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The dependence of the integral yield Nk for a k-quantum process occurring in a certain fixed volume on radiation intensity 
I is analyzed theoretically. It is shown that in the presence of appreciable absorption the dependence Nk(I) may be of the form 
Nk ~ Im, where 1 :;:;m(I,z):;:; k. Deviations of the Nk(I) dependence form the Nk ~ Ik law, which is characteristic for the probability 
of an elementary absorption act, are greater the greater the light beam intensity and the longer the length of the ray path z 

on the basis of which the integral yield of the multiquantum process is measured. 

ARUTYUNYAN, Askar'yan, and Pogosyanr 1 J analyzed 
theoretically the multiquantum effect in the focus of a 
laser beam, and have shown that at large light-flux den­
sity the volume of the action expands, owing to the satu­
ration of the absorption, as a result of which an appreci­
able change takes place in the dependence of the integral 
yield Nk of the k-quantum process on the radiation in­
tensity I. 

It is shown in the present article that noticeable de­
viations of the Nk(I) dependence from the form Nk ~ :rk 
which is characteristic of the probability of the elemen­
tary absorption act, can also be observed in an unfo­
cused laser beam and in the region far from saturation. 

In the medium in which k-quantum absorption takes 
place, the radiation intensity of a cylindrically-sym­
metrical light beam parallel to the Z axis decreases 
like (see, for example, rz, 3 l) 

/(0, r, t) 
I(z, r, t) = [ 1 + (k- 1) B,I'-'(0, r, t) z]'i(•-q , k ~ 2, ( 1) 

where i3k = Ukllo = const is the true coefficient of k­
quantum absorption, which is independent of the inten­
sity of the light flux and is equal to the product of the 
cross section ak of k-quantum absorption ((ak] = (ab­
sorbed particle)- 1 photon-k+ 1 cm2kseck - 1) and the con­
centration of the radiation-absorbing particles Ilo• while 

/(0, r, t) = l,f(r)f{!(t) (2) 

is the space-time distribution of the radiation intensity 
on the surface of the medium (z = O) absorbing the inci­
dent radiation. When account is taken of relation (1), 
which is valid for the case when there is no saturation 
of the multiquantum absorption, the expression for the 
experimentally measured integral yield of the k-quantum 
process 

N,= J J Ja,n,I'(z,r,t)dtdrdz (3) 

takes the form 

N, = a,n, J J dt dr J l'(O, r, t) [1 + (k- 1) B,l'-' (0, r, t) z]''('-'' dz, ( 4) 
' ' 

where ak is the quantum yield of the registered multi­
quantum process ([ ak] =(number of acts)(absorbed 

particle)-1 photon-kcm2 kseck- 1 , (Nk] =number of 
acts). 1> 

For the sake of clarity we consider a simple case, 
when a light pulse has a rectangular shape in time with 
duration T 0 , and the radial distribution of the intensity 
is such that f(r) = 1 when r s r 0 and f(r) = 0 when 
r > r 0 • We then have for the integral yield of the k­
quantum process registered in a length z0 

N,(zo) = a,n,-r:,Slo' · (5) 

S,, [ z ] k/(1-h) k X 
0 

1 +-;,;-z dz =a,n,TSl,'z,F (k_ 11;2;-z) 

where 1 is the area of the light beam, z = (k- 1) 
x i3kz0 I 0 - 1 is a dimensionless parameter, and 
F(a, !3; y; z) is the Gauss hypergeometric function. It is 
known from the asymptotic expressions for the Gauss 
functionr 4 l that in the region z << 1, i.e., when 

z,J,'-'«:, [B,(k-1)]-' or z,xk'l«:. 1/(k-1), 

we have F ~ 1, and therefore 

(6) 

{7) 

(in (6), t<k_ = i3k~- 1 is the phenomenological coefficient 
of k-quantum absorption in the region far from satura­
tion and depends on the intensity (K~ 1 ] = cm- 1). 

At z ~ 1 and more, the estimates' for Nk(z0 ) should 
be carried out in accordance with the formula (see r4 l) 

M ( ) _ Sf k .Eoo (-) n (- 1) n _k:_(2_k_-_1_,_,)_:_ .. _:_c· (.:.:_kn_:_-___:.:"__'+_1:.!._) . (S) 
iVk Zo - akno't'o o Zo z ---

n~o (k-1)" (n+1)! 

In the limit as z0 - oo (z-oo) we haver 4 J 

S~ [ z 1'/(1-k) 
N, = a,n,-r:,Slo' 1 + -z dz 

0 Zo 

(9) 
a, -r,/,S ( 1 ) a. 

=.,--n,k-1 B 1,-- =-n,tfJ 
pk - k -1 ll· ' 

'lin the case of registration of, say, electrons produced in multiquan­
tum ionization, ak =f3k. On the other hand, in the case of other multiquan­
tum processes, for example multiquantum fluorescence or multiquantum 
photochemical reaction, we have ak=Ff3k, since f3k characterizes the proba­
bility of the primary process of the multiquantum absorption, and ak 
represents the probability of the secondary process due to multiquantum 
absorption. 
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where B(x, y) are {3 functions. Thus, the total integral 
yield of the multiquantum process (k;::: 2) for any radia­
tion intensity outside the absorption-saturation region 
is always proportional to the radiation intensity and is 
determined in final analysis by the pulse energy ~ 

= T 0 I0 S. 
It follows from (5) that, unlike the linear processes, 

when the expression N ""'I is valid for all fixed values 
of the layer thickness z0 in the region far from satura­
tion, the integral yield of the multiquantum processes is 
a complicated function of the dimensionless parameter 
z ""' z0 ¢- 1. This occurs because of the nonlinearity of 
the value of the running absorption di/dz, which in­
creases with increasing light-flux density, or, which is 
principally the same, in view of the change of the de­
pendence of the transmission of the layer 

T(z,) = J(zo) I I,= [1 + z]"<'-'> 

on the intensity of the light flux.c 2J The form of the 
function Nk(I), determined by expression (5) for the 
case k = const and z0 = const, is shown in the figure 
with log Nk and log Io as the coordinates (curves 1 and 
2 pertain to the cases k1 and k2, respectively, with 
k2 > k1). The asymptotes 3 are determined in both cases 
by expression (9). As seen from the figure, in the initial 
section Nk""' Iok , and then with increasing light-flux in­
tensity the Nk(I'o) dependence becomes less steep (Nk 
""'Iom, where 1.S m(I'o) .S k) and tends to become linear 
in the limit regardless of the order of the effect k. This 
indicates that the Nk ""' Iok dependence can be observed 
only if the condition (6) is satisfied for the quantities z0 

and fo. Therefore, in work with sufficiently intense light 
fluxes, it is necessary to organize the experiment in 
such a way that the measured integral yield of the mul­
tiquantum process corresponds to the small dimension 
of the effective interaction z0 , which, incidentally, de­
creases very rapidly with increasing intensity of the 
light flux (zo ...... I~-k). 

The values of the parameter z at which a noticeable 
change takes place in the exponent of the power-law de-

' pendence of the integral yield of the multiquantum proc­
ess can be estimated in accordance with the scheme 
proposed in C13 . Mter performing in succession the 
operations of taking the logarithm and differentiating 
with respect to Io in (8), we obtain, under the condition 
z< 1, 

i.e., 

.SinN, k[i k -] 

.Sln/,=m~ -2(k-1)z' 

6k k -k 
-~- z=--[1-T(z,)]. 

k 2(k-1) 2 

(10) 

It is seen from (10) that noticeable deviations of Nk(I'o) 
from the form Nk ""'I~ (on the order of 10%) can be ob­
served also in the region of values z < 1, i.e., in the re­
gion where the transmission T(z0 ) of the layer differs 
by several tenths from unity. The quantity Ok/k ""' z de­
pends little in this case on the order of the effect k, 
since 1/2 < k/2(k- 1) s 1. The condition z F::J (k- 1)/k 
< 1, at which the relative change of the exponent in the 
power-law dependence reaches approximately the value 
0.5, can be satisfied completely in that region of light­
flux intensities where there is no saturation of the ab­
sorption. Indeed, if one works with light beams whose 
intensity satisfies the condition fo < I*, where I* is 
the intensity at which the multiquantum-absorption satu­
ration analyzed in c 13 comes into play (I* F::J 1010 -

1011 W-cm-2), then, if the conditions 

Zo > ]:-· /k~.. I, < r, 
are satisfied, the integral effect of the change of the 
power-law dependence of the k-quantum process, not 
connected with the bleaching effect,2> is perfectly fea­
sible. 

This conclusion confirms fully the critical remarks 
contained in c 13 and concerning the doubt as to the cor­
rect interpretation of those experimental data which are 
reconstructed from the experimentally measured yield 
of the multiquantum process. By way of illustration of 
the possible methodological errors that can occur in 
this manner, let us analyze critically a number of ex­
perimental investigations in which the quantitative 
characteristics of the multiquantum processes (ak, ak) 
were estimated from the integral yield of the multiquan­
tum process excited by laser emission in a certain vol­
ume. 

We consider first investigations devoted to the study 
of multiquantum fluorescence under the influence of la­
ser radiation in condensed media. c3 , s-gJ The experi­
ment in c3 3, where nonlinear absorption of picosecond 
pulses of light in semiconductors was investigated and 
the possibility of using this phenomenon for the study of 
the temporal and statistical characteristics of the ex­
citing light pulse was evaluated, was performed quite 
correctly. Indeed, the integral curve I(z) of the de­
crease in the brightness of the luminescence track 
along the laser-beam propagation direction was ob­
tained in this experiment for cases of two- and three­
quantum absorption (in ZnS and CdS samples, respec­
tively) by photography of the transmitted light flux from 
the side of the sample. In both cases, the measured lu­
minescence intensity curve I(z ± zo/2), characterizing 

· the light flux of the multiquantum luminescence from a 
certain layer of matter, located at the point z and hav­
ing a thickness z0 , did not differ in practice from the 
true local luminescence brightness curve along the path 
of the beam. The parameter z""' z0 for the ZnS samples 

2>1n other words, the described effect is connected not with saturation 
of the absorption but with the presence of noticeable absorption in the 
layer of matter used as a basis for measuring the yield of the process. 
(ZoK~o> ~ 1 ).It is easy to show that allowance for the radial and temporal 
inhomogeneities of the light beam has qualitatively no effect on the results, 
since averaging of the intensity over the time of the pulse and over the 
radius changes only the magnitude of the observed effective quantum yield 
of the process, and not its functional dependence Nk(I) (see expressions 
(2}-(4)). 
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(fh ~ 2 X 10-3 cmiMW) was equal to 4 X 10-2 under the 
experimental conditions (fu ~ 2GW I cm2), since the value 
of z0 determined from the geometry of the experiment 
was of the order of 10-2 em. Accordingly, in the case 
of CdS samples Uh ~ 2 x w-a cm3IMW ), we have 
z ~ w-3 • 

Estimates show that measurements of the quantum 
yield of two-quantum fluorescence in cs2 ( {32 
~ 10-4 cmiMW, fu ~ 10 MW I cm2 , z0 = 10 em) r5 1 and 
ZnS (fu ~ 10 MW1cm2 , {32 ~ 2 x 10-3 cmiMW, 
z0 ~ 1 em) r 61 were also correctly performed. The cor­
responding values of the parameter z in both cases 
were approximately the same and on the order of 10-2• 

This has made it possible to estimate correctly the 
quantitative characteristics of the multiquantum absorp­
tion process in accordance with the data of the integral 
characteristics. At the same time, the estimates of the 
quantum yield of two-quantum luminescence in CdS sam­
ples in r 7 1 were performed insufficiently correctly, 
since it follows from the experimental conditions that 
Z ~ 0.15 ({32 ~ 2.2 X 10-2 cmiMW, z0 ~ 0.5 em, 
fu ~ 12 MW I cm2). Likewise incorrect are the estimates 
of the quantum yield of luminescence and of the cross 
section of two-photon absorption, determined from the 
integral yield of two-quantum luminescence in rs J , 

where a study was made of the behavior of solutions of 
a number of organic compounds under the influence of 
picosecond pulses of a ruby laser. It follows from the 
experimental conditions (fu ~ (1-3) GW I cm2 , z0 ~ 10 em, 
{32 ~ 10-3 -10-4 cmiMW) that z ~ 0.5-5, and consequent­
ly it is no longer possible to estimate the quantum yield 
of the luminescence or the two-quantum absorption 
cross section in accordance with formula (7).31 There­
fore the recently proposed[ 91 procedure for measuring 
the absolute values of the cross sections of multiquan­
tum absorption from data on the integral yield of multi­
quantum fluorescence is valid only when the condition 
(6) is satisfied. In turn, the procedure used, for exam­
ple, in r2, 10 • 111 , to determine the quantitative charac­
teristics of multiquantum absorption processes from the 
results of measurement of the light flux passing through 
a sample is free of the indicated methodological errors, 
and is therefore preferable when the multiquantum ab­
sorption in the sample becomes noticeable (z ~ 0.1). 

It should be noted in conclusion that the effect de­
scribed above should always be taken into account in a 
correct estimate of the quantum yield of multiquantum 
photochemical reactions occurring in the volume of a 
substance. For example, the quantum yield of the two­
photon reaction of decomposition of silver chloride 
(AgCl) under the influence of ruby-laser radiation (a2 
~ 2.3 x 10-28 acts-cm-3 sec- 1 photon- 1) was determined 
correctly in r 12 J, for although the measurements had a 
bulk character (z0 ~ 1 em), the value of z did not ex-

3lThe noticeable deviations of Nk(I0) from a quadratic dependence that 
were observed in [SJ indirectly confirm the existence of the described inte­
gral effect wherein the exponent of the power-law Nk(I) dependence de­
creases. 

ceed 10-2• The quantum yields calculated in r 131 for 
two-photon photolysis reactions of solutions of iodoform 
(CH3I) in different organic solvents were, to the con­
trary, determined incorrectly and are noticeably too 
high, since they were determined with formula (7) on 
the basis of spectrophotometric measurements of the 
total number of particles that have absorbed the laser 
radiation, under the condition z ~ 1 ( {32 ~ (0.3-3.0) 
x 10-2 cmiMW, fu ~ 10 MW1cm2, z0 ~ 10 em). 

The increase in the two-quantum absorption cross 
section a2 in proportion to the radiation intensity, like­
wise observed in r 13 J , is the consequence of an incor­
rect reduction of the experimental data. The point is 
that a2 was determined from data on the integral quan­
tum yield of the photochemical reaction a 2 , measured 
under conditions when z ~ 1. It can be shown that in 
this case the theoretical and experimental values are 
connected by the relation 

(a,) exp = ( a,)theor (1 + z)' (11) 

Since the sum of the series in (8) at k = 2 is equal to 
(1 + zf 1• It follows from (11) that the value (a2)exp de­
termined in this manner depends on the radiation inten­
sity (z ~ I0 ), whereas (a 2 )the or is constant. It is seen 
from the example presented that for a correct estimate 
of the quantum yield of multiquantum photochemical re­
actions from integral measurements of the characteris­
tics of the reaction products, it is necessary either to 
work with volumes of matter and light-flux densities 
such as to satisfy the condition (6), or else (if this con­
dition is violated), to reduce the obtained results with 
relation (8) taken into account. 

The author is grateful to L. V. Pilipenko for stimu­
lating critical remarks. 
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