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Abstract: Photon yields in moist air are measured with90Srβ source and compared with those in dry air.
Water vapors considerably reduce the photon yield. Since the ultrahigh energy cosmic ray observatories
(HiRes, Auger, TA) with fluorescence technique on ground areat high altitude, the effect of the water
vapor may be negligible for most cases. However, for the experiments from space like JEM-EUSO, the
decrease of photon yield in moist air should be taken into account to interpret the longitudinal develop-
ments of extensive air showers near the sea surface, although the effects around the shower maximum for
most showers may be small.

Introduction

We measured the photon yield in dry air using90Sr
β source and reported the results in Refs.[1, 2].
For the experiments like JEM-EUSO[3], the pho-
ton yield in moist air is also important, because
the fluorescence from extensive air showers (EAS)
will be observed at various places over the earth.
After the measurement in dry air, we have con-
tinued the measurement to study the pressure de-
pendence of photon yields for radiation in moist
air. Preliminary results in 21% and 56% relative
humidities around 20◦C at one atmosphere are de-
scribed in Ref.[4].

Photon yield in moist air

In the present experiment, we measure the number
of photons,ǫi, per unit length per electron fori-
th band changing the total gas pressure,p, in the
chamber.ǫi by the passage of electron in gas with
the density,ρ, is expressed by

ǫi(p) = ρ
dE

dx

(

1

hνi

)

· ϕi(p) , (1)

wherehνi is the photon energy,dE/dx is the total
energy loss of the electron andϕi is the fraction of
the energy emitted as photons to total energy loss.
We have calledϕi(p) as the modified efficiency [4]
and is related to the fluorescence efficiency,Φi(p),
asϕi(p) = κiΦi(p).

The reciprocal of the observed decay time,τ , can
be expressed by the sum of three terms.

1

τ
=
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τr
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τq
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τc

≡
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τ0

+
1

τc

, (2)

whereτr is the lifetime of transition with radia-
tion from an excited state to a lower state,τq is
that of internal quenching (internal conversion plus
inter-system crossing) andτc is that of collision de-
excitation. The reciprocal ofτc is expressed by

1

τc

= pσ

√

8

πµkBT
, (3)

where σ is the cross-section of collision de-
excitation between molecules,kB is the Boltz-
mann constant,T is temperature, andµ is the re-
duced mass of the two molecules. Here, reference
pressure,p′, is defined as the pressure whenτc
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equals toτ0. Thenp′ is related toτ0 with

1

p′
= (fnqnn + foqno + fwqnw)τ0 , (4)

where fn,fo and fw are proportional to partial
pressures of N2, O2 and H2O, respectively and nor-
malized tofn + fo + fw = 1. qnn, qno andqnw

are the quenching rate constants of the collision de-
excitation between N∗

2
and N2, O2 and H2O, re-

spectively.

Usingp′, Eq.(1) and Eq.(2) are rewritten in the fol-
lowing;

1

τi

=
1

τi0

(

1 +
p

p′i

)

, and (5)

ǫi(p) =
Cip

1 + p
p′

i

, (6)

where

Ci =
1

RgT

dE

dx

(

1

hνi

)

· κiΦ
◦

i . (7)

Φ
◦

i corresponds to the fluorescence efficiency in
the absence of collision quenching andRg is the
specific gas constant.

Experiment

The detailed experimental set up is described in
Refs.[1, 2]. The central values of the narrow band
filters used in the present measurement are 337.7,
356.3 and 392.0 nm and their bandwidths at half
maximum are 9.8, 9.3 and 4.35 nm, respectively.
(We designate each filter band as 337, 358 and
391 nm hereafter). The measurements have been
done in dry air (mixture of 79% nitrogen and 21%
oxygen) and in real air with different relative hu-
midity, hr, atp =1000, 750, 500, 200, 100, 30 and
10 hPa by using90Sr β source, of which average
energy is 0.85 MeV. Each run took about 1 week
and the averagehr and T , which were recorded
every 30 sec with VAISALA HMP234 hygrometer
during the run, are used to calculate specific hu-
midity, hs. hs is defined by the ratio of the mass
of water vapor,mw, to that of moist air,mw +md,
wheremd is the mass of the dry air. Namely,

hs ≡
mw

mw + md

=
0.622eshr

p− 0.378eshr

, (8)

wherees is the saturated vapor pressure at a given
temperature,T . 0.622 means the ratio of the
molecular weight of water vapor to that of dry air.
Thoughhs is dimensionless, hereafterhs is written
in g/kg for numerical values.

The photon yield,ǫ, is determined as the number of
signal counts divided by the total number of elec-
trons, the length of the fluorescence portion, the
solid angle of the photomultiplier (PMT), the trans-
mission of the window and the filter, and the detec-
tion efficiency of the PMT as described in Ref.[1].
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Figure 1: Fluorescence yields at 1 atm. are plotted
as a function of specific humidity.

Fluorescence yields at the seven pressures as men-
tioned above are determined as a function ofhs.
The example withp = 1000 hPa is shown in Fig-
ure 1. By assuming linear fitted lines as shown in
Figure 1, we have decidedǫ at constanths andp.
Then p′ have been determined by fitting the ob-
tainedǫ to Eq.(6) by the least square (LS) method
and best fittedp′ andC are determined.

p′ can also be determined by fitting the lifetime,τ ,
to Eq.(5).p′ from ǫ andτ agree with each other, al-
though the errors are large.p′ are calculated from
Eq.(5) with the measured quenching rate constants
in Refs. [5, 6, 7, 8] (hereafterp′

cal
) and compared

with our result. Our experimental value ofp′ in-
creases withhs, however,p′

cal
decreases slightly.

There are some discrepancies between ours and
p′
cal

, and we need further measurements to exam-
ine the difference.
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Figure 2: In the left panel, averagehs is plotted as
a function of altitude at latitudes 30◦N and 45◦N
in January and June. Average of annual values at
15◦N are also shown. In the right panel,hs are
plotted as a function of atmospheric pressure at
the Auger site [10] and at Minamitorishima[11] in
summer and winter. Numbers listed mean the date
of measurements. For example, 040821 stands for
21st of August, 2004.

Effect on the energy estimation of ex-
tensive air showers

In the left panel of Figure 2, averagehs is plotted
as a function of altitude at latitudes 30◦N and 45◦N
in January and June. Average of annual values at
15◦N are also shown [9].hs is less than 3 g/kg
above 5 km, irrespective of season.

In the right panel,hs are plotted as a function of at-
mospheric pressure at the Auger observatory [10]
and at Minamitorishima (small island) as an exam-
ple over the Pacific Ocean [11].hs is less than 3
g/kg at the Auger site throughout the year. In case
of the Pacific Oceanhs may be less than 5 g/kg
above 500 hPa throughout the year, however, it be-
comes quite high even in winter near sea level.

hs dependence ofp′ in each 2P band is calculated
as

p′(λ, hs) =
p′(λ = 337, hs)

p′(λ = 337, hs = 0)
p′(λ, hs = 0) .

(9)
For p′(λ, hs = 0) the values in Ref.[2] are used.
The hs dependentp′ for 391 nm is used for 1N

band instead of 337 nm. The total photon yields
in Minamitorishima990701 and Auger041120 at-
mosphere are plotted as a function of altitude in
Figure 3. The decrease of photon yield is less
than 5% above 5 km for Minamitorishima atmo-
sphere, however, near the sea surface, the decrease
is ∼20%. It should be taken into account the
quenching by water vapor for the energy estima-
tion of horizontal EASs near the sea surface in-
duced by such as neutrinos. Ifp′

cal
is used, the

decrease will be less than 10% at any altitude.
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Figure 3: Photon yield between 300 and 406 nm
for a 0.85 MeV electron as a function of al-
titude taking the humidity effect into account,
for Minamitorishima990701 (dashed line) and
Auger041120 (dotted line). The solid line shows
the yield for the Minamitorishima atmosphere with
the humidity set 0 artificially. In the lower panel
are shown the ratios of photon yields to that for the
Minamitorishima dry atmosphere.

In order to evaluate the effect on the observation
of EASs, Proton showers withE = 1020eV and
θ = 0, 45, 60◦ are simulated with CORSIKA[12]
for 30 events each. The average longitudinal devel-
opment of fluorescence observed by JEM-EUSO
at 430 km altitude is shown in Figure 4. The total
number of observed photon and that at the shower
maximum are decreased by.10% in Minamitor-
ishima atmosphere, compared to those in dry air.
If we take the Auger atmosphere, the decrease is
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less than a few %. The decrease is.4% for EASs
with zenith angle 45◦ and.2% for 60◦, because
the showers develop at higher altitude, wherehs is
much smaller than near sea surface. Little effect
of humidity is expected on the energy estimation
of hadron showers observed from JEM-EUSO, be-
cause a fraction of the events with small zenith an-
gles will be relatively small[13].

slant depth (g/cm2)

N
or

m
al

iz
ed

 o
bs

er
ve

d 
# 

of
 p

ho
to

ns

Minamitorishima990701 Dry

Minamitorishima990701 Real

Auger 041120 Real

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000

slant depth (g/cm2)

N
or

m
al

iz
ed

 o
bs

er
ve

d 
# 

of
 p

ho
to

ns

Minamitorishima990701 Dry

Minamitorishima990701 Real

Auger 041120 Real

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200 1400

(a)

(b)

Figure 4: The expected number of observed pho-
tons for average proton shower withE = 1020eV,
and (a)θ = 0◦ and (b)θ = 45◦ in various atmo-
spheres. The number at the shower maximum in
Minamitorishima dry atmosphere is normalized to
1.

Conclusion

Photon yields in moist air were investigated and
compared with those in dry air. Though the rate of
the mole number of water to the total mole number
is small in moist air, the decrease of photon yield
may be 10-20% near sea surface. For EASs of neu-
trinos developed near sea surface, this effect can-
not be ignored, but for hadron showers, the reduc-

tion may be limited to vertical showers whose frac-
tion to total observed showers is relatively small.
There are some discrepancies inp′ between exper-
iment and those expected from Eq.(4). For more
detailed evaluation of the effects on the yields and
the interpretation of the fluorescence properties of
moist air, we need further refinements of the exper-
iments.
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