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Abstract. We investigate the suitability of ELPI for conden-
sation sink and ion sink measurements. The aim is to find the
simple calibration factors by which the measured ELPI cur-
rent can be converted to condensation or ion sinks. The cal-
ibration is based on DMPS and ELPI measurements within
the period 15–25 May 2005 at a boreal forest site in Southern
Finland. The values of condensation sink and ion sink were
calculated from the DMPS size distributions using their the-
oretical definitions. After that the values were compared to
theoretical and measured ELPI current, and calibration fac-
tors were specified. For condensation sink the calibration
factor was found to be 7.27E-06 s−1fA−1 and for ion sink
8.55E-06 s−1fA−1. Simply by multiplying the total current
of the outdoor ELPI by these factors, the values of conden-
sation sink and ion sink can be measured.

1 Introduction

Aerosol particles are omnipresent in the Earth’s atmosphere
and involved in many atmospheric prosecces affecting the
global climate system. Direct effects, including light scat-
tering and absorption, are physically rather simple and well-
known phenomena, as against indirect effects related to cloud
formation are more complicated (Lohmann and Feichter,
2005; Haywood and Shine, 1995). Uncertainty in these indi-
rect effects has lately motivated us to investigate especially
some basic phenomena of atmospheric aerosols: the forma-
tion of new particles and their subsequent growth process
(Kulmala and Kerminen, 2008; Kulmala et al., 2004).
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The growth process of atmospheric aerosol particles
is mainly condensational in the presence of condensable
species, e.g. water and sulphuric acid with a low vapour pres-
sure. In this respect, the concept ofcondensation sink(Pir-
jola et al., 1999; Kulmala et al., 2001) is useful. In addition to
the condensable species, there are always some ions present
in the air. When ions attach onto the particles, the concept
of ion sink becomes relevant. Because in these processes
aerosol particles interact with molecules or ions through their
surface, condensation sink and ion sink are also related to
surface metrics calledFuchs surface(Pandis et al., 1991) and
active surface(Siegmann and Siegmann, 2000).

The surface-related quantities can be calculated from size
distribution and concentration measured with (e.g.) Differ-
ential Mobility Particle Sizer (DMPS) or Scanning Mobil-
ity Particle Sizer (SMPS). However, they can also be mea-
sured more directly with intruments that mimic the size de-
pendence of these quantities (Shin et al., 2007; Bukowiecki
et al., 2002; Woo et al., 2001; Keskinen et al., 1991; Gäggeler
et al., 1989). One of the most promising instruments for
the real-time measurements of these quantities is a diffusion
charger. What happens in a diffusion charger when ions at-
tach onto the particles is closely related to natural condensa-
tion or ion attachment in the atmosphere. Accordingly, it has
been shown that the output signal of the diffusion charger is
almost directly proportional to many surface related quanti-
ties (Fissan et al., 2006; Ntziachristos et al., 2004). Recently,
Ntziachristos et al.(2007) applied the Nanoparticle Surface
Area Monitor (NSAM, TSI, Inc.) for the measurement of
particle surface concentrations of urban and traffic aerosols.
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In this study we focus on the electrical low pressure im-
pactor (ELPI), developed byKeskinen et al.(1992). In the
ELPI, the sample flow passes through a diffusion charger
into a cascade impactor. Each impactor stage is connected
to a sensitive current-to-voltage amplifier (electrometer). In
normal operation, each electrometer signal is treated sepa-
rately to calculate size distribution. However, the instrument
can also be treated as a diffusion charger simply by summing
up all the electrometer signals. We first treat the theoretical
instrument to condensation sink and ion sink. We then check
this with experimental data and calculate calibration factors
for both condensation sink and ion sink measurement.

2 Attachment rates

If aerosol particles are surrounded by atoms, molecules or
ions that attach to the particles, the concentration of the
present speciesn obeys the first order differential equation

dn

dt
= −Xn, (1)

whereX is the attachment rate of the species onto the par-
ticles. For a polydispersed aerosol the attachment rate is
obtained by integrating a particle size dependent attachment
rate factorAX(dp) over the aerosol size distributionN (dp):

X =

∫
AX(dp)N (dp)ddp . (2)

These expressions were originally used for the attachment of
airborne radioactive species onto aerosol particles (e.g.Pors-
tend̈orfer and Mercer, 1978) but they are quite generic. We
apply them to condensing species (markingX = CS and
AX = ACS) and to attaching ions (markingX = IonS and
AX = AIonS).

2.1 Condensation sink

For condensing atoms and molecules, we name the rate quan-
tity of equation (1) as condensation sink (CS) and the corre-
sponding attachment rate factor as condensation sink factor
ACS(dp). The latter is defined as:

ACS(dp) = 2πdpDmβ(dp), (3)

wheredp is the particle diameter,Dm the diffusion coeffi-
cent of the gas molecules andβ the Fuchs correction factor.
As a correction factor we use theFuchs and Sutugin(1971)
formula in the form of

β =
1+Kn

1+

(
4

3α
+0.377

)
Kn+

4
3α

Kn2
, (4)

whereKn is the relation of the particle diameter and the
mean free path of the gasλm, called Knudsen number. The
particle size dependence of the condensation sink factor is
shown in Fig.1.
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Fig. 1. The particle size dependence of the attachment rate factors
for condensation sink (ACS(dp)) and ion sink (AIonS(dp)). The
number sensitivity function of the outdoor ELPI (PneQ) is shown
on secondary vertical axis.

According to the definition, the condensation sink of the
aerosol depends on the properties of the molecules or the
atoms, i.e. the diffusion coefficient and the mean free path.
The diffusion coefficient of vapour molecules in the air is
calcuated as (Poling et al., 2000)

Dvap = 0.00143·T 1.75

√
M−1

air +M−1
vap

P
(
D

1/3
x,air +D

1/3
x,vap

)2
, (5)

whereP is the air pressure,M the molar mass andDx the dif-
fusion volume, which is calculated from the table of atomic
diffusion volumes gathered byPoling et al.(2000). In this
paper we use the properties of sulfuric acid because it has
been identified as a key component in atmospheric aerosol
formation and growth (Riipinen et al., 2007). The values
are found to beDx,air = 19.7 andDx,vap = 51.66 for sul-
furic acid molecules. Thus we get the diffusion coefficient
of sulfuric acid. The relation between the diffusion coeffi-
cient and the mean free path is known to beλm = 3cm/Dm,
wherecm is the mean thermal velocity of the molecules. Due
to the temperature-dependent molecule properties, we have
now the condensation sink dependent on temperature. The
molecule properties are also dependent on the air pressure,
but in this paper it is kept invariant.

2.2 Ion sink

For airborne ions, we name the rate quantity of equation (1)
as ion sink (IonS) and the corresponding attachment rate fac-
tor as ions sink factorAIonS(dp). The ion sink factor is de-
fined as:

AIonS(dp) =

∫
η(dp,p)9(dp,p)dp, (6)
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wherep is the number of elementary units of charge andη

is the combination coefficient introduced byFuchs(1963).
The integral is taken over the particle charge distribution9,
as which we use a Fuchs equilibrium charge distribution cal-
culated with the combination coefficients (Fuchs, 1963). We
adopt the notation used byAdachi et al.(1985) for the com-
bination coefficient

η =

πciξδ2exp
(

−φ(δ)
kBT

)
1+exp

(
−φ(δ)
kBT

)
ciξδ2

4Dia

∫ a/δ

0 exp
(

φ(a/x)
kBT

)
dx

, (7)

wherea = dp/2, x = a/r and

δ =
a3

λ2
i
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e2

8πε0

a3

r2(r2−a2)
,

wherer is the distance between ion and particle centre,e the
elementary charge,ε0 the dielectric constant,εr the specific
dielectric constant,λi the mean free path of ions andξ the
striking probability. The size dependence of ion sink factor
is shown in Fig.1. The charge distribution is taken account
as if there were a monodisperse distribution corresponding to
each particle size.

There are several ways to calculate the ion properties in-
troduced above. We use the following equations (Hoppel and
Frick, 1986):

Di = kBT Zi/e

ci =

√
8kBT

π(Mi/NA)

λi =
4Zi

3e

√
8kBT M2

air

π(Mi +Mair)NA

,

whereDi is the diffusion coefficient,Zi the electrical mobil-
ity, kB the Boltzmann coefficient,ci the mean thermal veloc-
ity, M the molar mass,NA the Avogadro number andλi the
mean free path. The electrical mobility of ions is dependent
on temperature and pressure. Commonly used notation for
the dependence is (Eiceman and Karpas, 2005)

Zi = Z0
P

P0

T0

T
. (8)

In this paper only the temperature dependence is taken into
account and the pressure is kept invariant.

The ion properties are known to have a distribution of dif-
ferent mobility values, depending on the chemical compo-
sition of air, including tracer amounts of various vapours
(e.g. Eisele and Tanner, 1990). Ion sink is typically em-
ployed in studying the balance between small ions and fine

aerosol particles and in the calculation of ion production rate
in the atmosphere (e.g.Hõrrak et al., 2008). The ion prop-
erties relevant in this context are those of the aged ambient
air ions. LikeHõrrak et al.(2008), we approximate the ion
distribution by monodispersed ion characteristics. Follow-
ing Adachi et al.(1985) andVohra et al.(1969) we choose
the mean mobility for positive ions to be 1.40 cm2/Vs, and
mass 109 amu.

3 The attachment rates compared to ELPI current

Based on the idea and the definition of ion sink, it can be ex-
pected that diffusion charging process, where ions produced
by corona discharge attach on aerosol particles, is somehow
proportional to ion sink. Using so-called active surface met-
ric, which is directly proportional to ion sink,Ntziachristos
et al.(2004) showed that this quantity correlates with the cur-
rent signal of the diffusion charger. They also showed that
there is a small difference between the active and the so-
called Fuchs surface metric, the latter of which is directly
proportional to condensation sink.

3.1 ELPI response function

The electrical low pressure impactor (ELPI) is an instrument
that, by calculating the total current of all impactor stages,
provides a real-time current signal of the particles charged
with a diffusion charger. Using the notation ofKeskinen et al.
(1991) the total current, as an outputsignal of ELPI, can be
expressed as

I =

∫
SN (dp)N (dp)ddp (9)

whereSN (dp) is defined as a number sensitivity function of
the instrument. According toMarjamäki et al. (2000) the
number sensitivity function of ELPI is

SN (dp) = Pn(dp)eQ, (10)

where P is the penetration through the charger,n is the
number of single charges per particle andQ is the flowrate
through the charger. In our measurements we used an out-
door ELPI, which had a flowrateQ = 28.91 l/s. The man-
ufacturer (Dekati Ltd., 2003) gives the number sensitivity
function of the outdoor ELPI as:

PneQ=

{
3.0924· Q

Q0
·dp

1.3915, dp ≤ 0.0135 µm

2.0000· Q
Q0

·dp
1.2902, dp > 0.0135 µm

, (11)

whereQ0 = 10 l/s and the unit of the quantityPneQ is
1/( fA · cm3). The number sensitivity function compared
to the attachment rate factors is shown in Fig.1.
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Fig. 2. Response functions of the ELPI total current signal for the
condensation sink (CS), and for the ion sink (IonS). The functions
are normalized at 100 nm.

If the intention is to determine a quantityA(dp), the in-
strument is said to be ideal ifSN (dp) = KA(dp) andK is
a constant. In the non-ideal case the sensitivity function is
not directly proportional toA(dp) and we can define a size
dependent quantity

K(dp) =
SN (dp)

A(dp)
, (12)

which is called the response function of the instrument speci-
fied byA(dp). Specifically, we are interested in the response
functions specified by the factorsACS andAIonS, defined in
equations (3) and (6) , respectively (Fig.2). The only quan-
tity, that actually behaves ideally, is the number sensitivity
function itself. However, as could be seen in the Fig.2, the
response function specified by ion sink differs only slightly
from the ideal behaviour. The response is near-ideal also in
the case of condensation sink.

4 Measurements

The field measurements were carried out at the SMEAR II
station (Hari and Kulmala, 2005) in Hyytiälä, Southern Fin-
land, between 15 and 25 May 2005. The field station is lo-
cated in a boreal forest and it represents a typical background
area of Finland. Concentration and consistence of the aerosol
are highly dependent on wind direction and air mass trajec-
tories.

The period of May was chosen because there were a num-
ber of changes in the size distrubution of particles as well as
in temperature, and these ten days represent well the round-
year average. Examples of the number size distributions and
the average distribution are shown in Fig.3. All the mea-
sured distributions during the period are plotted as a function
of time in Fig.7a.
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Fig. 3. Examples of the number size distributions measured with
DMPS at Hyytïalä in May 2005. Min means the distribution with
the lowest GMD and Max the distribution with the greatest GMD.
Average is the mean size distribution during this time period.

Particle size distributions were measured with DMPS, in-
cluding two Vienna type DMAs with 10.9 cm and 28 cm tube
lengths, CPC 3025 and CPC 3010 (Mäkel̈a et al., 1997). In
addition, there was an outdoor ELPI. The time resolutions
of ELPI and DMPS were one and ten minutes, respectively,
but the ELPI data was averaged over ten minutes to corre-
spond the DMPS data. The ELPI measures particles approx-
imately in the size range 7 nm–6 µm while the DMPS size
range is about 3 nm–500 nm. Along with these aerosol par-
ticle measurements outdoor air temperature was measured
continuously during the period.

All the measuring instruments in Hyytiälä were located
in a cabin with a relatively stable room temperature and the
outdoor air sample was led to them. Before the ELPI the
sample was dried so that it would not humidify the instru-
ment in continuous measurements. In the case of DMPS the
sheath air used in DMA was dry and at room temperature,
which practically makes the measured sample to be dry as
well. This arrangement allows us to ignore in the calibration
the effect of temperature and air humidity variation on the
measuring instruments. On the other hand it prevents us to
prove the operation of ELPI in varying measuring conditions
and study the effect of air humidity on sink processes. How-
ever, to our knowledge, in measuring the sink processes there
is no reference instrument, which is proved to work properly
in varying measuring conditions.

In addition to the field campaign, we made laboratory
measurements using polydispersed NaCl aerosols. In the
measurements we used an outdoor ELPI and corresponding
to DMPS there was SMPS with a size range 9.8 nm–445 nm
(Wang and Flagan, 1990). Particle size distributions with
GMD varying from 22 nm to 140 nm and with concentrations
approximately from 1E3 cm−3 to 1E6 cm−3 were generated
and they were measured with both the instruments.
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Fig. 4. Theoretical ELPI current as a function of measured ELPI
current. In the field measurements(a) the slope of the fitting is
0.885 and in the laboratory measurements(b) it is 0.854.

5 Calibration

In the calibration values of condensation sink and ion sink
were at first calculated using the measured DMPS size dis-
tributions, the Eq. (3) and (6), the properties of sulfuric acid
molecules and positive ions represented earlier, and the mea-
sured temperature. On account of the DMPS time resolu-
tion, we have 1440 calculated values per attachment rate al-
together. The aim is to plot attachment rate values as a func-
tion of ELPI current and show linear dependence. However,
at first we introduce so-called theoretical ELPI current calcu-
lated from the DMPS data and compare it to measured ELPI
current.

5.1 Theoretical current compared to measured current

The ELPI current response corresponding to each DMPS size
distribution, also called theoretical ELPI current in this con-
text, is calculated by means of the sensitivity function (11)
and an equation

I theor=

∫
Pn(dp)eQ ·N (dp)ddp . (13)

In Fig. 4 theoretical ELPI current is plotted as a function of
measured current for both the field data and the laboratory
data. In the field the currents are directly proportional to
each other with a correlation of 0.909 and in the laboratory
the correlation is 0.989. For comparison,Ntziachristos et al.
(2007) calculated the correlations of the NSAM output and
the SMPS based theoretical output. They found correlations
of 0.94 and 0.64 for urban and fresh traffic aerosols, respec-
tively. Our result confirms the method of calculating theo-
retical current from the DMPS data as reasonable. The most
important result in the laboratory measurements was that the
ELPI sensitivity function is still valid despite of the large
variation in particle concentration and variation in GMD of
one-modal distributions.
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Fig. 5. The values of(a) condensation sink and(b) ion sink calcu-
lated from the DMPS size distributions as a function of theoretical
ELPI current, which is also calculated from the DMPS data using
the number sensitivity function.

In Fig. 4 the slope of the fitting is 0.885 in the field and
0.854 in the laboratory, which means there are constant fac-
tors between the output signals of the ELPI and the reference
instruments, i.e. DMPS in the field and SMPS in the labora-
tory. Both the factors are smaller than unity, so the measured
current is greater than theoretical. However, the difference
between those two factors is very small, only 3.5%, despite
of the different reference instruments.

5.2 Theoretical calibration

By theoretical calibration we mean that the outdoor ELPI is
calibrated to measure the attachment rates using only DMPS
data and theoretical ELPI current. In Fig.5 the attachment
rates are plotted as a function of theoretical ELPI current
for the field data. Fittings have been made into the set of
points with the method of least squares. The fitted curves
are straight lines without a constant term, so the only value
describing the compatibility of the fit is the slope which we
call the calibration factor3. Theoretical calibration factors
are shown in Table 1 for condensation sink and in Table 2
for ion sink. The same calculation procedure was made for
the laboratory data and corresponding calibration factors are
seen in the tables.

5.3 Calibration using measured ELPI current

Instead of theoretical ELPI current, measured ELPI current
can be used. There are both advantages and disadvantages
in working with the measured current. For ELPI it is defi-
nitely more realistic and it takes into account all the losses
and characteristics of the instrument affecting the output sig-
nal. On the other hand, if there, for some reason, is a differ-
ence between the total concentration of the sample measured
by DMPS and ELPI, it will have a direct effect on the cali-
bration factor.

www.atmos-chem-phys.net/10/1361/2010/ Atmos. Chem. Phys., 10, 1361–1368, 2010
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Table 1. Calibration factors3 for condensation sink with 95 % confidence bounds, the correlation of the fitting and the root mean square
error describing the final error of the measured attachment rate.

CS 3 (s−1fA−1) corr (-) rmse (s−1) 95 % confidence interval (s−1fA−1)

Field, theoretical 7.27E-06 0.970 7.03E-04 [7.23-06; 7.31E-06]
Field, measured 6.43E-06 0.894 1.33E-03 [6.36E-06; 6.50E-06]
Lab, theoretical 6.49E-06 0.997 2.45E-02 [6.40E-06; 6.58E-06]
Lab, measured 5.56E-06 0.993 3.57E-02 [5.44E-06; 5.68E-06]

Table 2. Calibration factors3 for ion sink with 95% confidence bounds, the correlation of the fitting and the root mean square error
describing the final error of the measured attachment rate.

IonS 3 (s−1fA−1) corr (-) rmse (s−1) 95 % confidence interval (s−1fA−1)

Field, theoretical 8.55E-06 0.989 4.36E-04 [8.52E-06; 8.57E-06]
Field, measured 7.57E-06 0.891 1.36E-03 [7.50E-06; 7.64E-06]
Lab, theoretical 9.07E-06 0.999 1.52E-02 [9.01E-06; 9.13E-06]
Lab, measured 7.73E-06 0.986 7.23E-02 [7.50E-06; 7.97E-06]
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Fig. 6. The values of(a) condensation sink and(b) ion sink calcu-
lated from the DMPS size distributions as a function of measured
ELPI current.

The attachment rates as a function of measured ELPI cur-
rent are shown in Fig.6 for the field data and the correspond-
ing calibration factors, as well as the calibration factors for
the laboratory data, in the Tables 1 and 2. Note that the devi-
ation is more pronounced in this case than in the theoretical
case and the values of the calibration factors are slightly dif-
ferent. In Fig.6 there are also some uncertain data points,
which can be caused by a failure in the sample or in the oper-
ation of one of the two instruments. These failures are though
completely random and they have practically no effect on the
calibration factor values.

5.4 Comparison

We have now values of theoretical and measured calibration
factors, calculated for both the field data and the laboratory
data. At first, it can be noticed that the laboratory values
differ slightly from the calibration factors based on the field
calibration, namely for condensation sink they are about 11%

smaller and for ion sink about 6% greater. The reason is that
in the laboratory data a majority of the distributions has a
GMD of 50–70 nm, but in the field data the tendency of the
particle size distributions is somewhat larger. Therefore, the
difference between the calibration factors is very logical, if
we look at the Fig.2 and the response functions. However,
our aim is to measure the attachment rates in the atmosphere
so we use the calibration factors gained from the field data.

There is still two sets of calibration factors, some based on
solely the DMPS data and the others based on the measured
ELPI current. There is a constant factor between those two
sets and it is the same as the earlier found factor between
theoretical and measured ELPI current.

To show the relevance of the usage of the calibration fac-
tors in practice, we have plotted the values of condensation
sink and ion sink as function of time in Fig.7. Both the val-
ues calculated from DMPS and the values calculated from
the ELPI current are shown. In this figure, we have used
the calibration factors based on the measured ELPI current
to make the values comparable. The agreement between the
two methods is very good.

6 Summary and conclusions

We have shown that ELPI is an instrument able to measure
condensation sink and ion sink of atmospheric aerosol parti-
cles. The characterization of particle formation and growth
processes has recently been a key to understand indirect cli-
mate effects of the atmospheric aerosol. In this respect, need
for a simple real-time measuring instrument of the surface-
related quantities connected to these processes seems to be
growing.

Atmos. Chem. Phys., 10, 1361–1368, 2010 www.atmos-chem-phys.net/10/1361/2010/
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Fig. 7. The number size distributions(a), ion sink(b) and condensation sink(c) as a function of time. In panels (b) and (c) there are both
quantities calculated from the DMPS size distributions and quantities calculated from the ELPI total current using the calibration factors
based on the measured ELPI current. The surface area concentration calculated from the DMPS data is shown on secondary vertical axis in
both the panels.

We made calibrations based on the DMPS and ELPI data
measured in a boreal forest environment. There was a slight
difference, about 10%, between the theoretical calibration
factors and the calibration factors based on the measured
ELPI current. Could the difference between the size ranges
of ELPI (7 nm–6 µm) and DMPS (3 nm–500 nm) be the rea-
son for this? In fact, it could be a part of the explanation, but
it does not account for the whole difference because small
particles inflict such a minimal current and there are very few
particles in the size range 500 nm–6 µm. The relative differ-
ence between the measured current and the current corrected
with the size range and the diffusion losses was checked to be
under 4%. An error in the sensitivity function of the outdoor
ELPI may also be a cause for the difference. Another expla-
nation is that there is an error in the total concentration of
the sample measured by ELPI or DMPS caused for example
by an error in the flow rate. With only one major flow, the
ELPI is not very prone to errors in the total concentration.
In this respect, DMPS may be more vulnerable. Therefore,
we favour the theoretical calibration factors, which assume
that ELPI operates theoretically correct, and the DMPS total
concentration does not shift the result.

Finally, we establish the universal calibration factors:
7.27E-06 s−1fA−1 for condensation sink and 8.55E-06
s−1fA−1 for ion sink. By multiplying the total current of
the outdoor ELPI by these factors the values of the attach-
ment rates can be measured. This is a very simple method
and it brings all the advantages of ELPI to measurements of
the attachment rates.
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Mäkel̈a, J. M., Aalto, P., Jokinen, V., Pohja, T., Nissinen, A., Palm-
roth, S., Markkanen, T., Seitsonen, K., Lihavainen, H., and Kul-
mala, M.: Observations of ultrafine aerosol particle formation
and growth in boreal forest, Geophys. Res. Lett., 24, 1219-1222,
1997.
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