output voltage

Wavelength calibration and spectral response
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FIG. 3. Typical single-shot fluorescence spectra detected by HAFSA at afIG. 4. Comparison of the sensitivity between the 32-anode Rifpper
incident intensity of single photon-electron level. The conversion of photo-pary and the cooled ICCD detectélower par). Both systems under the
electrons to photons assumes the quantum efficiency to be @)%nly same experimental conditions detected four photons in their single-shot
one photon was captured by the 20th channel of all 32 PMT ando)esyo fluorescence spectra. Both spectra display single-photon sensitivity and have
photons were recorded in the 18th and 22th channels; spedtumwo comparable signal-to-noise ratios.

photons were recorded in the 19th channel and another single-photon event

in the 23rd channel(d) and (e) were 10- and 100-shot average spectra . .
reveal a fluorescence spectral profile of the R-640 dye excited by a 532 nr‘?rnOther S'ngle'phOton event in the 23rd channel. The accu-

laser. mulation results show10-shot average-specti@d and 100-
shot average-spectta)] reveal a more familiar fluorescence

from the PC and using the specific quantum efficiency of thespectral profile of the R-640 dye excited by a 532 nm laser.
photocathode at each measured wavelength, the gain of the For comparison, the ICCD camera-based system was
PMT at the applied voltagécalibrated by Hamamatsu for also used to detect the same low level single-shot fluores-
this specific PMT by using a standard lamp of 2856 #&d  cence. This detector was cooled+@0 °C and the gain set at
the scale factor between the output voltage and the chargdsd (maximum 10 for supplying high voltage to the image

transferred from the PMT to the PhotoniQ. intensifier. Figure 4 shows a typical ICCD spectra for the
same conditions. Both PM{upper part of Fig. #and ICCD
B. Sensitivity of the HAFSA (lower part of Fig. 4 detection systems detected four pho-

o tons in their single-shot spectra. They both have single-
The sensitivity of the HAFSA has been tested and comphoton sensitivity. For comparison with the 32 anode—PMT,
pared with a similar detection system employing a cooletne single-shot spectrum detected with the IC[ID24 pix-
ICCD camera(Princeton Instruments, 1024 MLDS:EA |5, see spectrurth) in Fig. 4] was binned to 32 channels
schematic diagram of the test setup is shown in Fig. 2. Fofsee spectrunte) in Fig. 4]. The spectra are comparable, and

; ; . -8 : . .
experimental convenience a cuvette containing1® °M  the PMT detector shows a better signal-to-noise ratio.
rhodamine 64QR-640 dye was used instead of an aerosol

source. The cuvette was illuminated by a single p(fsen)
from the second harmoni®32 nn) of the Nd:YAG laser
(30 ns duratiopy with 850 V voltage applied to the PMT. In order to determine the maximum rate at which fluo-
The trigger pulses for firing the laser and activating the Phorescence spectra can be measured with the HAFSA, two laser
toniQ were generated by a delay/pulse generator. Their timpulses were used to excite fluorescence from R-640 dye in
delay (0.64 us) was optimized by maximizing the fluores- the cuvette. The time interval between the two pulses was
cence signal. The laser pulse energy was then reduced usittgen decreased until the system was no longer able to record
neutral density filters until the fluorescence intensity corretwo sequential fluorescence spectra. For ICCD, the minimum
sponded to a few photons detected with a single laser shotime between laser pulses was found to be 40 ms, corre-
The spectra in Figs.(8)—3(c) are typical of single-shot sponding to a maximum spectra data rate of 25 Hz. By con-
results, where the number of photoelectrons are converted toast, for the HAFSA, which uses the 32-anode PMT detec-
photons by using the photon quantum efficiency 20%. Intor, the shortest time between two pulses was 769
spectrum(a), only one photon was captured by the 20thcorresponding to a data rate of 1400 Hz to record fluores-
channel of all 32 PMT anodes; in spectrii), two photons cence spectra.
were recorded in the 18th and 22nd channels; while in spec- To emphasize the utility of the fast data rate of the
trum (c), two photons were recorded in the 19th channel andHAFSA, we measured the single-shot fluorescence spectra

C. Data rate for the HAFSA
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FIG. 6. A typical output voltage from one particular chantbe 20th of the

32 channels of HAFSA systemaries linearly with the input of photorisp

S to 20 000photong with the applied voltage at 700 V, and starts to saturate
with the applied voltage at 850 V. The inset shows the corresponding output
voltage varies superlinearlyvith a slope 8.9:0.1) with the applied voltage

on the 32-anode PMT while keeping the incident illumination constaint
around20 000photons per pulge

Tha, mtensivy (200)

FIG. 5. Consecutive single-shot fluorescence spectra of aerosttzedm

in diametey Bacillus subtilis bacteria and NADH mixture taken by the

32-anode PMT and ICCD-based detector systems. Within 0.1 s, the 32- . . .
anode PMT system captured 100 fluorescence spztrereach a repetition  D- Dynamic range and linearity

rate of 1.4 KH2. Because of the difference in the particle density, only 3 . . . . .
Bacillus subtilisbacteria spectrgpeaked at 330 njnwere detected while The PhotoniQ prowdes 14 bits of resolution with a full

dominated by the NADH aerosol87 spectra, peaked at 450 hrnder the ~ Scale differential analog output of 10 V. The rms equivalent
same experimental conditions, the ICCD-based detector captured only thermal noise Charge of the PhotoniQ is below the level of a
NADH fluorescence spectra in all. The sharp peak at 635 nm is the elastigingle least significant bitLSB), thereby preserving the full
scattering from the diode laser. - ’
84 dB dynamic range. One LSB, measured at the analog
output, is 0.61 mMcorresponding to 17 fC of charge at the

from aerosols containing a mixture of two types of particles.NPud- Thus, the relationship between the system LSB and
These aerosols are the mixing output of two ink-jet aerosoin€ output from a single photoelectron event depends on the
generator1JAG), which can produce monodispersed aero-PMT gain, but for reasonable gain settings the PhotoniQ dy-
sols at a rate between 1 Hz and 2 kHz with mean diamete?@mic range will include single photoelectron events.
between 1 and 1@m in diameter(15% variation in sizp™® Figure 6 shows a typical linearity measurement from one
We chose for this test a mixture containing a high concen{the 20th of the 32 channels with a 700 and 850 V applied
tration of reduced nicotinamide adenine dinucletidesvoltage for the 32-anode PMT. The system has a-0.@
(NADH) together with a low concentration of bacteria cells. MV output offset when the PMT is in the dark. A single
The high concentration NADHSigma was aerosolizeds  Photoelectron event appears around 7.5 (86 mV once
um diametey at 4 kHz by one IJAG, and the low concentra- the offset is subtractegdwith the repetition of 7.5 mV for the
tion Bacillus subtilis (vegetative cells, Sigmawas aero- Nnext few points in Fig. 6 demonstrating the statistical nature
solized (also 5um diameter at 80 Hz by a second IJAG. of the PMT’s 5% quantum efficiencat 585 nm (on average
Thus the bacteria aerosol concentration was about 2% of thé0 photons produce 1 photoelectroiyhen the PMT is ap-
total. plied with 700 V, the output increases linearly with the inci-
Figure 5 presents the consecutive single-shot fluoresdent fluorescence up &0 000 photons (within 30 ns, corre-
cence spectra of this aerosol mixture, taken over 0.1 s, fogponding to 4000 photoelectrorig)our measurement range.
both 32-anode PMT and ICCD-based detector systems. Th&Mhile it is applied with 850 V, the output linearly rises with
HASFA fluorescence detection system with the 32-anoddéncreased incident fluorescence until 8 V, when the illumi-
PMT captured 100 fluorescence spectra within 0.1 s in whictnating fluorescence reaches ab@0t000 photons. The out-
97 spectra are from the high concentration of NAQ#dving  put deviation starting at 8 V could be attributable to several
fluorescence band around 450 nand the remaining three sources, i.e., either the PMT or the PhotoniQ electronics. For
spectra are fronBacillus subtilisbacteria(having a spectral the PMT, both cathode and anode will causiation from
band peaked at 330 nmUnder the same conditions, the linearity at large currentsThe linear range varies with dif-
ICCD-based detector captured only three fluorescence speterent wavelength and, hence, the deviation point is depen-
tra, all of them corresponding to NADH. This comparison dent on the wavelength through the quantum efficieBgy
demonstrates the capability of the HASR#vith the 32- amining the possibility of cathode saturation, the cathode
anode PMT detectigrto capture the fluorescence spectra ofsaturation current for a PMT is from 0.1 to L@\ according
a minority concentration of potentially harmful aerosol en-to different cathode material$. Therefore, the number of
trained within an innocuous concentration of backgroundncident photons required to saturate the cathode using a 30
aerosol. ns light pulseconsider the time profile of the fluorescence to
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be essentially the same as that of the laser putse be 3%. The second source is the PhotoniQ. The average
estimated as crosstalk between adjacent PhotoniQ channels was measured

. _ 5 to be 0.06%, with a maximum value of 0.10%. Thus, the

1A(D)/en=(0.1x10"7) PhotoniQ will contribute little crosstalk to the fluorescence

X (30X 10 ®)/[(1.6X10 )X (5%)] spectrum as compared to the PMT itself.
Stability, or output variation with time, is also important

=37.6<10" (photong. for obtaining accurate data. Instability is generally due to a
This value is much higher than the measured level at whicldlecrease in the secondary emission ratio over long periods of
the output nonlinearity occurred, so the observed saturatiogperation, short time drift, and hysteresis phenomena in
is most likely not caused by the PMT cathode. The linearityPMTs. It is reported that the long-term instability of the PMT
at lower applied voltage also proves that the saturation is nds within 1%—2% over several tens of hodfsThe short-
caused by the photocathode. The space charge will dominaterm drift and hysteresis phenomena can be reduced by sys-
the anode linearity when the PMT is used in pulsed applicatem warmup, using stabilized power supply, pre-operation
tions. A PMT anode will generally saturate when the lastwith a dummy light source, and well-grounded wiring with
dynode current reaches around 10 Ai4&or the 30 ns laser electromagnetic protection. When recording fluorescence
pulse, this current level corresponds to an output of 10.8 V ispectra, variations in spatial uniformity between different
is 25% above the observed level. Considering that the minichannels are much more serious than the several percent
mum anode saturation current is not a manufacturer-specifie¢ariation in the overall system gain, which just affects the
parameter, and the peak current generated by the laser pulgesolute intensity of the whole spectrum without changing
is larger than 10 mA, the average calculated value, it is reathe spectral profile. The double sampling done by the Photo-
sonable to speculate that this PMT unit may begin to beniQ greatly reduces the base drift of the system, and most
saturated around 8 V. low frequency variation in the optical background.

The output voltage of the whole system at different PMT
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