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INTRODUICTION

Tn this lecture it is intended to provide a summary of the ori-
ping of the various fluorescence phenomena and to show, with some
rxamplet, what kind of information on biolegical systems thus becomes
notentinlly available.

Fifficient use of the various [luorescence phenomena to this prac-
ticatl end calls for appreciabtion of the competing processés invelved
in the formation and decay of the excited states, as well as of the
influrnce of Lhe intramolecular and intermolecular interactions upon
them. Thus the possible fates of a Franck-Condon excited state of a
I'lusrochrome will be briefly traced, with particular emphasis on the
deenxeitation pathways that are usually influenced by the bieclogical
cnvironment. In Fact, a rather general rule, which is followed by flu-
arochromes bound Lo biomolecules, ic that some fluorcscence properties
of the dye are charged upon binding. When these changes are typical
of a cortain dyr-biomolecule complex, the dye itself is called "flue-
rescent. Inbiel” or Yprobe" of the biomolecule.

ORIGING OF THE FLDORESCENCE PHENOMENA

To disruss this point we will conzider mainly the geometry cf
thre excited state and the solvent shell. In general, following the
absorption of one photon, the excess vibrational energy of &, , i.e.
the tirat excited sinplet state of the fluorochrome, {Fig. 1 a) and

b} 1, is lost through exchanpe with the solvent molecules {thermal
relaxation) ot a typical rate of v 10 s *, or through partition among
the depreos of “reedom within the polyatomic excited moleculet . Nor-

mally, the decay from vibrational levels of higher excited electronic
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Fig. 1. Diagram of the energy levels and of the transitions for a
dye molecule,

stztes (52 v S5, etc. ) proceeds via their own zero vibrational
levels, which are attained through thermal relaxation, and internal
corversion (radiatienless transition) to the zero vibrational level

of 5). The internal conversion process is also very fast, with a rate
of the order of 1012 g1 2 The time-scale on which these non-radiative
decay processes occur is too fast to be appreciably influenced by the
environment of the flucrochrome.

Finally, the resultant zero level of 51 can decay by a variety
of routes, which are also shown in Fig. 1 a). Let us first consider
the flucrescence transition which, for an isolated molecule, has a
rate, called radiative rate kp, of 107 to 10% s-1 3:4 | Since fluo—
rescence occurs al roem temperature from the vibrational levels of S
that are close to the zero level, the most likely absorpticn transi-
ticn is normally of greater energy; fluorescence in condensed media



displays a Stokes shift, or shift of the spectrum to longer wavelengths,

in respect of the absorption. The 0-f) transiktion is seen to be of low
probabllity, although it is the gnly one common to both absorption

and flucrescence. Provided that the energy profiles of the 5,(FC) and
Sp states in Fig. 1 a) are symmetrical in the region of interest.‘the
0-0 transition should act as a mirror of symmetry fer the absorpticn
and fluorescence spectrad . In practice, however, this may not occur,
owing to significant alterations in molecular configuration in the
exclted state, Reorlentation of solvent in response to these altera-
tions or to dipole changes leads to a further lowering of the excited-
—state energy shown in Fig. 1 b}, which results in a lack of spectral
symmetry. In the ordinary solvents, reorientation occurs at rates cf
JToR IO12 s_l 2. The type as well as the amount, of the dye molecule
alterations are closely related teo the fluorochrome environment. BSev—
cral mechanisms may be responsible for the configurational changes

in dye molecules in the excited state 5 . Only the most relevant cnes
from the biological point of view will be discussed here: the excited-
-state complex formation and the excited-state proton transfer. Fur-
thermore, competing with fluorescence are internal conversion pro-
cesses (kyp = 107 - 109 71, see Fig. 1 a) and b) ) that are not §t
all well understood, in which energy may again be dissipated to the
solvent. Intersystem crossing {see Fig. 1l c) ) may occur towards
lower-lying triplet levels (krgc = 108 s-1) from $; or, sometimes,
from higher singlet states” . Both intersystem crossing and internal
conversion are non-radiative processes that are influenced by the en-
vironment. The mechanisms through which these processes are made sen-
sitive to the environment are of more general interest and discussed
in many review papers3:2-7

All processes so far considered are unimolecular. In practice,
bimolecular processes also compete for the decay of 3) . They include
resonance energy transfer, collisicnal and static quenching, concen-
tration quenching, and Self—absorptiond'a . These will not be deals
with, though they are quenching mechanisms, but energy transfer in
Acridines and static quenching in Porphyrins will be considered sepa-—
rately owing te the reach information they can provide.

FLUDRESCENCE PARAMETERS OF INTEREST

For most chromophores, the environment acts only on the non-
-radiative decay pathways of the relaxed configuration of 9 {namely,
intersysten crossing and internal conversion). Thus the overall non-
~radiative decay rate kyp of the relaxed S; configuration is medified
by the binding, in general, while the radiative decay rate kg is left
unaltered®t® | This is typically the case where absorption measure-
ments on the fluorescent label are not significant from the biolegical
point of view, the absorpticn spectrum being related to kg, which is
rather insensitive to binding. The fluorescence properties of the
label will, on the other hand, be influenced by the environment. In
particulur, even in the simplest case of first-order kinetics, both

the flucrescence decay time t and the flucrescence quantum yield ¢

T (kg v kgt (1)

[

e/ kg 4 kyy) (2)
respectively, are parameters that ma
siice they depend on kg
plexes for which both 1 an

¥ be sensitive to the environment,
There are examples of dye-biomolecule com-
d % are either increased or decr
the presence of a binding, as compared with the case of thzaii:ebzye
molecule. Of these, Acridines will be discussed here as a relevant
example of this behaviour when they interact with DNA® .
] Measurement of the flucrescence decay time T,
as it falls within the nanosecond time-scale, is pr
of the fluorescence quantum yield ¢, due to the fac
eveluation of ¢ iz, in general, critical. The analysis of the time-—
~resolved Tluorescence, together with the measurement of absorption
and fluorescence spectra, is also a good means of investigating the
other processes mentioned in the previcus section. Examples of solvent
effects on Furocoumarins will be briefly mentioned since they are
dealt with in greater detail elsewhere in this booﬂlo

at least as long
eferred to that
t that an absolute

EXAYMPLES OF INFORMATION AVAILABLE FROM TIME-RE
-RESOLVED FLUQRESCEN
SPEZTROSCOPY SORCE

. Time and_space limitations obviously make it impossible to deal
;}th all applxcgt}ons of time-resolved Tluorescence techniques in
lo.ogy and medicine. Only some of these will be illustrated by data

Z—/‘(I\] \(/I\]
o \ 0

Fig. 2. Structures of linear (Psoralen

_ ) and angular (Angelicin)
Furocoumarins.



N
Fig, 3. Struclure of the Acridine ring,

cbtuined in the author's laboratory® on fluorescent preobes that are
also capable of reacting with the substrate, once they are brought

Lo the excited state by the absorption of light. Kinetic studies of
the singlet excited state are of increasing interest, particularly

for molecules, such as Furocoumarins, whose photophysics is relative-—
ly little understocd, though they are already used in photochemothera—
pyll . Recent results on both linear and angular Furocoumarins (see
Fig. 2) have revealed the presence of complicating effects that cause
these systems to depart from simple first-order kinetics. On the other
hand, this is not surprising, since these molecules contain two chro-
mophere moyeties, i.e. the coumarin and the (benzo-) furan ring. We

are now investipating to what extent the different expenential compo-
nents that appear in the fluorescence decay are influenced by the sol-
vent and by the binding to selected substratesl® , with the &im of
clarifying whichexcited-state configuration plays the most prominent
rale in the forwation of DNA adducts , which seems to be the mecha-
nigm responsitle for their phototherapeutic activity.

Acridines are well-known specific stainings for nucleic acidsl? |
Some of them bind only to double-helix DNA by intercalating the
Acridine ring, which is sketched in Fig. 3, between two adjacent DNA
base pairs, being held by van der Waals forces between the electron
¢louds of the bases and of the Acridine ring, with some ionic contri-
bution of the charge localized on the heterocyclic nitrogen (see Fig.
1) and that of the phospharic group in the DNA back-bone® .

Most Acridines such asn, for instance, Proflavine, Quinacrine,
and Quinacrine Mustard, have fluerescence properties that depend on
the base-pair composition of their binding site in the DNA; namely,
when Lhey intercalate two Adenine-Thymine {AT) pairs, their fluores-
vence quantum yield is higher, and the fluorescence decay tire corre-
spondingly lenger (see eg.s (1) and {2} ), than the values measured

-—
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. in buffer solution. On the contrary, the presence of a Guanine base

in either of the two base pairs adjacent to the intercalated Acridine
quenches its 5; state, with the consequent shortening of the fluores-
cence lifetime 9. It must be noted that, while the increase in fluo-
rescence is normally moderate for all Acridines, the decrease caused
by the Guanine may be spectacular for some of them.

We measured the fluorescence decay of Quinacrine Mustard (QM)
in Poly dA-Poly dT (i.e., a synthetic pelynucleotide containing only
AT-AT base -pair sequences) and in Poly dG-Poly dC (i.e., a polynu-
cleotide made of Guanine-Cytosine base pairs, only) and compared it
with the flucrescence decay of the same dye in phosphate buffer. With
the excitation wavelength tuned at 4139 nm, which corresponds to the
absorption peak of QM in all these environments, and using the exper-
imental apparatus previously described!? | we measured 18 ns as the
Tluorescence decay time constant for QM in Poly dA-Poly dT, 3.9 ns
for M in the buffer solution used to stain the polynucleotides, and
a faster decay of ~.5 ns time constant for QM in Poly dG-Poly dC.
These data obtained by detecting the whole emission spectrum turned
out to be in agreement with the values reported for the fluorescence
quantum yieldl? | as calculated from eqg.s (1) and (2}. The same fast
Jecay time constant appears in the fluorescence decay of Proflavine
bound to Poly dG-Poly dC, which, on the other hand, is not as sensi-
tive as QM to the binding to Poly dA-Poly dT. In fact, the same time
constant of 4.3 ns was measured for Proflavine, both free in solution
and bound to this pnlynucleotide1

While it is generally accepted that the increase in the fluores-
cence lifetime for Acridines intercalating AT-AT sequences is due to
The stiffening of the fluorochrome when it inserts itself between twoc
adjacent DNA base pairs, which makes the internal conversion process
less probable since it increases the kyp rate (see Fig. 1 b) ), the
reasons for the opposite behaviour of Acridines intercalated adjacently
0 & GC pair are still under discussion. The different explanations
proposed can be reduced mainly to the two following possibilities:

71} charge-transfer complex formation, and (ii) excited-state proton
“ransfer.

The fact that the chemiczl and physical characteristiecs of a flu—
orcchrome are gquite different in the electreonically-excited state from
those in the ground state is not surprising, since excitation by ultra—
viclet or visible photons involves perturbation of the electron cloud
that determines the chemical bonding characteristics of all organic
nelecules. Actually, the spectrum-integrated flucrescence decay of
QM in Poly dG-Poly dC could be fitted by two exponential components:
besides the predominant one already mentioned, a second minar compo-
nent could be found in this case, with a time constant of 5 ns .
Since this double-exponential decay was shown to originate from a
single type of complex between QM and the polynucleotide, we sug~
gested that this complex is an excimer? formed by the excited QM mole-



cule and the Guanine residue. Excimer fluorescence is actually known

to decay fgllowing 2 double-exponential decay lawd 7,8 In addition,
this excimer could be predominantly of the charge-transfer type’ ,
owlng to the pood clectron—donor property of OM and electron-acceptor
ability of Guaninel® . The other possibility, that an excited-state
proten transfer process might be responsible for the lifetime shorten-
ing of the Acridine excited state induced by the binding with Guanine,
erises from observation of the time-reseolved fluorescence spectrum

of OM in bufferl? und its comparison with that measured for the same
dye bound to Poly dA-Foly dT cor to Poly dG-Poly dC18 | The fact that
the protonation or deprotonation constants of a fluorochrome should
depend on [ts particular excited state is also reasonablel® and al-
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Fig. 4. lopurithmic plot of the calculated fluorescence decay of

donors underpoing Firster energy transfer. y is a parameter
thaot is indicalive of the process efficiency (see text).

ready demonstrated to occur for some AcridinesiZ . Follewing this in-
terpretation, each excited-state protcnated species might be assigned

a single fluorescence decay time constant and the fastest decaying
species (.9 ns} could be formed preferentially by QM bound adjacently
to Guanine, while the slowest decaying species (18 ns) is more likely
to be formed by QM intercalating AT-AT sequences. Further time-resclved
spectral measurements of the emissicn would certainly be helpful far
substantiating this possible explanation.

Without going into greater detail as to the reasons for the DNA-
-base specificity of the Acridine fluorescence lifetime — and quantum
yield, it is worthwhile summarizing here other aspects of the investi-
gations on DNA chemical and structural properties, performed using
these dyes as fluorescent probes. A natural DNA, that is the DNA of
a given species whose base-pair seqguences are fixed by nature, is an
extremely interesting environment for Acridines, since it is a model
in which the two classes of molecules, which differ in their excited-
-state lifetimes, coexist at relative distances of a few Angstroms
and are distributed as defined by the base—pair composition of the
binding sites. Thus we may look upon Acridine-stained DNA as an ideal
system for the study of the interactions between the two classes of
fluorescent labels. For instance, the time-resolved fluorescence decay
of QM staining a bacterial DNA should, in the absence of any interac-
tion, be the superimposition of the 0.5 ns decay on the 18 ns decay.
The relative amplitudes of the twe components are expected to reflect
the frequency in the DNA of AT-AT sequences in relation to that of
sequences containing at least a Guanine: that is, both AT-GC and GC-GC
together. The experimental flucrescence decay turned out to be differ—

ent, — indeed, not even representable as the sum of exponential compo— -

nents, since it could more appropriately be fitted by the following
law:

Y{t} = Y{(Q) = exp [—(t/TD)—T(t/tD}x] {3)

in which v is a parameter that depends _on the staining conditions (na-
mely, on the DNA and QM concentrationse@ J, but both v and Ty are con-
stant for all bacterial DNAs measured, regardless of their base-pair
composition. Equation (3) is plotted for a few values of v in Fig. 4.

The expérimental results!3 show, therefore, that an interaction
between the two populations of QM molecules does occur. Actually, eq.
(3) suggests that the interaction is the Férster non-radiative energy
transfer?l , in which the QM molecules intercalating the AT-AT se-
quences act as donors of their excitation energy in favour of the mol-
ecules intercalated adjacently to a Guanine base, which have a much
sherter excited-state lifetime. On the other hand, the subnanosecond
bulses used in this experiment have the same probability of bringing
to 5y the QM molecules of both populations, since the absorption spec—
trum of the flucrochrome is not modified by the base-pair composition
of the binding sitel8 | But, soon after the excitation pulse, the large



majority of OM molecules still excited are those intercalating AT-AT
sequences; in this environment, these molecules can follow a ne? non-
—radiative ‘decay pathway to release their excitation energy, being sur-
rounded at very short distances in the natural DNA by other Gﬂ mo}e—
cules in the ground state, to which they can transfer the excltat;on
enﬂrgya? . This obviously causes the donor flucresceﬁce decay to e}
part from a single exponential decay (cee Fig. 4), since thg rate :
ihis quenching mechanism depends on the donor—to—aC§eptor distances.

In other words, the photons appearing at the beginning of the decay
curves in Fig., 4 are emitted by the donors that have acceptor closer
than those emitting later. This exchange of energy occurslthrough a
dipole-dipole interaction whose rate is inversely proporthnal to thi .
donor-to-acceptor distance. It can easily be shown tht E?ls fact make
the parameter y appearing in eq. {3) extremely sensitive to the a;ér-
age distance between QM molecules of the two classes. Furthgrmore, ig.
4 shows that the shape of the lluorescence decay dependg quite app;e—
ciably con the value of y. This is the reason why ana}ys;f of the'f uor—
escence decay curves of these probes provides such rich jinformation

on the chemical composition and structure of the stained DNA.

Porphyrins are a class of tetrapyrrolic dyes some of.whicht n?Tely
Hematoporphyrin (Hp) and a mixture known as Hematoperphyrin Der%V§L1ve
{HpD), were proposed many years ago as possible tqur photosenslt%—
zerse3 . The reascons for preferential localization in th? tumor tissues
{or cells) are fairly clesely related to the hydrophobicity of these
molecules that makes them to aggregate strongly in agueous so%utlons.
Hp iz, notably, a molecule that exhibits hypochromicity-when it aggrE—
pates {static flucrescence quenching). We studied.theltxme—r?solve
fluorescence of Hp and HpD in agueocus solutions with increasing cgn— ..
centration and found that the Tluorescence decay of Hp could be fitted
by a single exponential of ~15 ns time constant only gt very low con-
centration values (below 2 wM), but that, for increasing concentra—
tions, a second faster decay component (~3 ns time constant)-aypeéred
with increasing initial amplitude®® . As the aggregation equilibrium
of Hp involves not only mcnomers and dimers, but also higher—order_th
appgrepates, we expected to detect further short-decay compcnents wi
the ipcrease in concentration, which did not happen, even at values
az hiph as 100 uM.

At this point it is worth noting that, from the fitting curve of
A multiexponential decay, such as

( (4)
Y{i) = Ei TAi exp(—t/ri)]
the Tluorescence quantum yield can easily be calculated as, from its
definition? , is civen by
. (5)
¢ = Iy (°1NikFi‘i)} / (zi(oiNl)!

in which o; is the absorplion cross-section at the excitation wave-

10

length of the i-th species, with radiative rate kp;, which is present
in the concentration Nj and has a lifetime 1j. In our case, the differ-
rent species are distinct because of the different degree of static
quenching. If, as is often the case, the absorption spectra of the
species have different profiles but similar integrals, their radiative
rates k?i will be almost the same (kF) and eq. (S) can be rewritten as

¢ = kplf (A1) H/LEA) (6)

in which the values of A; 2nd 1; can be obtained from the fitting curve
in eqg. (4). Note that, in the case of a single-expconential decay, eq.
(6) is reduced to eq. (2), taking into account eq. {1). According to
eq. (6}, we determined the values of ¢ in arbitrary units, since we

did not compute kp from the absorption data, for different Hp concen-
tration values in the 2 - 100 uM range, and compared these values with
those obtained spectrophotometrically as the ratic of photons emitted
to photon absorbed under cw excitation. The values obtained for ¢ from
the decay-fitting curves decreased much slower®" for increasing concen-—
trations than did those obtained from the cw measurements. This has
been interpreted as an indirect proof that the higher-order Hp aggre-—
pgates flucresce with lifetimes that are much sherter than the time
resolution of our detection apparatus, which was 4200 ps in this exper-
iment. In fact, when computing the ¢ values accorling to eq. {6), it

is possible to miss, in the nominator, the terms relating to the aggre-—
gates with undetectable decay times which, on the other hand, contrib-
ute to the absorption (i.e. to the denominator}. For this reason, the
use of eq. (6) can lead to an over-evaluation of the fluorescence guan-
tum yield, particularly at high concentration values, where higher-
-order aggregates are present in large amounts.

HpD was investigated in a similar manner2> with the main result
that more stable aggregates, not only of hydrophobic origin, were pres-
ent in this substance as compared with Hp, this being evidenced by
measurenents performed both in organic solvents of different polarity
and in micellar systems.

A great deal of work has been done in the field of the time-—
-resolved fluorescence spectrescepy of Porphyrins and related comp-
pounds, which has proved this technique to be a useful tocl to distin-
guish between Porphyrins of different agprepational states 27
binding sites’ and, more recently, similar chemical structures29 .
As the physical reasons why these parameters influence the excited-
-state lifetime have not been clarified yet, these results are not
discussed here, the aim of this paper having been to offer well-
-established examples of dye-biomolecule interactions that may influ-
ence the fluorescence lifetime of chromophores.

]
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A Semiconductor Detector for Measuring Ultrawgak
Fluorescence Decays with 70 ps FWHM Resolution

SERGIO COVA, SENIOR MEMBER, 1EEE, ANTONIO LONGONI, ALESSANDRA ANDREONI, anp
RINALDO CUBEDDU

Abstract-The perfurmance of @ new single-phulon avalanche photo-
ditude particalarfy suitable for the detection of fast and ultraweak light
pulses 18 described. The advantages of this device aver olher available
deteciors are discussed. The electronic circuitry developed allows the
measutement of Muorescence decays with a time resolution of 70 ps
FWHM (full-width at half-maximum) and a data acquisition raie of up
iy 50 k117,

L InrraopucTioN
HE developaent of Laser techoigues for generating ulted-
shnt bt pulses at wavelengths from UV to IR hus stimu-
fated studies of wltrashort fluoreseence phenotneny in various
Nelds, particuludy in photochemistry and molecular biology.
The difficulty of obtunimg very short e resolution in mea-
suremnents of fluorescence decay limes is often increased by
the low intensity of the light to be detected. The intensity
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level has to be evaluated with reference to the number ¥pg of
detected photons per resolving time T'g of the measurement.
I order to cbtain measurements having a high signal-to-noise
ratio (S/N) with moderate or low M pg | say with ¥pp < 1U%,
the measurement apparatus, besides having a short Tg, must:
1) have averaging capability, that is, it must accumutate the
duts obtained from many repetitions of the flucre.cence pulse
so that tluctuations due (o the raciation statistics can be
averaged out; 2) employ photodeteciors with ugh interial
amipfification A 5. that is, transduction systenis where one
detected photon is transduced into a high number Ap of
elecirical conduction carriers (free electrons ar electron-hole
pairs}. This requircment arises because of the electrical noise
in tha circuits of the measurement apparatus. In fact, in order
to avoid degradation of the wfermation carried. the elect rcad
signal should ke much higher than this neise, so that the lower
the ViR, the higher the required A .

The shortest resolving times among electronic methods, a
few picoseconds, are provided by streak cameras. Some pre-
amplification is provided in such apparatus by the accelerating
voltage, and further amplification may be provided by the

00158-9197/83/04000630801 00 ® (983 [EEE
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detector system {image intensifiers, ete.) used to “read” the
output screen. This fact and the averaging capability, provided
by the progress in scan synchronization, have made possible
the extension of their measurement range down to maderately
low intensities. However, they still have various drawbacks;
the resolving time is propertionai to the time range scanned, so
that the highest resolution is obtained only on very short
ranges (about [ ns), the lineasity is not very high, and the
apparatus is fairly costly and cumbersome.

In fact, electronic methods employing photodetectors are
often preferred to streak cameras in all cases where theic
resolution is sufficient For the measurement envisaged. Ultra-
fast photodiodes, with resolutions of the order of 50 ps full-
width at halFmaximum {(FWHM), are commercially available,
but the lack of internal amplification (one detected photon
produces one electron-hote pair) makes them unsuitable for
fluorescence measurements and limits their application to
monitoring of laser pulses. Ultrafast avalanche photodiodes
(APD) have internal amplification in the range Ap = 10-100,
and may therefore also be used at moderate intensity levels,
say ¥pg > 107, with resolving times down to about 100 ps.
However, in most cases the fluorescence intensity to be
detected is weak (Npg < 100) or ultraweak {Npg <10),
down to the single-photon level, and detectors with an ipternal
gain 4, higher than 10* are required.

Such high gains are obtained in various types of photomulti-
plier tubes (PMT's) by means of cascaded secondary electron
emission. The results obtained can be readily analyzed by
making reference to the elementary current pulse, correspond-
ing to the detection of a single photon (SP), called single
{photo-} electron response SER [1], [2}. The most relevant
SER parametess are: 1) the width o, of its waveform, 2) the
delay ¢, of its centroid with respect to the arrival time of the
photan, and 3} the jitter o, of this delay, The measurement
of a fluorescence decay can be performed either by measuring
the waveform of the detector current pulse (waveform sampling
and averaging techniques), or by measuring the time position
of the SER pulses with respect 1o the pulsed excitation of the
fluorescence and accumulating a histogram of many such
measurements (single-photon timing or time-correlated single-
photon counting [2], [3]). The detector contribution [2] 1o
the resolving time is +/o2 + 03, in waveform averaging, while
it is just o, in SP timing. Since o, is considerably greater
(5-10 times) than o, for all PMT types, the time resolution of
SP timing is definitely higher. [n order to employ this tech-
nique, however, it is necessary to work with a very low detected
intensity [2], {3]. much less than one detected photon per
excitation pulse on the average, and, therefore, it is often
necessary to deliberately attenuate the available light. Thisisa
waste of infermation, which must be recovered by accumulat-
ing measurements over a large number of excitation pulses.
If the repetition rate of such puises is low, say less than 1 kHz,
as it is in the case of nitrogen lasers, the real time taken by the
experiment may be impractically long, On the other hand, if
the available repetition rate is high, as in the case of CW mode-
locked and cavity-dumped dye lasers, there is no practical
problem in collecting a targe number of measurements.

The resalution actually obtained depends on the PMT type.

Discrete-dynode electrostatically focused PMT’s have high
gains A p, up ta 10®. Resolutions from 350 to 500 ps FWHM
have been observed by various experimenters 4}, {5], and
values down to 230 ps have been reported [6] for selected
PMT samples. A drawback observed in most of the electro-
statically focused PMT types is the presence of small secondary
peaks [7} in the resolution curve (which can be accurately
obtained by measuring the waveform of ultrashort light pulses)
that complicate the analysis of fluorescence curves. Crossed
electeic and magnetic field focused PMT's have low gain, on the
order of 10°, so that atthough in principle they can be expected
to provide resclutions on the order of 50 ps, in practice 230 ps
have been observed {8] at best, due to the noise contrbution
in the efectronic amplifying and timing circuits. PMT types
based on microchannel-plate (MCP) multipliers have gains
ranging from 10% to 107 and can be expected to provide less
than 100 ps FWHM resolution. Measured resclutions have
been reported for various PMT-MCP models {9], [10], most
of them from 130 to 200 ps. A value of 70 ps has also been
reported [11], but with a resolution curve affected by a slow
low-level tail. In any case, the application of MCP-PMT's is
still hampered by various problems, a major one being the
degradation of the photocathode quantum efficiency that
results in a limited working life of the device.

Single-photon detection can also be obtained with specially
devised types of semiconductor photodiodes [12]-[16] called
single-photon avalanche diodes (SPAD’s). They van be biased
above the breakdown voltage, and a nonproperticnal self-
sustaining avalanche current can be trggered by the absorption
of a single photon. The timing jitter in the avalanche triggering
may be expected to be on the order of the transit time of
carsiess in the junction, which can be as low as a few tens of
picoseconds. However, for several years the practical applica-
tion of such devices has been severely restricted by drawbacks
due to the simple passive method traditionally used to termi-
nate the avalanche current triggered by the photon 112]-[t6].
This fact, tugether with specific features of the devices and the
electronic equipment used, contributed io degrade to about
I ns the resolution actually observed by other experimenters
[17]. The active-quenching method, devised by Cova and
Longoni (see, e.g., [15] or [16] ), has removed these drawbacks
and opened the way to wider application and berter under.
standing of these devices. [n this paper, the prospective appii-
cation of these devices to the measurement of Huorescence
decay times shorter than 100 ps is dealt with, on the basis of
results obtained in experiments performed with a CW synchro-
nously pumped mode-ocked rhodamine 6G dye laser.

Il. STRUCTURE AND OPERATION OF SINGLE-PHOTON
AvALANCHE DIODES

The geometry and physical structure of suitable dicdes must
be such that local concentrations of high electrical fields are
avoided, so that the breakdown is uniform over the junction
area. The diodes used in the present work have the geometry
described by Haitz [12] and outlined in Fig, 1. The avalanche
region, where the carriers find the electric field sufficient to
trigger a breakdown, is the n*p-junction formed by a shallow
(~0.3 pym) n* layer. Iumination is from the top in Fig. I,
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Fre 20 ta) Passive quenchuing, provided by a2 high load resistar, §-2:
Asulunche trigeering by a carrier. 2-3: Voliage drop due to discharge
of the diode capacitance by the svalanche vuerrent. 3-4: Avalanche
quenching, 4-5 Slow voltage recovery due to recharge of capacitance
througl the load resistor. th) Active gue, ching, with a low-impedence
buav suurce controlled inan active feedback arrangement.  1-2:
Avalanche wriggering by a carrier. 2-3: Fast quenching transition,
furced by ihe losd-ling shift provided by the cirewt.  3-1: [ast
weanery . (oreed by the circait

The brewkdown region is surrounded by a deep-diffused (5-8
#m) n” puard ring.  The diameler of the ptype plug thus
defined is kept small: therefore, most of the elec trons generated
it the neutral p-regien (by photon absorption and thermal
genetation) are drained by the wide low-field n™p-junction,
whase breakdown voltage is higher than that of the n*p-junc-
tion. The probability of triggering an avalanche is high only
for efectrons generated in the n*p depletion layer and within a
few microns from it in the neutral p-region. The samples
tested |16] were made with conventional planar technology
on p-type Si wafers with 6.7 £ - cm, so that the breakdown
voltage of the n*p-region was arcund 30 V. The diameters of
the active areas ranged from 10 to 65 gm.

The current-voltage curve of the diodes is sketched in Fig. 2.
When biased above the breakdown voltage, the device can be
either in a guicscent slate with negligible current, orin a high
current state with a self-sustaining avalanche breakdown. The
siope of the avalanche branch of the curve corresponds to
resistance values on the order of a few kilohms, so that ava-
lanche currents on the order of | mA arc obtained from devices
biwsed a few volts above the breakdown voltage. The transi-
tion from the quicscent to the avalanche state can be triggered
by a sigle free carrier in the depletion layer, If quenching is
then provided by some arrangement, the device is reset to the
zero current Jevel and the current pulse is terminated. Such
quencheng was traditionzlly ublained [12]-]14] simply by
using 3 high Joad resstor (100 k§2 o1 more) connected belween
the diode and the bias voltage sowrce. This passive quenching
method iy outlined in Fig. 2(a). The vollage drop 2-3 takes
around 100 ns, and the voltage recovery 4-1 is longer by
several microseconds because of 1he low recharging current

Fig. 3. Simphfied diagram of the active-quenching cirewit us_d in his
work.

through the high resistor. Drawbacks arise because of the long
duration of the cycle and because the avalanche can slso be
Lriggered by photens arriving during the recovery from previous
pulses [15], [16]. In fact, during the recovery the device
operates in perturbed conditions, with lower detection effi-
ciency, lower multiplication, and correspondingly lower
amplitude and higher fluctuations, so that the timing jitter is
remarkably increased. 1f the repetition rate of background
pulses due to stray light and thermal generation of czrriers in
the device is not low, photons to be timed have a nonnegliginle
probability of arriving during recovery from previous pulses,
and the time resolution in the measurment is correspondingly
depraded.

The active-quenching method {15], {16], devised in order
to eliminate the drawbacks mentioned and operate the device
with short well-controlled dead times, is outlined in Fig. 2(b).
The guenching transition 2-3 is forced a few nanoseconds
after the triggering 1-2 and takes about 2 ns. The device can
be held in the off state 3 for a controlled time that can be as
short as a few nanoseconds; the reset transient 3-1 then tekes
about 2 ns. The controlled low-impedence biasing arranze-
ment also makes it easy to gatc the device on o off by mezns
of a fast external conmand {18] .

The active-quenching circuit used in the present fests is
shown in Fig. 3. With respect to previous circuits [15], [16],
it has some practical advantages and better performance [15}.
In fact, it does not require trimming when the SPAD sample is
changed and is also suitable for SPAD samples with hig1 brezk-
down voltages. Furthermore, the fast rise time of the avalanzhe
current is better exploited in order 10 obtain the best possible
timing jitter. As shown in Fig. 3, a fast gate contrad is ska
implemented.

111, ExrEraMENTAL TiSTS AND RESULTS

Experiments were performed by using a mode-locked rhoca-
mine 6G dye laser synchronously pumped by an azgon-ion
Jaser. The time duration of the dye laser pulses was measured
by SHG autocorrelation function, and was found 1o be less
than 5 ps FWHM, assuming a Gaussian shape. Resolution tests
were performed by directly measuring the {aser pulse shape.
The suitability of SPAD's tu the nieasurement of flucrescence
was then fested by measuring fast flucrescent decays exoted
by the laser pulses, A conventional ¢leetronic setup {35 time-
correlated single-phaton counting was used in the racasuie-
ments [2]-[4]. A homenade [19] time-to-pulse-heig con-
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Fig. 4. Linear plot of the resolrtion curve, measured with § ps laser
pulses a1 $71 am wavelength, Time seaiy j« 5.6 psfchannel

verter (TPHC) and a Silena BS27 multichannel pulse-height

analyzes (MCA) were used (o measure the delay distribution of

the defected single photons with respect to the reference sian
pulses synchronized with the laser pulses. The start pulses
were ottained by using a heam splitter and an ordinary fast
photodinde with fas electronic circuitry. Measurements were
perfermed soth with and without a pulse picker on the juser
beam. In experiments without the pulse picker, the Tepetition
rate of the start pulses at the TPHC input was reduced to levels
from 5 1o 53 kHz by suitable demultiplying circuits. The use
u.flhe puise picker allowed such repetition rales to be obtained
directly for the light pulses. The synchronism jitter was initially
Fhecked by asing a photediode-circuit setup, identical to that
in the starnt channel, in the stop channel. The observed FWHM
was ?bou! 20 ps with the pulse picker and between 35 and 70
ps without jt depending on various side effects,

The resolution curve obtained with laser pulses at 574 nm
wavelength it shown in Fig. 4. The FWHM is 70 ps: this
petformance resulted from studies on the behavior of the
device [20] and from the use of (he new circuit, which made
it possible 1o nperate the device at higher voltages.

The resolution curve also has 2 slow fow-level ail thay can be
bel_1er evaiuated in a jogarithmic plot, as shown in Fig. 5(a).
This 1ail is due 10 diffusion [16] of the carriers generared in
the neutral p-region beneath the depletion layer (sec Fig. 1 and
Section I}. The intensity and steepress of the tail depend on
the wavelengty X of the detected radiation because of 1he
dc;_)endEncc on A of the opticy] absorption length in siticon,
This fact js certainly a drawback and may complicate the
analysis of fliorescence ineasurements,  However, in the
mesent SPAD structure, the tail effect is not very siéniﬁranl
in the wavelengih sange beiow 500 nm, as shown by the
expermental esample in Fig. 5(b). Furthenmere, the cargier.
diffusion effeer is ylso found in ordinary photodiodes and
avaianche photodiodes, ang it is known (hat 1t can be strongly
reduced by using suitably madified device structures (eg

see (21, i
Solutions of various dyes, j.c., honl, crythrosin B, rhoda-
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Fig. - eence decs B
l;urﬁLhlluir::vertl‘t;lfl:;cnd:uyj of l(]) 5 m rhodsmine B {rhodemine 6|
“waddten, Ine) in ethanol, Tinge soyle 4
Mreasured decay time constant js 299 ns.” e sl 4664 pithianndl.

mine B, and rhodamine 6G, either in ethano! or in water, were
used as tests for fluorescence decay measurements ‘ The
samples were placed in 4 quartz cuvette and the ﬂuon'asccnc(’
was measured ar 90° through cutoff filjers by the detectyr
placed about 1.5 ¢ away from the excitation beam, No
urpl:cal device was used 1o inprove the fight c:)Ilcclinﬁ clfi-
::lcxlmy on the sensitive area (about 35 ym diameter). The
incident light intensity was adjusted su that the averige numhe l.
of detected photons per pulse was less than 0.1, 4 rcquéwd
for measurements of single-photon delay distribution [2], 13

A representuative experimental result obiained with thodamine

s .
B 107 M in ethanol i shown in Fig. 6. The fluorescence
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decay time was found to be 2.99 ns, in agreement with the
values reported in the literature {4].

V. CONULUSIONS

The results obtained that SPAI's can be
cftectively used  for mcasurements of very luw-intensity
fluonescence decays with the time-correlated single-photon
counting technigue, and that for such measurements they
provide the lnghest time resulution available today.  Besides
tagh tune resolution, SPAD™ have vter atliactive properties!
there resolution curve s free from e small secondaty peaks
abnerved with many PMT's; the wavelenpth range covered by
taer spetral sensitivity 1s more extended than that of PMT's,
mparticulur on the Tong wavelength side; the device is spalt
andd rugeed and aperaies with low supply voltage and power
dissipetion: and gated operation ur der the control of fast

demonstrate

Jow-svultage palses is possible and pravtical.

The prnoyral drawbuck ol SPADS is the presence ol wave-
tength-dependent tails in the resolution curve, which limit the
pedenmanve of this device in the measurement of decay curves
Lontaimng more than one exponential component. in particular
{or enmssions at wavelengths fonger thun 500 nm. However,
developments in the device design and technolopy may be
expecied Lo improve the detector perfurmance in this respect,
In fact. by wsing more compheated device structures [211, it s
pessible o avoid to g great exient the cellection, at the active
tivalanchingd junction, of carriers generated outside the
deplenion Taver. but of counse. at the expense of a reduction of
the deteetion efficieny at fong wavelmgths.

I companson with PMT7s, the smaller sensitive aiea s a
bnntaten. In many instances, howeser, s pr)ssiblc ter Tocus
the emifted Hght onsuch an ares. in other cases, the drawback
1ovdueed By the ease of placing a small rugged detector close
o the cmssion source, Furthenmorc, an increase in the diam-
cier of the sensitive wrea 1o about 1 mm could be within the
teach of expecied technologival developments,

Other studies and experiments in progress suggest that the
jesolution obtuined in practice from SPADS may be further
neprosed toward the expected theoretivul values, possibly
with new device structures. Developments in the fast circoits
assoclated with SPADS inay zlse be helpful. In conclusion,
although SPADS cunnot be expected 1o replace PMTs in all
applications, they  deserve the
wierested in altrashart Heght pulses, and justify furthes develop-

atienon ol experimenters

ment elforts
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