Photomultiplier
Tubes See the Light ..

One Photon

at a Time

by Eard Hearger! ared Croilg Welling

.‘_ l rehaealogists, lNshermen,

food service professionals.
astronomers and environmental
agencies are among thoses who have
recently lound new ways Lo exploit
the relationship between light and
the compositien of substances.
Dating archasclogical Ands, locating
srfinole o lsh, measuring lood con-
tamination. mapping the stars and
moenitoring pollution levels are all
applications thal require extremely
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Efficient detectors help analyze bones,
food, stars and pollution.

wensitive deiection of very low bevels
of light.

As these applications grow, the
nesd for easy-to-use detectors with
exiremely high sensitivity, low noise
and stability is paramount. Althoagh
solid-state technologles such as
avalanche phutm‘llnd.l,-.s. Fet a lot of
allention. the pholamultiplier (an
eleciron tube) commonly known as
the photomultipler tube [FMT), still
has a commanding bead in demand-
ing applica-
tons such as
phaoton coant-

frg.
In all of

these applica-
tions, excep-
tional signal-
to-nsiss ratlos
are required
Phodt ossat byocd e
and electro-
aptic research
and design
has mproved,
and over the
past 10 years
photocathode
cpuiareiurm @16 -
ciency has in-
creased. with

sovme devices boasting up to 40 per-
cent quantum eflcieney. This has
led to the detection of ever lower lev-
¢ls of photons, which has, in turn.
enabled ever higher numbers of ap-
plications.

Through the window

A ypleal end-window PMT [Figure
2) comprises a glass emvelope, a pho-
toecathode, dynodes and an anode
— all in a vacuum. A phaoton enters
the glass window,. and the photo-
cathode converts it to an electron.
The photon must be energetic
enough Lo deive the electron out of
the photocathode and into the vae-
uum of the PMT. In the vacuum. an
electric field accelerates the electron
betwean the elecirodes (o the first
dynode.

Each dynode |3 coated with a see-
ondanv-emission surface, which re
leases many elecirons each tme one
electron sirikes it. These electrons
accelerate to the next dynode, and
the process continues through the
e to bwelve dyode stages.

At the end of the process, the elec-
trom cloud contains more than 109
elecirons. The arsocde collects all of
these elecirons and passes them to
an external cirenidt,

Figure 1. A photomuitiplier fube's high sensilivily is an asser in
analysis appiications, such as checking for contamination by
E. colf bacteria on fopd processing machinary.

DECEMBER 1590



Figire 2. The
T
photocathode
changes
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incaming
pholors o
lecfrons,
wiich Bounce
Hrawgh &
Saneg of
dynodes. Each
dynoda
muihplss the
nurmbar of
aefecirors hat
Slrik &,

In the simplest anaa-
log clreult. a resistor
spans the anode and
ground, and the current
putlses ow through this

resisior and create a ""':-_-
iy
vollage puilse acmoss 1, A

measuring instrument Fhoton  PMT Freomp  Magin &Amp  Discriminotor Pulse Counber
such as a voltmeter or (Comparator) Shaper
l'l:il.'I|Jl.l:-|'-:l|:H:' Integrales
these voltage pulses,
producing a [ volt- Figure 3. A photon-courniing Gate
age corresponding o | SR i much mone
the light level COMCE wﬂa" analog colllectively become The Analogt:
clream, But It sgnwicantly FMT s dark curreni &N - ! ph

Counting ]}hﬂlﬂn! improves a PMTs The photocathode’s s v 2eF [Ippn +204!

A more compli performance. spurious electrons y B ;
cated clrcuit, the cascade through the where
photon-counting circuit (Figure 31, entire dynode chain, indistinguish- I, = signal current produced by

converts the individual eurrent
pulses to a voltage and amplifies
them with a preamplifler and main
amplilier slages.

A discriminalor lesmparator) then
eliminates ow-amplitude pulses 1o
minlmilze nodse. The discriminoated
pulse |5 passed to a pulse shaper
el converts the pulse to a standard
elecironmic loghe level, An extemnal froe-
guency counter can then tally the
sifmials.

The photon-counting circuit is
maore complicated. bul {is benefils
cutweigh the disadvantage of re-
placing the simple resistor deslgn: 1t
signdficantly improves signal-to-rnoiae
15N ratio, stability and ease of use.

Ihe photocathaode and all dyniodes
emit spurious elecirons, which
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able rom Lhe light-generated signal
Spurious signals Irom the dyniodes
dio nod go through the entire muli
plication process; therefore the am-
plitude of ther '|'III|*-:'-:- = smaller than
those originating at the photocath-
o,

The shol nolse of the dark cur
rent s the primary nodse source in
a FMT. and it arises [rom such
sOUNCes as the quanium nature of
the photon, uncertainty in pholon
arrival mtes and electron emission
prababdlity,

Another significant nolse source s
statistical NMuctuations on the dyn
ode gain mechanizm, also known as
lts “exeess nofEe factor.” The follow
Ing equations Mustrate PAMT sigrl-
| =TI se ratlos

incident light

I, = dark current resulting from
citthole and dynode s puroLs emis-
sions

& = electron charge (coulombs)

F = gxcess roise Dclor

Fhoton counting:
N,
W BN+ 2N 4

wheere

N = signal counts

N, = photocathdode sparious emis
ahon counts ondy

Fhoton counting produces two
improvemenis in signal-to-noise
ratis: The discriminator eliminates
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spurious emissions from the dyn
ocles, thus lowering the dark nodse;
and the technigue removes the ex-
orss nolse metor, resulting in a sig
nmal-to-nalse ratio improvement of
ambout 1.4 to 1.6.

Easier to use

Photon counting also resisis vari-
ations in supply voliage, resuliing in
hetter operational stability. In the
analog msde, a 1 peroent change in
supply voltage Increases the gain by
10 percent. The echnique is inher-
ently less susceplible to changes In
Eain and supply voliage

Probably the mosl signilicant acd-
varLage of piolon coumting 1= case of
use. There is virtually o dependence
on perlormeanoe variatbons in the am-
plifler or readout cirewits, These char-
arcteristies ensure much more Teli

able operation. In the amalbog maode,
the nstrument must be calibrated
regularly to adjust for changes in
galn, Al n the amglilber clreuil and

the readout elec
lronbes [vollmeter,
analog-to-digital
COTVETET)

The bdggest hur
dle o wide accep-
tance of photon
couniing has beern
the complexity of
the cireuils. How
ever, recenl im-
provements in the
slre and sensitivity
of the PMT and a
virtual revolution
in size reduction
cosl and inle-
grated-circuit
POWET COTNSUMRP
liomn have enabled
the manufscture of
very small, bow-power, commplete pho
Tor-countng wmils.

indusiry is finding these devices
useful in a number of diverse appli
cationg. In one scample, & portakle
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Figure 4. ATP hinluminescence
amplops a PMT-based
furminormstar ko quickly verfy that
food processing aquipment is
chrarm,

PMT can be carried throughout il'
losell processing plant o assess oon-
tamination that could lead to food
polsoning. The LIS Department of
Agriculiure has compdled a final role
on pathogen reduction because of
ol poisondng’s risks (o society and
inereasing media coverage ol major
inckdents. Traditbonal methaods of ver-
ifving cleanliness at food processing
Manis, such as culturing cells and
counting bacteria, can take two to
Ave divys. IF the lesis show conlam
ination, public salety is al stake, As
a result, some real-time testing of
food contamination now relies on
ATF bioluminescence, a technigue
for wiideh & |:|nr|.-|l'||-e- PMT-hmsed e
vice is an ddeal detecior.

I this technlgue. food processors
test the cleanliness of thelr squlp
menl [a chopping block, lor exam-
el by wiping the "clean” equipment
with & swak. The swmab is soaked wiih
laeiferase and arwsther chenion thal
breaks into cell walls. This allows
thee escape of adencsine triphosphate
[ATP), which cells use Lo slore &ni- ‘
EFEY. Food residue, bacteria and
other microorganisms all contain
ATP. In the presence ol lucilering u-
clierase, ATF produces an oecdized
form of lnciferin and soome very weak
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light emisaions. The amount of
biolegical material present 15 pro-
partional to the number of photons
emiited. A FMT-based luminometer
can count those photons and deter-
mine whether the equipment s chean.

Size marters

Irv an application Hke this, where
the Instrument 18 carried from point
o podnd for testing, Instrument size
is a major lactor. PMT producers
have met this challenge by offering
smaller package slzes, Some exam
ples inchade devices inoa TO-8 pack-
age or 4 more traditional side-on style
that 15 only Y2 in. in diameter

Another advancement thal has
helped this application is the sup-
parting elecironics. Handheld In
siruments are powered by balleries,
80 power consumptlon is important.
A typical PMT requires a voltage of |
EV. The driving clreudl s a high-voll-
age power supply with a resistive
voltage-divider chain to apportion

the voltage into each dynode stage.

Resistive power loss can be re-
duced (o less than one-thind with a
Cockroft-Walton voltage multiplier,
a network of capacitors and rectifiers
thuat rectily and mulitiply an AC inpai
voltage, Instead of using reslstors to
perform the voltage division. a mul-
tistage vollage multiplier with one
stage for each dymode 15 wsed.

The market demands not only thai
the instrument designer make a bel-
ver. smaller and faster device. but
alse that the deviee reach the mar
kel maore quickly. These shorier che-
slign cycles push the engineer (o seek
a higher degree of Integration at the
compaonent evel. In this way, each
uiger peeed not master technigues lie
phnmn counting to enjoy their ben
elils.

The minjaturization. avallability
and increased functionality of inte
grated cincuils have produced mod-
ular PMT assemblies that include
all of the components nesded for

AUTOCORRELATOR

Measure 5 fs to 10 ps in ONE unit.
4+ All reflective design (lowest GVD)

4 High signal/noise ratio > 60 dB

4 Easy to use, no installation needed

4 Stand alone unit for all ultrafast lasers
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SUPEH OFTROMICS =515 Geogvence Bivil, Los Angeles, 54 USA BO0SE

Tel:(310) S5T4-E181
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10@ FHOTOMICS S3PECTRA

Benefits of

photon
counting
outweigh
circuit
complexity.

photon count-
ing. One of the
latest advaree-
ments has been
the integration
ol a microcon-
troller that allows the user to com-
municate and control the device
wilth soltware Irom a personal com-
puiter.

A microconiroller can also increase
thee syslem’s accuracy by commecting
for a phenomenon called dead time.
When an event begins, no other event
can begin until the lirst event has
competely passed through the PMTs
circuits. The time between the start
and end of the svend is called dead
time, At higher lght levels, more pho-
tons hit the PMT EVETY second, so
Lheere i5 high probability thal an eveni
will oecur during the dead time, when
the= ciroudis cannot process it This
can resull in two lght photons belng
detected aimultansously and counted
AS OnE,

Medical applications

A modular PMT assembly's on-
board intelligence can analyze in-
coming data and correct it based on
thie dead time of the detector, This
ran neresse the dynamic cange of
photon counting by more than an
order of magnitude, This level nrpm'-
lormmuaree s required in mecical in-
siruments, when componenis of
blood react with luciferin/ luciferase
in a hinluminescenee lest to check
the health of a patient.

Phioton counting is not the sim
plest method ol exploring the com-
position of substances, but its ad-
vantages ecasily outwelgh its com
plexity. As PMT and digital eircuit
technology advance to produce
higher levels of integration. photon
counting becomes an exiremely oost-
effective. accurabe measurement
technique. This, in tarn, will en
courage diverse industries o employ
FMT techmology to solve thelr prob-
lems. (]
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