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Optical studies of noctilucent clouds in the extreme ultraviolet
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Abstract. In order to better understand noctilucent clouds 1 Introduction
(NLC) and their sensitivity to the variable environment of the
polar mesosphere, more needs to be learned about the actuaber since the first reports in 1885 (Backhouse, 1885;
cloud particle population. Optical measurements are todayeslie, 1885), noctilucent clouds (NLC) have fascinated at-
the only means of obtaining information about the size of mospheric scientists. The clouds form as thin layers at al-
mesospheric ice particles. In order to efficiently access partititudes between 80 and 85 km in the high-latitude summer
cle sizes, scattering experiments need to be performed in thmesosphere. It is now widely accepted that they are com-
Mie scattering regime, thus requiring wavelengths of the or-posed of water ice particles (Hervig et al., 2001; Eremenko
der of the particle size. Previous studies of NLC have beeret al., 2005) possibly with small nucleation cores. The meso-
performed at wavelengths down to 355 nm from the groundsphere is dry with water concentrations of only a few ppmv
and down to about 200 nm from rockets and satellites. How-Seele and Hartogh, 1999) and extremely low temperatures
ever, from these measurements it is not possible to accessre needed for ice particles to nucleate. During the polar
the smaller particles in the mesospheric ice population. Thisummer, mean temperatures as low as 130K are reached in
current lack of knowledge is a major limitation when study- the altitude range between 80 and 90 km (Witt et al., 1964;
ing important questions about the nucleation and growth proLiibken, 1999) with local deviations of up #15K due to
cesses governing NLC and related particle phenomena in therave motions (Philbrick et al., 1984; Rapp et al., 2002). Be-
mesosphere. We show that NLC measurements in the exng extremely sensitive to changes in atmospheric conditions,
treme ultraviolet, in particular using solar Lymarradiation ~ NLC have recently gained substantial interest as potential in-
at 121.57 nm, are an efficient way to further promote our un-dicators of global trends (Thomas et al., 1989; Deland et al.,
derstanding of NLC particle size distributions. This applies 2003).
both to global measurements from satellites and to detailed in Rapp and Thomas (2006) have recently presented a re-
situ studies from sounding rockets. Here, we present examyiew of mesospheric ice microphysics. Saturation ratios
ples from recent rocket-borne studies that demonstrate howre generally not high enough for homogeneous nucleation,
ambiguities in the size retrieval at longer wavelengths can bg.e. the spontaneous formation of new particles from a pure
removed by invoking Lymaw-. We discuss basic require- gas phase, to be significant. Instead pre-existing ice nuclei
ments and instrument concepts for future rocket-borne NLCare required for the formation of ice particles in the process
missions. In order for Lyman-radiation to reach NLC al-  known as heterogeneous nucleation. Once formed, the ice
titudes, high solar elevation and, hence, daytime conditiongarticles grow by the direct deposition of water vapour onto
are needed. Considering the effects of Lymaaon NLC in  their surfaces. While the particles consume the available wa-
general, we argue that the traditional focus of rocket-borneter vapour, gravity makes them settle down. At the same time
NLC missions on twilight conditions has limited our ability they are subject to transport by mean winds and small-scale
to study the full complexity of the summer mesopause envi-motions, i.e. waves and turbulence. The particles will start to
ronment. scatter light efficiently such that they may be observed from
ground-based or space-borne optical instruments when they
reach equivalent spherical radii in excess of about 30 nm.
Correspondence ta]. Hedin The size range of visible NLC particles has been studied
(jonash@misu.su.se) by optical measurements with satellites (Rusch et al., 1991;
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Fig. 2. The penetration of direct and geocoronal Lymamto the
mesosphere. The geocoronal contribution (grey line) is almost inde-
pendent of the solar position and dominates at typical NLC altitudes
for solar zenith angles greater tharf90

Fig. 1. Solar spectrum and £absorption cross section around the
Lymanw line at 121.57 nm.

Merkel et al., 2003; Karlsson and Rapp, 2006), rockets
(Gumbel et al., 2001), and lidars (von Cossart et al., 1999%ributions (e.g. Thomas and McKay, 1985; von Savigny et al.,
Alpers et al., 2000). These observations show that particle005). Also ground-based lidar observations at three or more
radii generally remain smaller than 100 nm. However, fromwavelengths have been analysed based on this assumption
normal optical measurements it is not possible to access thgson Cossart, 1999; Alpers et al., 2000). This form of dis-
smaller particles in the mesospheric ice population. tribution would be appropriate to an aged coagulated aerosol
This current lack of knowledge on the smaller particles is (Friedlander, 1961) but its application to noctilucent clouds
a major limitation when studying important questions aboutcan only be justified by computational convenience. Rapp
the nucleation and growth processes governing NLC andand Thomas (2006) found that their modelled ice particle size
related phenomena in the mesosphere. In particular, nudistributions were closely described by a Gaussian distribu-
cleation is still poorly understood. During the past four tion, whereas the use of a lognormal distribution lead to a se-
decades, several candidates to the pre-existing nuclei fovere overestimate of the abundance of large particles. Berger
ice particle formation have been proposed. These includénd von Zahn (2002) also predicted size distributions closely
e.g. large hydrated ion clusters (Witt, 1969) and meteoricdescribed by a Gaussian shape. Comparing the microphys-
material (Rosinski and Snow, 1961; Hunten et al., 1980;ical model results from Rapp and Thomas (2006) to lidar
Plane, 2000). The existence of large hydrated ion clustergneasurements and satellite-borne NLC observations, Rapp et
in the low-temperature environment is well known. How- al. (2007b) found consistency between Gaussian size distri-
ever, because of dissociative recombination with electrondutions and the available experimental data under the condi-
it has been doubted that ion clusters can efficiently grow totion of needle- or plate-like spheroid-shaped particles. None
the critical size of condensation (Kopp et al., 1985). Thereof the considered data sets were consistent with the assump-
is today indirect experimental evidence for the existencetion of spherical particles.
of nanometre sized meteoric smoke particles (Rapp et al., Optical measurements are today the only means of obtain-
2007a), which have long been considered the most likelying information about the size of NLC particles. New in-
candidate. Closely connected to nucleation and growth arédormation about the properties of the particles has become
open questions about the NLC particle size distribution. Inavailable from measurements in the infrared (Hervig et al.,
general, the analysis of optical NLC data needs to be based001; Eremenko et al., 2005). However, in order to access
on assumptions on a mathematical form of the size distri-particle sizes efficiently, the deviation of the particle’s scat-
bution in the observed particle population. A size retrieval tering/absorption properties from the pure Rayleigh regime
can then fit a limited number of parameters, e.g. an effecheeds to be studied. This requires wavelengths of the order of
tive radius and a width, to this distribution. Early analysis of the particle size and, hence, measurements in the visible and,
the optical properties of NLC particles was restricted to thein particular, the ultraviolet part of the spectrum. Previous
power-law distribution sufficient to describe the overlap of NLC measurements have been made at wavelengths down
the scattering function with the size distribution (Witt, 1968). to 355 nm with ground-based instruments (e.g. von Cossart
Many later satellite studies have assumed lognormal size diset al., 1999) and down to about 200 nm with rockets and
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satellites (e.g. Rusch et al., 1991; Gumbel et al., 2001). In Figure 2 shows a model calculation of the penetration
this paper we argue that measurements at even shorter wavef direct and geocoronal Lymam-into the mesosphere.
lengths in the extreme ultraviolet (EUV) are necessary to ex-The direct flux is calculated with a spherical model us-
tend our knowledge of the NLC particle size distribution. In ing a high-latitude July atmosphere from MSIS-90e (Hedin,
particular, Lymang radiation at 121.57 nm is well suited for 1991). During the solar cycle the direct Lyman#radi-
such studies as NLC are well illuminated by solar Lynean- ance at the top of the atmosphere varies typically between
during daytime conditions. At 121.57 nm even small meso-2x 10 and 4< 10 ph cni?s~1 (Lean, 1987), we have cho-
spheric ice particles come well into the Mie scattering regimesen 3«10 phcnt2s~1 here. In a detailed radiative transfer
and start to influence the total NLC scattering. Therefore, arcalculation, the temperature-dependence of theafsorp-
investigation of the scattering and extinction properties of icetion and its wavelength dependence in the vicinity of the
particles at Lymar can yield unique and important comple- Lyman«w line need to be taken into account (Carver et al.,
mentary information about the polar mesospheric ice layer. 1977). For the general estimate in Fig. 2, we use a con-
In Sect. 2 we give a general description of Lymama-  stant absorption cross section of $002%cm?. For the
diation in the atmosphere. Section 3 discusses in more desalculation of the geocoronal Lyman{lux, we assume an
tail the scattering of Lyman- by mesospheric particles and isotropic radiance field of 8/ phcnt? s~tstr?! at the
shows how NLC properties can be retrieved. In Sect. 4 wetop of the atmosphere (Meier and Mange, 1973). Using the
present the instruments and basic requirements for such meapherical model, radiances from different zenith directions
surements. We conclude with an outlook on sounding rockegre than propagated through the atmosphere and integrated
projects in Sect. 5. over the different directions in order to obtain the irradiance
at a given altitude. Figure 2 presents the resulting geocoronal
irradiance of a horizontally oriented surface.
2 Lyman-« in the mesosphere Figure 2 shows a strong dependence of the direct Lyman-
flux on the solar zenith angle (SZA). In particular, for twi-
The ?P-S resonance transition of atomic hydrogen is thelight conditions (SZA~ 90°) there is a strong dependence
strongest and most conspicuous emission feature of the san the altitude range of interest for mesospheric ice particles,
lar EUV spectrum (Meier, 1991). Due to a favourable coin- 80-90 km. For solar zenith angles larger thap, #0e diffuse
cidence, the wavelength of the Lymanline of 121.57nm  geocoronal flux dominates over the direct flux at these alti-
coincides with a minimum of the absorption spectrum tudes. It is important to note that many experimental studies
(Fig. 1) that efficiently shields the mesosphere from otherof NLC have been made only during these twilight conditions
ultraviolet radiation in the wavelength range 100-180 nm.(e.g. Goldberg et al., 1993; 2001).
Thus, direct Lymanx radiation penetrates well into the  The presence of ice particles in the summer mesopause re-
mesosphere. The interaction of the Lymamadiation with  gion between 80 and 90 km is itself a factor that influences
atmospheric constituents has two main effects. First, the rathe propagation of Lyman-radiation. At the wavelength
diation can ionize the nitric oxide molecule, which gives rise 121.57 nm ice has a substantial absorption owing to a com-
to the ionospheric D-layer. Even more important, photoly- plex refractive index, at room temperatiirel.3963-0.2470
sis by Lymane is the main loss process for water vapour (Warren, 1984). If the solar radiation at Lymarpenetrates
(Bates and Nicolet, 1965; Lewis et al., 1983). The extinctiondown to the NLC layer, the ice particles in the cloud scat-
of direct solar Lymarw is actually a measure of the,@ol- ter this radiation. On the dayside with solar zenith angles
umn density and has been used to determine the atmospheriess than~90°, Lyman« scattering by ice particles is dom-
temperature profile from sounding rockets (Thrane and Joinated by the direct solar flux outside the narrow geocoronal
hannessen, 1975; Prinz and Brueckner, 1977). resonance line (Fig. 2) and thus independent of the detailed
In addition to the direct solar illumination, the mesosphereatmospheric distribution of atomic hydrogen. At°85ZA
is illuminated by solar Lymar- radiation resonantly scat- atmospheric extinction is almost two orders of magnitude at
tered by hydrogen atoms that have escaped from the Earthhe NLC altitude, whereas at 6the flux is only a factor of
atmosphere and constitute the geocorona (Meier and Mangéhree smaller than at the top of the atmosphere. Under these
1970; 1973). This diffuse radiation is observable both in day-conditions, the scattered Lymanfrom NLC appears as an
time and with the Sun below the horizon. For detailed radia-enhancement from a thin altitude layer that can be observed
tive transfer simulations it is important to note that this mul- in a sounding rocket measurement.
tiply scattered Lymane line is significantly narrower than
the Lymane line incident from the sun (Meier, 1991). In the
mesosphere, the Lymanradiation field also depends on res-
onant scattering by the local hydrogen atom distribution be-
low 100 km. This in turn is determined by photo-dissociation
of H,0 and the catalytic chemical reaction scheme of meso-
spheric odd hydrogen.
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Fig. 4. An example of the ambiguity of photometric NLC measure-
ments. Upper panel, points: Phase function of an NLC measured
during the DROPPS-2 rocket flight at wavelength 222 nm (Gum-
bel et al., 2001). Lines: Calculated phase functions that all fit the
Fig. 3. (a) Mie scattering cross section for spherical ice particles measurement and that correspond to the three different NLC parti-
at different wavelengths (solid lines) and comparison to cle populations in the lower panel (Gumbel and Witt, 2001). Lower
dependence of pure Rayleigh scattering (dashed lin@3)Phase  panel: Particle populations representing a monodisperse distribu-
functions at different wavelengths for particles of radii 30 nm (solid tion (=42 nm), a rectangular distribution,{,,=46 nm) and a log-
lines) and 70 nm (dashed lines). The colour code is the same fopormal distribution §=1.4,rme¢=21 nm).

both panels with blue, green and red lines representing Lymman-

220 nm and 440 nm, respectively.

50 60 70 80 90 100 110 120 130
Scattering angle [°]

data requires a theoretical description of the scattering pro-
cess and assumptions about the particle populations. Parti-
cle properties are then obtained by comparing the measured
scattering parameters to simulation results from Mie calcu-
lations or other theoretical approaches. In this way, one or
more size parameters can be fitted to an assumed size dis-
The basic idea of NLC photometry is to relate optical charac-tribution. Phase function, colour ratio and polarisation are
teristics of the cloud to properties of the cloud particle pop-generally functions of the size and shape of the particles
ulation. Four pieces of information are in principle available as well as the wavelength of the incident light. In Fig. 3a
from photometric NLC measurements: the total scattered rathe Mie scattering cross section is plotted as a function of
diance, spectral dependence of the scattering (colour ratiqparticle radius for spherical ice particles at the three wave-
if two or more wavelengths are measured), angular depenlengths Lymarz, 220 nm and 440 nm. The figure demon-
dence of the scattering (the phase function, if the photometestrates that the scattering properties at Lyraateviate from

is tilted with respect to the spin axis of the payload), and po-pure Rayleigh scattering for NLC particles as small as 15 nm.
larisation properties of the scattered light (if polarisers areAt visible wavelengths, on the other hand, the scattering by
used). The retrieval of particle properties from these opticaltypical NLC particles is close to the Rayleigh regime with

3 Retrieval of NLC properties

3.1 Scattering by mesospheric ice particles

Ann. Geophys., 26, 1109419 2008 www.ann-geophys.net/26/1109/2008/
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Fig. 5. Phase functions corresponding to the particle populations inFig. 6. Ratios in the scattering efficiency at Lyman220 nm and

Fig. 4, now calculated for Lymaa: By studying the phase func- 4°0Nnm. The ratios apply to a scattering angle ¢f 8ad are nor-
tions at 222 nnand Lyman-, the ambiguity in the optical analysis malized to Rayleigh scattering of the smallest particles. Significant
is removed. deviations from Rayleigh scattering start at particle radii around

25 nm when measurements at Lymamse invoked.

the cross section increasing nearly with® (e.g. Bohren

and Huffman, 1983), scattering NLC layer remains essentially constant until the
5 6 ) NLC layer is reached. The passage through the NLC is then
g, = 1287>r (” - 1) 1) marked by a sharp decrease of the detected radiance, and the
34 n+2 exact altitude profile of the NLC is thus readily detected in-

wheren is the refractive index. This strong size dependenceSltu (Witt et al,, 1975). Above the NLC layer only weak

means that the few largest particles in a population Com_molecular scattering and possibly other upper atmospheric

pletely dominate the optical properties of NLC. Hence, it background sources are left. The known molecular Rayleigh

is not possible with optical measurements in the visible andsca_ttering can be_ _utilized for absolute_ calibr_ation of th_e N.LC
near UV to draw conclusions about the smaller particles in radiance. In addition, a photometer fitted with a polarisation

e : . oo a'f'Iter on a rotating rocket will produce a sinusoidally mod-
distribution. Measurements in the EUV open this possibility. " : -
P P y ulated signal, which allows the recovery of the three Stokes

Figure 3b shows part of the phase functions for particle radii .
30 and 70 nm at the above three wavelengths. The Rayleigﬁ‘?‘rameters l, Q. and U of the scattered radlatlon: A com-
lication for measurements at longer wavelengths is that up-

phase function is symmetric between forward and backwar L
elling light scattered from the ground or from the lower

scattering. Again, as opposed to the longer wavelengths, th¥’ . . N
scattering at Lymane- deviates significantly from this sym- atmosphere also contributes to the illumination of the NLC.

metric Rayleigh phase function even for particles of 30 nmIf optical measuremgnts are extended to the UV, the back-
radius. ground from below is removed since wavelengths shorter

In the following, we present examples from rocket-borne than 300 nm are completely absorbed by stratospheric ozone.

NLC photometry at 220 and 440nm. We then show WhatThls, in addition to the possibility of measuring deeper into

additional information can be obtained by adding a measureEhe Mie scattering regime, is another major advantage of

ment channel at Lymaa- NLC photometry at shorter wavelengths. . o
An example of rocket-borne photometric NLC studies is
3.2 Visible and near-UV photometry the MIDAS-DROPPS campaign from Andgya, Norway, in
1999 (Goldberg et al., 2001). On two DROPPS payloads,
Rocket-borne optical measurements of NLC are usually perphotometers viewing 30from the rocket spin axis scanned
formed with photometers in an upward viewing direction in the overhead NLC layer with scattering angles of 50115
order to avoid the bright background radiation from below. A and thus obtained the scattering phase function of the NLC
photometer viewing in an upward direction detects sunlightparticle population. This is shown in Fig. 4 for the pho-
scattered from the molecular column and, if present, from artometer measurements at 222 nm wavelength. Gumbel et
overhead NLC layer. As the payload ascends, the radiancal. (2001) analysed this phase function using a Mie calcu-
detected from the molecular Rayleigh scattering decreasektion and determined an effective optical particle radius of
monotonically with altitude while the contribution from the 42 nm for this cloud. While this determines the size range

www.ann-geophys.net/26/1109/2008/ Ann. Geophys., 26, 11T193-2008
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distinguish the different size distributions and to draw con-
clusions about the abundance of smaller particles in the NLC
population. Figure 6 demonstrates the possibility of access-
ing smaller particles for the spectral analysis. The near-Uv
colour ratio studied on the DROPPS payloads does not devi-
ate significantly from the Rayleigh scattering ratio for parti-
cles smaller than about 40 nm. This limit is reached around
25 nm for colour ratios with Lymam-
The magnitude of the scattered Lymarsignal can be
80 1 readily estimated relative to the detected signal at 222 nm.
The DROPPS 222 nm photometer used a filter bandwidth of
10 nm. The solar flux in the Lymadine is about two orders
of magnitude less than the solar flux in a 10 nm band around
s : " : . : . : 5 222 nm. Applying Mie calculations to an NLC particle of
10 10 10 10 10 40 nm radius and a scattering angle of 9the scattering
25_1str_1] cross section at Lymam-is about one order of magnitude
larger than the scattering cross section at 222 nm. Hence, the

overall NLC signal expected from Lymanscattering is typ-
Fig. 7. Simulation of the radiance detected from the geocorona and 9 b y g1s yp

an NLC for a rocket-borne Lymaa-detector viewing horizontally. ically one order of magnitude less than that detected with a

The NLC was modelled as a cloud of thickness 2 km with 1008m photometer at 222 nm. . .
particles of radius 50 nm. In the present work we have not considered studies of the

polarisation properties of Lymad-scattering by NLC. Nev-

of the large particles that dominate the optical properties ofertheless, we believe that such measurements possible with
the NLC, Gumbel and Witt (2001) noted that nothing can polarisation detectors that use a Wollaston or Rochon prism.
be concluded about the smaller particles in the population.
This ambiguity in the optical measurement is demonstrated Instruments
in Fig. 4. In addition to the monodisperse particle radius of
42 nm, a lognormal distribution with appropriate mode radii 4.1 Basic requirements
and a rectangular distribution with appropriate cut-off radius
are plotted. All fit the measured phase function equally well.In order to take maximum advantage of the additional scat-

Gumbel and Witt (2001) also investigated whether this tering information available in the EUV, a suitable Lyman-
ambiguity can be removed by analysing additional scatter-detector should be combined on a sounding rocket with !\ILC
ing information like the spectral dependence. To this endPhotometers that operate at longer wavelengths. While at
they calculate the colour ratio between NLC measurements d@nger wavelengths the major source of the disturbing back-
222 nm and 449 nm onboard DROPPS. They find that phasground is scattered radiation from lower altitudes, the criti-
function result and colour ratio result are consistent for all €@l background for Lymae-photometry is the diffuse geo-
three distributions, and, hence, that phase function and colouforona from above. Hence, measurements of Lymaaéli-
ratio are redundant and do not provide complementary siz&tion scattered on NLC particles are preferably performed

110t

100}

90 1

Observation altitude [km]

70 |

Lyman-o radiance [ph cm™

information on the particle population. with the optical instrument viewing downward. Figure 7
shows a simulation of the limiting case of a Lymardetec-
3.3 Lymane photometry tor viewing horizontally. The NLC was modelled as a cloud

of 2km thickness with 100 particles ¢ of radius 50 nm.
The situation changes when measurements at EUV waveFhe solar zenith angle determining the Lymaiilumination
lengths are included. Fig. 5 shows the phase functions fois 60° and the scattering angle isQ0The figure shows that
the particle populations in Fig. 4 re-calculated for Lyman- the geocoronal background in the 80-90 km range is com-
a. The ambiguity in the analysis is how removed. As the parable to the scattered signal expected from NLC. On the
shorter Lymanz wavelength pushes the scattering into the other hand, background from molecular (Rayleigh) scatter-
Mie regime the phase function is more dominated by for-ing by the atmosphere at Lymanis completely negligible.
ward scattering. Hence, as shown in Fig. 5, the scatteringht longer wavelengths, Rayleigh scattering from the back-
at angles larger than 8@ecreases compared to the 222 nm ground atmosphere below about 60 km becomes comparable
case. In particular, the fewer small particles a distributionto typical NLC brightnesses (Rusch et al., 1991). At Lyman-
contains, the more it deviates from the Rayleigh regime andx, Rayleigh scattering from these low altitudes is completely
the more the scattering is reduced at the angles encounterelippressed due to the absorption by O
during the rocket flight. Hence, by combining the scattering Given that the geocoronal background prevents us from
results at 222 nm and at Lyman-it becomes possible to looking upward, there are two options: the rocket instrument

Ann. Geophys., 26, 1109419 2008 www.ann-geophys.net/26/1109/2008/
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can look tangentially through the cloud or downward. The |
tangential viewing geometry has the big advantage that th

very long line-of-sight through the NLC provides a much Grating
stronger NLC signal. Nevertheless, we choose the down-
ward viewing geometry for several reasons: 1) The very idea
of the rocket-borne measurement is to provide local data thaf
can be directly compared to other in situ experiments on the
rocket. By viewing tangentially, the observation path through \
the cloud can be up to several 100 km and, hence, the locality
of the measurement gets lost. 2) When looking tangentially,
the exact path through the NLC is extremely sensitive to the
exact payload attitude. Given the limitations of the attitude
information typically available from sounding rocket flights,

it is difficult to obtain quantitative measurements with tan-
gential geometries since the exact observation path through
the cloud layer remains uncertain. 3) When viewing tangen-
tially, the observation period is limited to the actual passage
of the NLC layer, thus reducing the available measurement
time to a few seconds only. 4) A basic idea of our experiment
is to view the NLC layer under different angles in order to ob-
tain information about the scattering phase function. This is
best done using a tilted photometer on a spinning payload.

F2 jwindow

What scattering angles are accessible with typical instru-
ment and flight geometries? The payload does not fly verti-
cally, but points into a zenith direction of typically 60-<70
in the mesosphere. A typical instrument is tilted® 3Gith

respect to the payload symmetry axis. This means that this . Gratmg‘\z
instrument covers scattering angles of typically 602120 \ \
the solar zenith angle is 6@nd the payload is flying away C )

from the sun. Data at forward scattering angles smaller than . Rocket

60° would in principle be desirable. However, for typical I | spin axis

rocket photometers stray light in the baffle system tends to |
become a problem for scattering angles smaller theth 60

Hence, W? expect the best data by focus!ng our approacEig. 8. Schematic of the SLAM grating instrument. The instrument
on scattering angles larger than°60For optical measure-  is qownward viewing with the opening tilted 38rom the rocket
ments in the atmosphere it is desirable to have an instrumenpin axis. Light enters through a Mgindow and is reflected on
with good selectivity and high throughput of the wanted sig- the first grating. A slit transmits the -1 order diffracted light to the
nal (spectral line or interval) but at the same time a goodsecond grating. The Csl photomultiplier tube (PMT) is positioned
blocking of the radiation at longer and shorter wavelengthsto receive the-1 order diffracted light from the second grating.
For the current application this means that the instrumenirhe entrance aperture is 4 €rand the field-of-view is 2 by 1C,
should discriminate Lyman-from other EUV radiation and ~ ©r 6.1x 10~ steradians.

ideally be completely "solar blind” at wavelengths longer

than 160nm. Solar blindness at these longer wavelengths

can be achieved by choosing detectors with suitable cathodé.2 A grating instrument

material, e.g. KBr. The discrimination against other EUV

radiation can be achieved with grating instruments or fil- The SLAM instrument (Scattered Lyman-Alpha in the Meso-
ter photometers. At UV wavelengths the advantages of fil-sphere) is a new development and a test of the measurement
ter photometers are lost because of material properties andoncept. The instrument is a double monochromator using
holographic concave diffraction gratings are preferable. Ifa 3600 lines/mm holographic grating in a Woolsworth-type
measurements of the scattering phase function are desiredhounting as collimator, a second grating, identical to the
it is also necessary to view at different angles. Finally, thefirst, in a Rowland circle mounting as dispersive element,
instrument should be small and easy to incorporate into &and a Csl side-on photomultiplier as detector (Fig. 8). The
given payload structure. Two different rocket instruments for position and orientation of the gratings were calculated to
Lyman« are described below. select the Lymarne line. This setup provides a blocking by

www.ann-geophys.net/26/1109/2008/ Ann. Geophys., 26, 11T193-2008
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Channeltron

Fig. 9. The open SLAM instrument (without the cover plate) com-
plete with gratings, photomultiplier tube, and electronics, the en-
trance is to the right and an additional sun sensor is to the left.

Fig. 10. Schematic of a filter photometer for the measurement of
Lyman«w. The design is based on a Cassegrain setup with a channel
electron multiplier (channeltron) as detector. After the mirror the
light enters an @ cell which absorbs radiation up to 180 nm except
the Lymane line at 121.57 nm. A channeltron with a KBr coated
6-8 orders of magnitude at other wavelengths. A limitation photocathode blocks wavelengths longer than 160 nm.

of this instrument is its sensitivity. The two gratings together

transmit only~3% of the selected wavelength and the quan-

tum efficiency of the photomultiplier is25% at 121.57 nm.  gen during flight preparation. After releasing the nosecone at
Hence, over two orders of magnitude of the signal are lost in60 km, the instrument is opened by means of a venting hole.
the instrument. In this way, the instrument is efficiently evacuated from des-

As for the geometry of SLAM, the instrument is designed orbed water vapour together with the nitrogen carrier gas.
to look downward at an angle of 3@rom the rocket spin
axis. It is machined from a solid aluminium block contain- 4.3 A filter photometer
ing both optical setup and electronics components (Fig. 9).
The inside walls are electrochemically blackened, a coverA simpler instrument is the photometer design in Fig. 10.
plate and an Mgf window make the instrument vacuum This is a small Cassegrain-type telescope with a channel
tight. The solid construction provides the instrument with a electron multiplier (CEM) detector directly after the primary
large heat capacity. Together with the fact that the noseconenirror instead of the secondary mirror. The detector here is
protects SLAM from aerodynamic heating until 60 km alti- a CEM with a KBr coated photocathode which has a spec-
tude, this ensures a constant instrument temperature duringal passband of 110-160nm. The absorption features of
the mesospheric measurement. As water vapour is a stron@, can be used to obtain a filter that provides the EUV dis-
absorber for Lymare, long-term water desorption from the crimination (Fig. 1). To this end, before the photons reach
walls inside the instrument is a major challenge. In orderthe channeltron, they pass through anabsorption cell en-
to minimise this effects, SLAM is filled with 1 atm dry nitro- closed between the channeltron and a Mgkndow. This
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results in a very narrow passband around the Lymavave- at Andgya Rocket Range, Norway. In particular, the EU con-
length with high blocking of shorter and longer wavelengths tract was extended to the enhanced ALOMAR Research In-
up to about 180 nm. The quantum efficiency of the KBr cath-frastructure (eARI) including two sounding rocket launches
ode is about 20% at 120 nm. Electron multipliers with O in 2006 and 2007. For the first sounding rocket, HotPay-
filters have been utilised for measurements of Lyradnem 1, the atmospheric structure, composition and dynamics in
satellites. Examples are the MIO-1 and PIA-3 UV photome-the vicinity of NLC were the focus. The SLAM instrument
ters onboard the Astrid-1 and Astrid-2 satellites respectivelywas launched on HotPay-1 together with four other scientific
(Norberg et al., 1995; 2001), and the HDAC photometer oninstruments on 1 July 2006. While this test flight was in-
Cassini (Lauche and Zarnowiecki, 1992). As a simpler alter-tended to be the first measurement of the altitude- and angle-
native to the KBr photocathode, also an uncoated CEM cardependent scattering of Lymanby NLC in the mesosphere,
be used. This provides a quantum efficiency of typically 1% a malfunction of the payload shortly after launch made it im-
up to 160-170 nm (Burle, 2006). possible to collect any mesospheric data.

This photometer is a low mass and low cost alternative to A second flight opportunity for Lyman-measurements is
the SLAM grating instrument. It features a higher throughputon the Swedish PHOCUS sounding rocket planned from Es-
of the desired signal, good selectivity for the Lymarine, range, Sweden, in 2009. The major objective of PHOCUS
and good blocking of the shorter and longer wavelengths. (Particles, Hydrogen and Oxygen Chemistry in the Upper

Summer mesosphere) is the interaction between NLC, me-
teoric particles and odd oxygen/odd hydrogen chemistry. In
5 Conclusions and outlook addition to a Lymanx instrument, the PHOCUS payload will
carry three photometers operating at two other wavelengths:
As shown in Fig. 2, the altitude range of NLC features strong220 and 440nm. These will be mounted both forward-
vertical gradients in the direct solar Lymaneuring twi-  |ooking (220 and 440 nm) and tilted (220 nm) with respect to
light conditions. For solar zenith angles larger thar?,90 the payload axis. The forward looking photometers will be
the diffuse geocoronal flux dominates over the direct flux atequipped with polarisers. Hence, PHOCUS aims at provid-
these altitudes. For quantitative studies of Lynaaseat-  ing a complete in-situ optical characterisation of NLC parti-
tering by mesospheric ice particles, a well-defined sourcecles, measuring colour ratios and phase functions as well as
of the Lymane is important and, hence, the dominance of polarisation.
geocoronal contributions must be avoided. Therefore, the
rocket-borne measurements described in this paper I,equirécknowledgementsThis work has been supported by the Swedish

experimental conditions with the sun significantly above theNational Space Board. The HotPay-1 project was funded through
horizon. the ALOMAR eARIl initiative under the 6th Framework Programme

. . of the European Union (contract number RITA-CT-2003-506208).
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« gives rise to the ionospheric D-region by ionisation of NO. Reviewed by: E. Shettle and another anonymous referee
Lyman- photolysis is also the major sink for water vapour.
In addition, Murray and Plane (2005) have shown that the
varying Lymane flux leads to substantial changes in the
Ox/HOx chemistry in the vicinity of NLC between twilight
and daytime. Hence, we _expect significant differences in_th%perS’ M., Gerding, M., ffner, J., and von Zahn, U.: NLC par-
charged and neutral environment of NLC when comparing ticle properties from a five-color lidar observation af 54 J.
twilight and daytime conditions. So far, the vast majority of  Geophys. Res., 105, 12 235-12 240, 2000.

rocket-borne studies of the polar summer mesosphere havBackhouse, T. W., The luminous cirrus cloud of June and July, Me-
been restricted to the twilight case. Hence, strong variability teorol. Mag., 20, 133, 1885.
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