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Abstract. The PhotoAcoustic Soot Sensor (PASS) for in 
situ black carbon mass monitoring is presented. The sen- 
sor combines a high-power laser diode (2 = 802 nm; 
P = 450 mW) and a novel spectrophone setup to achieve 
a portable sensor system for black carbon measurements. 
The acoustic resonator with a Q-factor of ~ 300 is oper- 
ated in its 2nd azimuthal mode at 6670 Hz. To estimate 
the effects of the window position, laser beam collimation, 
and different loss mechanisms on spectrophone sensitivity 
a model treating these effects with respect to the signal 
strength of the azimuthal modes is described. It gives a cell 
constant of 5.8 V / ( W m  -1) in good agreement with 
5.9 V/(W m -  1) obtained from measurements with partic- 
ulate carbon. Additionally, this model permits a method 
for an absolute calibration of the spectrophone. To im- 
prove the signal-to-noise ratio, the photoacoustic signal is 
estimated by a weighted least-squares fit to an averaged 
line profile of the excited normal mode instead of a direct 
measurement of peak height. Finally, the application of 
this data processing algorithm yields a detection limit of 
1.5 )< 10 6 m 1 or 0.5 gg black carbon per m 3 

PACS: 07.60; 43.20.Ks; 43.85 

Black Carbon (BC) is the dominant absorber of light in 
the atmospheric aerosol with a featureless absorption 
spectrum in the VISible (VIS) and Near-InfraRed (NIR) 
[1]. Common optical methods for BC-monitoring [-2-5] 
are based on the analysis of particle-loaden filter samples 
for the light-absorbing content of deposited material. 
As a consequence of analyzing particles deposited on 
a diffusely reflective filter matrix, a modification of 
optical properties of the particles compared to their 
airborne state may occur and cause an incorrect BC 
measure [6, 7]. 

These problems in BC determination are avoided by 
the use of an in-situ absorption measurement technique as 
photoacoustic spectroscopy [8-10]. To obtain a high sel- 
ectivity for particulate BC, the spectrophone has to be 
operated in a spectral range where almost no interfering 

gases occur (VIS, NIR), or the contributions of absorbing 
gases, first of all CO2 and H 2 0  , have to be derived from 
a differential measurement and subtracted from the total 
photoacoustic signal [8, 11]. In this context the recent 
availability of small-sized high-power laser diodes emit- 
ring in the NIR offered the possibility to develop a port- 
able sensor system which will be applicable to field 
measurements without any effort [12, 13]. 

Starting with the pioneer work of Terhune and Ander- 
son [14], almost all spectrophones designed for aerosol 
absorption measurements in the VIS/NIR used a cylin- 
drical azimuthal resonator. But, up to now no theoretical 
description of such an azimuthal resonant cavity is avail- 
able which includes effects of laser beam collimation, 
window position and particle-related relaxational losses 
on the cell constant of the resonator. The importance of 
such a theoretical description is evident with respect 
to a possible absolute calibration of a photoacoustic cell 
in the absence of NIR-absorbing test gases of known 
absorbance. 

1 Cell constant of  a cylindrical resonant chamber 

1.1 Basic relations 

To achieve sufficient performance characteristics and, 
above all, to permit an absolute calibration of a photo- 
acoustic spectrophone the effects of acoustic losses as well 
as position and degree of collimation of the laser beam on 
the cell constant of a resonant cavity have to be examined. 
Up to now, results with regard to these questions are 
available only for radial resonators [15-171 or as general 
expressions for a complex mode structure [18]. Possible 
effects of particle-related losses are neglected almost com- 
pletely. 

Starting with a cylindrical cavity of length L and 
radius R the normal acoustic modes pj of such a resonator 
are described by [8, 18] 

~jl,, ~,~t = p.,«,~t Tr)cos~-,~0)cos/~n~ " 
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where r, cp, z are standard cylindrical coordinates, 
j = (mnn~) and m, n, n~ are the order of azimuthal, radial, 
and longitudinal mode, respectively, Pc is a normalization 
coefficient such that V[l~p*pkdV = g~jk with chamber 
volume V~ and p* as the complex conjugate of p j, Jm is the 
Bessel function of order m, and ~mn is the n-th solution of 
(dJm/dr) = 0 at r = R. The eigenfrequencies of the resona- 
tor are given by [8, 18] 

co /?~4  ~ ~~~? 
B =  2 ~ / \ R ]  + \ L ]  ' (2) 

where Co is the speed of sound. In the case of azimuthal 
mode excitation (n, G = 0), the resonance frequency re- 
duces to fj  = Co ära0 (2R)- 1. 

In real systems, dissipation proeesses cause a broaden- 
ing of the resonance profile of the acoustic mode in the 
frequency domain. The symmetric line profile A(f)  of 
such a resonance subjected to acoustic losses can be de- 
scribed by a Lorentzian profile [17] of the form 

A(f)=Ajf[(( f  2 fAfj N~2 
__f2)2 +f2Af2 ] 

( f2  f2  \ 2 q l / 2  j - -  

+ i # - 7 ~ ~ + s ~ ~ # )  J ' (3t 
where f and fj are modulation frequency and resonance 
frequency of mode j, respectively, and A fj is the F W H M  
of the resonance. The quality factor Qs of mode j  is given 
by the relation Qä =fj/Afj. Its reciprocal Qä ~ is a measure 
for the loss of acoustic energy with respect to the energy 
stored in mode j. 

According to [9] an upper limit for the induced pres- 
sure amplitude pj at beam power P and absorbance fi can 
be expressed as 

pj(coj) - (7 - 1) Qä fi P L I/~C~,ùù "~ 

where 7 is the ratio of specific heats cp/G at constant 
pressure and volume. The factor PL/Vo presumes that the 
coupling between the spatial profile of beam intensity Ib 
and excited normal mode p~ is ideal [9]. 

To get a more detailed insight into the efficiency of 
normal mode excitation the coupling integral between the  
laser beam and normal mode has to be evaluated. For this 
purpose, the spatial distribution of the beam intensity may 
be approximated by a Gaussian distribution [15, 16] 

P { (rcosqo--Rw)2+r2sin2qo} 
/b(t', ~0) = ~ exp -- Rü , (5) 

where Rb is the beam radius and R ,  is the position of the 
laser entrance window. The spatial intensity distribution 
(5) is normalized such that the integration over the cham- 
ber cross-sectional area yields total beam power P regard- 
less of the degree of collimation or window position. In 
general, Rw -- 0 holds for the excitation of radial modes 
and Rw > 0 for the excitation of azimuthal modes. 

The coupling integral F (Ib, Pj) between the laser beam 
and normal mode can be written as [8] 

F (/b, Pj) = Vc~ i/[o Ib(r' qo)p* (r, ~o)d V. (6) 

Assuming the spatial profile Ib identical to the ex- 
cited normal mode, i.e., Ib ~ Ppj ,  it reduces to 
F(Ib,pj) = PL/Vc, as mentioned above [8,9, 16]. Other- 
wise, a correction factor K i has to be taken into account 
such that F(Ib, pj) = KjPL/Vc with Kj < 1 for non-ideal 
coupling. 

Introducing the correction factor K i into (4), the in- 
duced pressure amplitude at resonance frequency 
ooj = 2rcfj and at spatial position (r = R, cp = 0 °) is given 
by 

1 (y -- 1)Qj BP KjpjJm(rCO~mn)" (7) 
PJ = 5 co~- reR 2 

The factor ½ originates from the fact, that the beam inten- 
sity Ib is sinusoidally modulated. Thus, mean absorbed 
power is only ½ of the unmodulated beam power P [16]. 

Finally, the cell constant Cc of a resonant cavity, which 
corresponds to the induced signal (in ~tV) per unit laser 
power P and unit absorbance fi, may be given as 

1 (7 -- 1)Qj 1 
Cc - 2 coj g R  2 KjPjJm(TC°%n)Smi . . . .  (8) 

where Smioro is the sensitivity of the microphone (in 
BV/Pa). In the following, the factors PjJm(rCO:mn), Qj, and 
K~ will be discussed with special consideration of the 
azimuthal mode excitation. 

1.2 Normalization coefficients and quality factors 

As mentioned above, the normalization coefficient Pj is 
defined such that 

1 p*p jdV={ l '  i = j ,  (9) 
Vcvo O, i ß j ,  
i.e., the equation 

1 
y ]pjl2dV = 12 T(,R2L (10) 
vo I Pj 

has to be solved for a given mode j. The results for 
azimuthal and radial modes are summarized in Table 1. 
They were calculated from values in [19] using the inte- 
gral relations of bessel functions. 

To estimate the quality factor Qj of a given mode j, the 
following loss mechanisms were taken into account: (i) free 
space viscous and thermal dissipation, (ii) free space dissi- 
pation by particle-related thermal relaxation processes, 
(iii) viscous and thermal losses in the cell boundary layer, 

Tablel. Normalization coefficient Pj and factor Pflm(~aùù,) for 
azimuthal modes (m00) and radial modes (0n0), respectively, in 
a cylindrical cavity 

Mode Pj Pflm [rca,ùù] 

I ( m ~2] 1/2 (100)1.68 
(mO0) J,,1(TrC~mo) x/2 1 - - -  (200) 1.87 

\rco~,,,o/ j (300) 2.02 
1 

(OnO) 1 
Jo(zC~où) 



and (iv) energy absorption by the microphone [15, 19]. 
For the calculation of Q-values we used functions p) which 
were not normalized, i.e., p~ = Pjp). This is allowed 
because Q-values are given as a quotient of integral ex- 
pressions containing functions Pi. Thus, normalization 
constants cancel. 

Starting with the common expressions [15 19] for 
acoustic losses the contributions of loss mechanisms 
(i)-(iv) to acoustic energy dissipation may be given in 
a slightly modified form as: 

(i) free space losses 

[@j]vol =co~jc0 [1~ + ( 7 -  1)l~] (11) 

with characteristic lengths 

4 # 
- , l k - -  , ( 1 2 )  l~, 3 pco pCpCo 

related to thermal conductivity tc and viscosity #, p being 
the density of gas (for air at standard conditions l~ and l u 
are of the order of 5 x 10 -s m [19]); 

(ii) losses by particte-related thermal relaxation pro- 
cesses as discussed in the following; 

(iii) viscous surface losses 

[1  t 1(C-2-0~ '2 " S [ VtP)[ 2 a S  
B = ~ \ c o f f  a ù - ~  (13) 

with thickness 

du = 2# _~ 2.1 x 10 -3 ,/_f 

and thermal surface losses 

[1] 1 t~« ~lp)l~dS 

(14) 

(15) 

with thickness 

d~ = 2/pc~~ -~ 2.5 x 
1 

10-3 ~ m ;  (16) 

the effect of surface roughness may be approximated by 
adding the rms roughness value d~m~ to thickness d u of the 
viscous boundary layer d u [18]; 

(iv) microphone losses 

[~] l~m~ro 
(17) 

m~oro 2-~ S Z '  
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where  Amicr o and So are the surface area of the micro- 
phone opening and the inner cell wall, respectively [9]. 
Power loss through the cell wall and openings in the 
resonator wall need not be considered if the openings 
are placed at the nodal points of excited normal modes 
[18]. 

To estimate the contribution of particle-related losses 
due to thermal relaxation processes, a model proposed by 
Da Silva [20] for molecular relaxational processes is 
modified to describe particle-related relaxational losses. 
Starting with the thermal relaxation time 

\ 2 ]  3~ 

for a particle of diameter D v, density Ppart, and specific 
heat capacity Cvart as reported by Chan [21], we follow the 
model of Da Silva: viewing a heated particle surrounded 
by a gas of temperature T as a simple two-level system. If 
the particles are heated by a laser beam with its intensity 
varying as a sinusoidal function of time with angular 
modulation frequency co, the absorbed energy introduces 
an excess heat source term 

Aepart(z) - p Cpart T (19) 
1 + icoz 

to the system. The heated particles reach their final tem- 
perature within t = z, and thus, if t o r«  1, this temperature 
is reached throughout each modulation cycle of the radi- 
ation. According to [20], the excess heat source Aep~rt 
results in a particle-related relaxational loss 

I l l  I Cpart] Qjj reX ~--- O)j (~) -- 1)"c Cp ~ " (20) 

This estimate for particle-related losses exhibits all desired 
properties: losses decrease with decreasing particle dia- 
mete r  Dp and for very large particles with coz» 1 excess 
heat Aepart vanishes and energy loss by relaxation sup- 
presses an efficient excitation of the acoustic normal 
modes. 

In general, dV and dS denote integration over cham- 
ber volume and chamber surface area, respectively, and 
Vt are the components of the gradient tangential to 
the area of integration. Using the integral values sum- 
marized in Table 2, the following expressions are achieved 
for surface losses in the case of excited azimuthal 

Table 2. Integrals used for the evaluation of 
surface losses according to (13) and (15) 

~]p2[2dV 

~lpj]2dS 

~[ Epjl2 dS 

(mO0) (OnO) 

12TcR2L[1--(~ßömo)21j2(~~o,) zcRZLJ2(7CŒo,,) 

27~R(R + L) J~(TCeo~) 

2~(~"où) ~ J~(~~où) 
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modes (m00) 

[ll=2d"l+(m/~Œ~°)2((L/2R)--l)-[m/(rc°:"°)2]-~~ u L 1 - -  (m/TCC(mo) 2 

(21) 

1 1 
[ 1  I - - k L [ l - - ( r n / r C ° : m ° ) 2 ]  

B ,~ = (7 - l)d,~ R 1 - (rn/z~~o) 2 ' (22) 

and radial modes (0n0) 

[~-~J 1 ~ =d~-!L (23) 

I ~ ]  = ( 7 - l ) d ~ l ( l + L  ) .  (24) 

The expressions for radial modes which were calculated as 
a proof of correctness correspond to those given in [17]. 
General expressions for modes (rnnn,) are given in [18], 
but to calculate the integrals for azimuthal modes (m00) it 
is not possible to set n = 0 and n= = 0 and use expressions 
given in [18] without any modification. The reason for 
this is that integration over cos 2 (k~z)dz with k~ = 7cnJL 
along the cylinder axis yields results L/2 for n= ¢ 0 and 
L for n» = 0, and this factor is not included in the expres- 
sions given in [18]. This can be seen, too, by direct 
comparison of (21) solved for m = 0 and (23) for radial 
mode excitation. Additionally, differences occurred in the 
expressions containing the integral I VtP)l 2 dS, because in 
[18] only the azimuthal component of Vtpj was taken into 
account for integration over the front surfaces of the 
cylinder. But, even for pure azimuthal modes the radial 
velocity ~pj does not vanish. This is a straightforward 
result from calculating Vpj with pj given by (1). 

Finally, the quality factor Qj is obtained by summing 
over the above-mentioned contributions Q~~a according 
to  ~ j - 1  : ~,Qij 1. With that, all the parameters necessary 
to calculate the cell constant C~ according to (8) are 
available except Sm~o,o which has to be derived from ex- 
periment. 
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2 Experimental 

Figure 1 shows a schematic diagram of the sensor setup. 
The spectrophone is driven by an A1GaAs laser diode 
(SONY SLD-303) with optical output P = 0.5 W at an 
emission wavelength 2 = 0.802gm. The resonator is of 
cylindrical shape with diameter 2R = 5 cm and total 
length L = 10 cm. It is operated in its azimuthal modes 
(off-axis excitation) with a sample flow of 1,2 l/min. Two 
electret microphones (SENNHEISER KE 4-211-2) are 
mounted flush with the inner cell wall at positions of 
maximum pressure variation in the case of the 2nd azi- 
muthal mode excitation. Measuring the differential signal 
between both microphones, a doubling of the signal 
strength of the 2nd azimuthal mode is achieved. Accord- 
ing to (8), this signal enhancement almost completely 
compensates the decrease of cell constant C~ with respect 
to the higher resonance frequency of the 2nd azimuthal 
mode (f2oo ~ 6700 Hz) compared with the 1st azimuthal 

Fig. 2. Acoustic spectrum of the resonator obtained for a differential 
microphone configuration at constant BC concentration (solid line) 
and for particle-free air (dotted line); the orders (mnnz) of the excited 
acoustic modes are indicated 

mode (floG ~ 4060 Hz). This effect is demonstrated in 
Fig. 2 which shows the acoustic spectrum of the resonator 
in the frequency range 3-10 kHz. The plotted background 
signal was obtained with particle-free air and corresponds 
to window heating. 

Additionally, an earphone (SENNHEISER KDH 2-1) 
is placed at one end plate of the cylinder opposite to the 
entrance window providing an acoustic test-signal to 
check microphones or resonator characteristics. System 
control and signal processing are performed with a dual 
phase lock-in amplifier (HMS DYNATRAC 500) com- 
bined with a low noise differential preamplifier (ITHACO 
Mode1568). Further details of the spectrophone setup and 
optical layout are given elsewhere [12, 13]. 
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3 Data processing 

To gain further improvement of the sensor features, 
a novel data processing algorithm was developed which 
determines the photoacoustic signal at a given BC mass 
concentration from estimation of the peak height by 
weighted least-squares fit to a resonance profile instead of 
a direct measurement of the peak height. According to (3), 
the resonance profile of an excited mode in the frequency 
domain is assumed to be of a Lorentzian line shape. For  
each measurement six frequency scans over the resonance 
are averaged. The fitted resonance profile is obtained by 
a Marquardt-Levenberg algorithm [22] which yields 
mean signal strength and standard deviation as a function 
of modulation frequency f A similar approach was pro- 
posed by Poston and Harris [231 for photoacoustic 
measurements in the time domain. 

To increase the number of samples for the determina- 
tion of an average line profile above n = 6 is not recom- 
mended for F values and Student's t values do not change 
significantly beyond this point. On the other hand, time 
resolution deteriorates with increasing n. In the algorithm 
described here, averaging over n = 6 scans takes 1 min, 
the frequency resolution of the scans is about 2.5 Hz, and 
measuring frequencies range about _+ 75 Hz with respect 
to the resonance frequency fj of the excited mode. Thus, 
complete detection of a mode with Q_> 250 and 
B ~ 6700 Hz is guaranteed. 

The time constant % of the resonator, i.e., the time for 
the signal to equal 1 -  e ~ of its final value, was cal- 
culated (volume divided by ftow) from a sample ftow of 
1.2 1/min and a sample cell volume of 196 cm » to be 

16 s. Estimating the time required to produce full re- 
sponse to a constant BC concentration, a time resolution 
of 80 s is achieved if t = 5r~ is assumed to be long enough 
for a complete exchange of sample gas in the cell. This 
time resolution is in satisfactory agreement with the dura- 
tion of the averaging procedure. Hence, no information 
about temporal variations of BC concentration is lost by 
applying the outlined data processing algorithm to BC 
mass monitoring. 

4 Results and discussion 

4.1 Efficiency of mode excitation 

The efficiency of mode excitation by a laser beam of 
Gaussian intensity distribution may be estimated by ex- 
amining the dependence of the coupling integral F ( /b ,  P j) 
according to (6) on the laser beam radius Rb and window 
position Rw. For that purpose (6) was solved numerically 
for different sets of Rb and Rw and azimuthal mode excita- 
tion. To check the validity of these values, the coupling 
integral was calculated for radial modes (Rw = 0) and for 
ideal coupling as well, and compared with the theoretical 
predictions. The results are summarized in Table 3. For 
ideal coupling, the numerical procedure gives Kj-factors 
in very good agreement with the theoretical value 1. For  
radial mode excitation, agreement with theoretical predic- 
tions following [15] is also obtained. Figure 3 shows Kj as 
a function of the window position Rw at constant beam 

Table 3. Coupling parameter Kj for different beam profiles and 
types of excited modes; additionally, theoretical predictions for 
radial mode excitation [15] and ideal beam coupling [16] are given 

Spatial intensity Normal mode Kj Kj 
distribution Ib pj (Computation) (Theory) 

Ib ~ pj, (100) 0.999 1 
ideal coupling (200) 0.999 1 

(010) 0.998 1 

Gaussian distribution (100) ~ 0.479 
according to (5) (200)" 0.470 

(010) 0.998 ~ l 
(020) 0.997 ~ 1 

Reported Kj-values correspond to Rw = 0.72R and Rb = 0.1R. 
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Fig. 3a, b. Coupling parameter Kj as a function of the relative 
window position r/R at constant beam radius Rb (a) and as a func- 
tion of beam radius Rb at constant window position Rw (b) for the 
excitation of azimuthal modes (m00) 

r a d i u s  Rb and as a function of beam radius at constant 
window position for azimuthal mode excitation. As can be 
seen from Fig. 3, Kj is almost independent of the beam 
radius with only slight increase in Kj by decreasing the 
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beam radius. A strong but expected dependence of Kj is 
found on the window position [9]. 

An important result of this discussion is that for azi- 
muthal mode excitation a Kj-value of 1 is out of reach. 
The behaviour of Kj in the case of azimuthal mode excita- 
tion may be illustrated by the quite different spatial distri- 
butions of I b and p;. In contrast to the radial mode 
excitation (Ki ~ 1) where both Ib and pj show a rotational 
symmetry with respect to the optical axis, Ib and pj have 
no common axis of symmetry in the case of azimuthal 
mode excitation. 

4.2 Cell constants 

To obtain an estimate of the cell constant  for a given 
resonant  cavity, the Q-values following (11), (17), (20) (22), 
the K~-factor taken from Fig. 3, and the normalizat ion 
factor PjJm 0re%ù) taken from Table 1 m a y  be used to 
calculate Co from (8). The cavity parameters  R and L de- 
termine the resonance frequencyfj .  The microphone  sensi- 
tivity Sm~¢,o has to be derived from a calibration measure- 
ment. In our  case, we found Sm~~ro = 46 m V / P a  [13]. Us- 
ing numerical values summarized in Table 4 we found 
a quality factor Q ~ 278 for excitation of the 2nd azi- 
muthal  mode  at a resonance ffequency of 6700 Hz. The 
contr ibut ions of the different loss mechanisms to the qual- 
ity factor are: 

Free space losses 0.3% 
Particle-related relaxational losses 3.1% 
Viscous surface losses 68.0% 
Thermal  surface losses 28.5% 
Microphone  losses 0.1% 

Surface losses are limiting the quality factor, as ex- 
pected, while losses due to microphone  absorption,  par- 
ticle-related relaxational processes and free space dissipa- 
tion are of minor  importance.  However,  particle-related 
processes make up the main part  of free space losses. 

Beside this theoretical approach  to a Q-value deter- 
mination, we used the built-in earphone to measure the 

Table 4. Numerical values used for the calculation of (2 acording to 
(11), (17), and (20) (22); if not stated otherwise values are given for 
air [24] 

Physical constant Symbol Numerical value 

Speed of sound Co 343 m/s 
Density p 1.29 kg/m 3 

Ppart (BC) [251 1600 kg/m 3 
Specific heat cp 1005 J/(kg K) 

Cpart (Be) 716 J/(kg K) 
Dynamic viscosity #/p 1.41 x 10- » m 2 / s  

Adiabatic power y 1.4 
Thermal diffusivity ic 2.1 x 10 s m2/s 
Particle diameter Dp 5.0 x 10-8m 
Mass absorption coefficient aabs (BC) [12] 3.0 m2/g 
Roughness of chamber surface drms (brass) 3.0 x 10- 5 m 
Microphone sensitivity Smioro 4.6 X 10-2 V/Pa 
Preamplifier gain x 100 
Area of microphone opening Am~~ro 1.96 x 10-7 m 2 
Chamber surface area S~ 1.96 X 10 . 2  m 2 

Q-value of the resonant  cavity by scanning the excitation 
frequency of the earphone across a normal  mode  of the 
cavity to get a more  realistic quality factor for the calcu- 
lation of C~ [13]. These measurements  gave Q ~ 298 in 
fairly good  agreement with the theoretical value men- 
t ioned above. Thus, all impor tant  loss mechanisms seem 
to be considered adequately. 

At last, experimental Ccvalues  were obtained from 
calibration measurements  with spark-discharge generated 
soot  [13]. The results of these measurements  are plotted in 
Fig. 4. Linear regression analysis gave the coefficients 
y = 8.9( _+ 0.2)x + 5( 4- 12) with the correlat ion coeffic- 
ient r = 0.974 for mode  (100) and y = 8.9( + 0 . 5 ) x -  4 
( _+ 30) with r = 0.987 for mode  (200), respectively, x is the 
BC mass concentra t ion in gg/m 3 and y is the photoacous-  
tic signal in ~tV. A remarkable  feature is the low standard 
deviation of data  points corresponding to the mode  (200) 
with respect to those corresponding to the mode  (100). If 
Co describes the cell response at unit absorbance fi and 
unit power P, the cell constant  may  be derived from the 
slope m of the regression line following 

m 

C c - -  p O . a b s .  (25) 

The results of these different approaches to the determina- 
t ion of cell constant  Co are given in Table 5 using numer-  
ical values summarized in Table 4 for the calculation of Q. 
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Fig. 4. Calibration measurements with spark-discharge generated 
black carbon particles 

Table5. Quality factors and cell constants derived from theory, 
calculated with experimentally obtained Q-values, and derived from 
BC calibration experiment for azimuthal modes (100) and (200), 
respectively 

Theory Theory with Calibration 
exp. Q-values 

(100) (200) (100) (200) (100) (200) 

Qj 331 278 305 298 293 330 
cc [v  m/W] 5.0 5.5 4.0 5.8 5.9 5.9 
cc [Pa m/W~ 1.1 1.2 1.0 1.3 1.3 1.3 



The values of PjJm(nC~m0) and Kj are 1.7 and 0.479 for 
mode (100), and 1.87 and 0.470 for mode (200), respective- 
ly. A remarkable result is the very good agreement be- 
tween Co-values obtained by theory using experimental 
Q-values and C:-values derived from calibration measure- 
ments. Thus, if a spectrophone is equipped with a built-in 
earphone or any other device to generate an acoustic test 
signal a simple method for an absolute calibration may be 
proposed: 

(i) Determine the quality factor Qj of the resonator by 
mode excitation via the sound source and microphone 
sensitivity via calibration measurements. 

(ii) Calculate values of P J m  (nŒmo) and K~ according to 
the equations given above. 

(iii) Introduce values of Q, PJ~(nC~mo), K j, Sml . . . .  and 
R into (8) and calculate Co. 

Knowing optical power P, either aùbs of the absorbing 
matter or the spectrophone sensitivity m may be cal- 
culated from (25). Applying this procedure to BC as ab- 
sorbing marter with P = 0.5 W and rn = 8.9 V/(gm -3) 
[13] a mass absorption coefficient Œabs : 3.1 m2/g is ob- 
tained in very good agreement with the theoretical and 
experimental values for aabs [12]. 
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5 Conelusion 

A theoretical treatment of an azimuthal resonant spectro- 
phone is given which also includes particle-related 
relaxational losses as well as the effects of laser beam 
collimation and window position on the cell constant of 
the resonator. Based on the excellent agreement between 
cell constants derived from theory and experiment, 
a simple method for an absolute calibration of a photo- 
acoustic spectrophone is proposed. The application of this 
calibration method to particulate carbon as radiation 
absorbing matter yields a mass absorption coefficient 
aùbs = 3.1 m2/g for BC at a wavelength 2 = 0.802 gm in 
good agreement with other experimental findings and 
theory. 

A novel data processing algorithm including a 
weighted least-squares estimation of the photoacoustic 
signal is described. In combination with an operation of 
the spectrophone at the 2nd azimuthal mode this data 
processing algorithm results in an overall improvement of 
SNR by a factor of 10. The detection limit of the PASS is 
lowered to 1.5 x 10 8 cm 1 or 0.5 btgBC/m 3 and makes 
this sensor applicable to measurements of BC mass con- 
centrations in ambient air. 

4.3 Noise reduction 

The improvement in noise reduction with respect to the 
above-mentioned data processing algorithm was derived 
from fluctuations of the background signal originating 
from window heating and sample flow, respectively, and 
from signal fluctuations at a given BC concentration 
which also include variations of the soot generator output. 
The results are summarized in Table 6. Thus, taking the 
maximum of the fitted profile instead of the maximum 
signal of a single scan results in an improvement of SNR 
by a factor of 5. Combining this noise reduction with 
enhanced noise damping by operation at a higher modu- 
lation frequency [13], an overall improvement of SNR by 
a factor of 10 is achieved when measurements are per- 
formed at the 2nd azimuthal mode with peak-height es- 
timation (FIT) instead of a direct measurement of peak 
height (MAX) at the 1st azimuthal mode. 

Finally, based on a background signal ftuctuation of 
1.4btV and a sensor sensitivity of 8.9 btV/(ggm -3) the 
limit ofdetection is lowered from 4.5 x 10 s cm 1 [13] to 
1.5 x 10 -8 cm -1 or 0.5 pg/m 3 when the proposed data 
processing algorithm is applied. 

Table 6. Mean fluctuation of the background signal BGD (particle- 
free air) and signal SIG at constant BC mass concentration; MAX 
labels values corresponding to direct peak height determination, 
FIT labels values obtained from peak height estimation 

ist azimuthal mode 2nd azimuthal mode 

MAX FIT MAX FIT 

aBGD [-/~V] 12.0 2.3 10.1 1.4 
O-SI G [ / 1 7 ]  36.2 7.9 15.0 3.6 
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